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Imagine that you are an ancient being and probably a distant 
ancestor of all mammals. Your life relies on an elementary defense 
system. If you are attacked by a parasite or microbe, you stop it 
from harming you by releasing phagocytic cells or producing and 
unleashing chemicals against it. Now, imagine that during evolu-
tion, you become a more sophisticated being, and soon you realize 
that you need a more complex defense system in order to protect 

you against all pathogens. Also, this defense system must not invade your own tissues or 
harm your cohabitants. This defense system is called “Immune system.” The immune 
system is one of the most incredible systems of the human body. It is made up of a vast 
network of cells, chemicals, tissues, and organs that protects our body from pathogenic 
invaders such as bacteria, fungi, viruses, and parasites, and it can keep a memory of 
the invaders to defend the host from any further encounters. In addition, the immune 
system plays a key role in the pathogenesis of cancer and controlling the growth of 
cancer cells. Various immunotherapeutic approaches have been approved for cancer 
treatment, and some of them, namely immune checkpoint inhibitors for solid tumors 
and CAR T-cell therapy for hematologic malignancies, are breakthroughs in cancer 
treatment. Any aberration from normal function of the immune system leads to the 
development of immune system disorders, which can be characterized by abnormally 
low activity or overactivity of the immune system. Immunodeficiencies are a group of 
immune system diseases in which the host is incapable of responding to the pathogens, 
properly and in a protective fashion, and they are divided into primary and secondary 
based on genetic and environmental causes of the disease, respectively. Any functional, 
developmental, proliferative, or differentiation defect of one or more components of 
the immune system results in the development of immunodeficiencies. Other types of 
immune system disorders, including autoimmune diseases and allergies, are character-
ized by activation of the immune system in the absence of any pathogens or tumor, or 
activation of innate immune response and releasing of inflammatory mediators without 
any evidence of an antigen-immune response in the case of autoimmune diseases or 
development of unfavorable immune responses against allergens in the case of allergies. 
Besides the development of immune system diseases, as a result of abnormal immune 
responses, these inappropriate responses can also lead to the rejection of the transplanted 
cells, tissues, and organs. Transplantation is a procedure in which cells, tissues, or organs 
of an individual are replaced by those of another individual or the same person. The 
immune system, which is designed to defend the host against foreign antigens, may act 
against the transplanted cells, tissue, or organ and cause rejection.

Preface
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Prefacexiv

In this book, after an introduction to the immune system (Chapter 1), the definition, 
epidemiology, pathogenesis, clinical features, diagnosis, and treatment of allergic diseases, 
including asthma, allergic rhinitis, allergic conjunctivitis, urticaria and angioedema, 
atopic dermatitis, and allergic contact dermatitis, food allergy and gastrointestinal syn-
dromes, drug allergy, and anaphylaxis are discussed (Chapter 2). Afterward, the immune 
cells and immune responses, which are involved in autoimmune reaction, initiation, and 
facilitation of autoimmunity, human multisystem autoimmune diseases, and some more 
common system-specific autoimmune diseases, are reviewed (Chapter 3). This book dis-
cusses the interaction between the immune system and transformed cells and provides 
an updated review on the application of immunotherapy for different cancer types, 
combination therapy, and immunoediting after other therapeutic approaches (Chapter 
4). Then, it presents the types of immunodeficiency diseases, their possible diagnosis, 
and treatment (Chapter 5). Also, the definition and epidemiology, molecular mecha-
nisms, diagnosis, and treatment of infectious diseases (Chapter 6) and different types of 
transplantations, the immunopathogenesis of transplantation, the process of matching 
the donor and the recipient, pretransplantation conditioning, and complications after 
transplant, and ways to manage them (Chapter 7) are reviewed in this book.

I hope that this book will be welcomed by basic scientists and clinicians who wish 
to extend their knowledge in the field of clinical immunology.

Nima Rezaei, MD, PhD
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CHAPTER 1

The immune system
Samaneh Zoghia,b,c,d, Farimah Masoumie, Nima Rezaeif,g,h
aLudwig Boltzmann Institute for Rare and Undiagnosed Diseases (LBI-RUD), Vienna, Austria
bSt. Anna Children’s Cancer Research Institute (CCRI), Vienna, Austria
cCeMM Research Center for Molecular Medicine of the Austrian Academy of Sciences, Vienna, Austria
dNetwork of Immunity in Infection, Malignancy and Autoimmunity (NIIMA), Universal Scientific Education and Research 
Network (USERN), Vienna, Austria
eSchool of Medicine, Tonekabon Branch, Islamic Azad University, Tonekabon, Iran
fResearch Center for Immunodeficiencies, Children’s Medical Center, Tehran University of Medical Sciences, Tehran, Iran
gNetwork of Immunity in Infection, Malignancy and Autoimmunity (NIIMA), Universal Scientific Education and Research 
Network (USERN), Tehran, Iran
hDepartment of Immunology, School of Medicine, Tehran University of Medical Sciences, Tehran, Iran

Introduction

The Human immune system has two major components of Innate (natural) and adaptive 
(specific) immunity. Both compartments work together to protect the host against disease-
causing agents, which we are exposed to continuously.1 While even metazoans have innate 
immunity, adaptive immunity is specific to vertebrates.2 The cells and components of each 
of these immune systems are explained in the following sections.

Although the function of the immune system is to defend against infectious agents, 
non-infectious agents can also elicit an immune response.3 This process can injure tissues 
and cause diseases such as allergy and autoimmunity. In this chapter, we are going to 
explain the principles and functions of the human immune system briefly.

The main characteristics and drivers of the innate and adaptive immune systems are 
summarized in Table 1.1.4 In summary, innate immunity is the first and fast responder 
against pathogens (in a few hours to days), which recognize some common molecular 
patterns that are presented exclusively in microorganisms, and its function is non-
specific. In contrast, the adaptive immune system reacts specifically to each antigen, and 
therefore, it takes longer after the infection (days to weeks) for this type of immunity 
to function. Antigens are microbial or nonmicrobial agents that can elicit an immune 
response. A very important characteristic of the immune system is to differentiate self-
antigens from non-self, and any deviation from this capability can cause a pathogenic 
complication.4

Humoral and cellular immunity

The adaptive immune system divides into two types: humoral and cellular immunity. 
Both are highly cooperating to defend the host against a wide range of infectious 
agents.5 Humoral immunity refers to antibody molecules that are secreted to the blood 

https://doi.org/10.1016/B978-0-12-818006-8.00005-0
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Clinical immunology2

or mucosa by B lymphocytes. Antibodies are very important proteins in defense against 
extra-cellular pathogenic agents such as microbes and their toxins. They can neutralize 
the toxins and specifically recognize the microbes and flag them to be phagocytosed by 
phagocytic cells.4

Cellular immunity refers to another type of defense mechanism that is mainly con-
ducted by T lymphocytes against intracellular pathogens, where they cannot be accessed 
by antibodies. In this situation, T cells function to kill the infected cell, directly by the 
help of cytotoxic T cells or indirectly by activation of macrophages and neutrophils to 
stop the spread of infection.1,4

Lymphocytes and their specific receptors

B lymphocytes (B cells) and T lymphocytes (T cells) are major cellular components 
of the adaptive immune system. These cells can recognize antigens specifically, which 
occurs through their specific receptors. We will explain in the following sections the 
generation of these receptors with high diversity. B and T Lymphocytes present as 
different and distinct clones, which are the population of cells that express the same 
receptor with similar specificity, and each clone is unique.6 Lymphocytes differentiate 
in the primary lymphoid organs, and they circulate in the blood and lymphoid organs 
while they are mature. However, they considered naïve cells before an antigen encoun-
ter. After recognition of their specific antigen, which they express the specific receptor 
against, these cells undergo several changes through signal transduction and intracellular 
signaling pathways, and they become an effector lymphocyte. We will further explain in 
the following sections how the process of lymphocyte activation takes place in B and 
T cells. The specific receptor on the surface of B cell is called B cell receptor (BCR), 

Table 1.1 Major characteristic of Innate and adaptive immunity.

Innate immunity Adaptive immunity

Reacts to Common pathogenic 
determinants

Any microbial and 
nonmicrobial antigen

Diversity of reactions Restricted Very diverse due to specificity
Memory No Yes
Differentiation of self 
from foreign antigen

Yes Yes

Cellular components Macrophages, neutrophils, NK 
cells, and DCs

Lymphocytes

Proteins Blood proteins such as the 
complement system and lectins

Antibodies

Other components Skin and mucosal barriers Tissue-resident lymphocytes 
and antibodies

NK, Natural killer; DCs, Dendritic cells.
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The immune system 3

which is the same as antibody molecule, but a membrane-bound form of it. T cell 
receptor (TCR) is the specific receptor expressed on the surface of a T cell. Both BCR 
and TCR molecules have clonal differentiation and distribution.7 We will explain more 
about these receptors in the T cell and B cell development sections. As mentioned in 
Table 1.1, an important characteristic of TCR and BCR molecules is their diversity, 
which enables the adaptive immune system to recognize 107 to 109 different antigens.

Memory

One of the key aspects of the adaptive immune system is the ability to keep a memory 
of the infection and to be able to recall it much faster in the next encounter. Therefore, 
lymphocytes undergo changes such as growing in number and transforming from an 
effector cell to a memory cell, which is a very long-lived cell. The first exposure of 
an immune cell to its specific antigen is called the primary immune response, which 
also primes lymphocytes and prepares them for memory cell formation. The second 
encounter of memory cells with the specific antigen is called the secondary immune 
response, which is not only faster but also more extensive than the primary immune 
response.8

Self-tolerance

Non-reactivity to self-antigens is a fundamental aspect of the immune system, which 
guarantees a successful and effective defense against foreign intruders without harm-
ing the self-tissues. This non-responsiveness of the immune system is called tolerance. 
Tolerance mechanisms are explained in the tolerance section, but in summary, all the 
self-reactive clones of lymphocytes are being eliminated or suppressed to become toler-
ant against self-antigens. Defects in the tolerance mechanisms and loss of self-reactivity 
causes autoimmunity.9

Cells of the immune system

The function of the immune system is coordinated by a variety of cells, playing role 
in the innate and adaptive immune responses (Fig. 1.1). Most of these cells are white 
blood cells that arise from pluripotent hematopoietic stem cells in bone marrow.10 
Hematopoietic stem cells differentiate into two lineage precursors: common myeloid 
progenitor (CMP) and common lymphoid progenitor (CLP). Most of the innate 
immune system cells, including macrophages, granulocytes (such as neutrophils, eosino-
phils, and basophils), mast cells, and dendritic cells (DCs), differentiate from CMP. In 
contrast, specialized cells of the adaptive immune response, including B and T lympho-
cytes, generate from CLP.11 Most of the immune system cells are found in the blood, 
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Clinical immunology4

as we see their frequency in Table 1.2, but immune responses to antigens take place in 
lymphoid tissues.12

Granulocytes
Based on morphologic differences, polymorphonuclear leukocytes or granulocytes 
include neutrophils, eosinophils, and basophils. Neutrophils are the most frequent 
granulocytes of the blood circulation, and together with monocytes/macrophages per-
form phagocytosis in host defense.13 The process of phagocytosis includes entering the 
site of infection, capturing microorganisms or products of necrotic cells using innate 
immune system receptors, and ingesting and killing microorganisms within specialized 
cytoplasmic vacuoles called phagolysosomes.14 Neutrophils have a short lifespan, but 

Fig. 1.1 Almost all cells of the immune system cells arise from a pluripotent hematopoietic stem cell in 
the bone marrow. Hematopoietic stem cells divide into common lymphoid progenitor (CLP) and com-
mon myeloid progenitor (CMP), which gives rise to the lymphoid and myeloid lineage, respectively.

Table 1.2 Normal White Blood Cells Percentage.

Neutrophils 40–60 percent
Lymphocytes 20–40 percent
Monocytes 2–8 percent
Eosinophils 1–4 percent
Basophils <1 percent
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The immune system 5

their response to pathogens is relatively rapid due to their cytoskeletal movements and 
enzymatic activity in pathogen destruction. Neutrophils also produce antimicrobial 
peptides that kill extracellular microbes.15 Eosinophils contain granules mainly with 
basic proteins that are toxic for helminths. These cells also can be found in mucosal tis-
sues.16 Although mast cells derive from different bone marrow precursors, blood baso-
phils have morphological and structural similarities to tissue mast cells. Moreover, mast 
cells and basophils have an important role in defense against parasites by degranulation 
of their biological mediators. With a similar mechanism, these cells bind to allergens 
through high affinity immunoglobulin (Ig) E specific FC receptor (FcεR) and mediate 
allergic reactions.17

Monocytes/macrophages
Monocytes and macrophages are recognized as mononuclear phagocytes. Monocytes 
derive from bone marrow precursors and circulate in the blood, but when they migrate 
into tissues, they mature into macrophages and are called inflammatory macrophages. 
Besides, there are long-lived tissue-resident macrophages in different tissues that have 
developed during fetal development, like Kupffer cells in the liver or alveolar macro-
phages in the lung.18

Based on the functional aspect, there are two main groups of monocytes: the most 
well-known type are inflammatory or classic monocytes, which have phagocytic activ-
ity and produce inflammatory mediators, and can quickly migrate to sites of infection 
or tissue injury. There are also nonclassical monocytes that mainly take part in tissue 
repair.19 Similarly, macrophages can gain different functional abilities and are divided 
into two groups: M1 macrophages, which are classically activated and mainly take part 
in phagocytosis, and M2 macrophages, which are alternatively activated and have tissue 
repair properties. Skewing toward M1 or M2 subtypes depends on cytokine milieu and 
activating stimuli that these cells are exposed to them.20

The major function of macrophages is phagocytosis and the killing of ingested 
microorganisms. Macrophages also ingest apoptotic cells, including neutrophils, that 
die at the sites of infection.21 Through phagocytosis, macrophages are stimulated by 
microbial products and produce different cytokines that enhance the recruitment of 
monocytes and other leukocytes into the site of infection. Furthermore, phagocytized 
microbes are presented to lymphocytes as the antigen-presenting capacity of macro-
phages and activate T lymphocytes during a cellular immune response.22

Antigen-presenting cells
Antigen-presenting cells (APCs) are a diverse group of immune system cells that are 
specialized for the presentation of antigens to lymphocytes, particularly T cells. Among 
APCs, there are monocytes, macrophages, B lymphocytes, cutaneous Langerhans cells, 
and most importantly, DCs.23
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Clinical immunology6

The main feature of APCs are the expression of class I and class II major histocompat-
ibility complex (MHC) molecules for the presentation of antigenic peptides to cluster 
of differentiation (CD)8+ and CD4+ T cells, respectively, as well as other co-stimulatory 
molecules such as B7-1 (CD80), B7-2 (CD86), required for T cell activation. APCs cap-
ture and present antigens, along with providing cytokines that induce specific responses 
in cells to which they are presenting antigens.24

Different APCs uptake antigens and drive their specific effector functions, for 
example, monocytes and macrophages phagocyte opsonized antigens, and present them 
to T cells in the cellular immune response. T cells produce cytokines when become 
activated that help phagocytes to kill the ingested microorganisms.25

B cells antigenic presenting capacity for T cells seems to provide a mutual benefit 
for both sides during the humoral immune response. B cells capture antigens by their 
BCRs through endocytosis and present them to specific T cells by their surface MHC 
molecules. T cells activated by B cells also produce cytokines necessary for antibody 
production and B cell differentiation.26

Dendritic cells (DCs)
DCs are professional APCs that efficiently sense and capture microbial antigens in 
innate immune responses and display them as peptides to T cells resulting in T cells 
activation leading to the development of adaptive immune responses and thus, linking 
two arms of immune response together. In comparison to monocytes/macrophages, 
these cells have lesser phagocytic capacity, but due to the expression of a wide range of 
innate immune response receptors, including toll-like receptors (TLRs), they recognize 
microbial molecules and become activated.27 Following activation, these cells produce 
cytokines that recruit and activate innate cells at the infection sites. The innate immune 
response itself enhances the ability of DCs to migrate to and activate T cells during 
antigen presentation.28

DCs are recognized by having membranous projections and are divided into two 
main functional distinctive populations. Most DCs arise from bone marrow myeloid 
precursors and are commonly distributed in lymphoid tissues and mucosal epithelium. 
These DCs are called classical DCs and have the most potency in capturing protein 
antigens entered from epithelial barriers and stimulating strong T cell responses. A 
group of these populations is called Langerhans cells, which are located in the epithelial 
layer of skin and sense microbial antigens entered through cutaneous barriers. Similarly, 
resident DCs are found in lymphoid and nonlymphoid tissues that sample antigens 
of their residence and potently exert CD4+ T cell responses.29 The second group of 
DCs, Plasmacytoid DCs, are involved in innate anti-viral defense and production of 
type I interferon (IFN) in response to viruses. These cells develop from bone marrow 
precursors and normally are found in blood.30 There is also a third population of DCs 
called follicular dendritic cells (FDCs). These cells are not derived from bone marrow 
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The immune system 7

precursors and do not present antigens to T cells. However, they are involved in B cell 
activation during the humoral immune response.31

Lymphocytes
Based on differences in cell surface markers, there are four categories of lym-
phocytes, including T, B, NK (natural killer), and NKT (natural killer T) cells.32 
All lymphocytes differentiate from CLP cells in the bone marrow and are mor-
phologically similar. B and T lymphocytes have a pivotal role in specific antigen 
recognition by expression of clonally distributed cell surface receptors with single 
specificity for each antigenic determinant. So, millions of clones of B and T cells 
can respond to their specific antigens using their unique BCRs (Ig receptor) and 
TCRs, respectively.12

B lymphocytes originate and become mature in the bone marrow. Follicular B cells, 
B-1 cells, and marginal zone B (MZB) cells are the main classes of B cells. Follicular 
B cells (B-2) have the most frequency and are found in the follicles of lymphoid organs 
and blood. They express a diverse set of Ig receptors and are differentiated to high 
affinity antibody-producing cells upon activation. B-2 cells differentiate into memory 
B cells after infection, which results in host protection against repeated exposure to the 
same antigen.33 B-1 and MZB cells express less diverse Ig receptors and produce natural 
antibodies (mainly IgM) with limited diversity.34

T lymphocytes are divided into two main groups of helper (CD4+) and cytotoxic 
(CD8+) cells. TCRs expressed on lymphocytes are consisted of either α and β chains 
(αβ T cells) or γ and δ chains (γδ T cells). αβ helper T cells mainly release cytokines 
upon antigen recognition and activation, which also help other cells such as other 
T cells, B cells, and macrophages in cellular and humoral immune responses while 
cytotoxic T cells mostly kill virus-infected cells and cancerous cells.35 Regulatory 
T cells (Tregs) are the third group of CD4+ αβ T cells, which are involved in immune 
response suppression.36 Moreover, NKT cells, γδ T cells, and mucosa-associated invari-
ant T (MAIT) cells are a smaller group of T cells, which carry receptors with limited 
diversity. NKT cells exhibit both NK-like cytotoxicity and antigen-specific T-cell 
responsiveness.37,38

Lymphocytes are functionally inactive when they just become mature in generative 
lymphoid organs and are called naïve lymphocytes. After maturation, they migrate to 
secondary lymphoid tissues, where they first recognize their specific antigens and go 
through changes in phenotype and function. Subsequent to activation and proliferation, 
lymphocytes differentiate into effector cells, which eradicate antigens. Also, a small num-
ber of activated lymphocytes differentiate to memory cells, which then mediate rapid 
and enhanced responses in secondary exposures to specific antigens.39

NK cells originate from lymphoid precursors in the bone marrow and are catego-
rized as effector cells of the innate immune response. NK cells do not express clonally 
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distributed TCRs and are important in the early elimination of virus-infected and 
damaged cells. Therefore, they are known as counterparts for cytotoxic T lymphocytes 
(CTLs) in adaptive immune response.40

Primary lymphoid organs

Primary lymphoid organs or generative lymphoid organs, including bone marrow and 
thymus, are the site of maturation of B cells and T cells, respectively. In fact, growth 
factors necessary for the early stages of lymphocyte development and also self-antigens 
required for selection and maturation of non-self-reactive lymphocytes are provided in 
primary lymphoid organs.41

B lymphocytes partially mature in the bone marrow and complete their final stages 
of maturation in the spleen, where they recognize specific antigens for the first time.11 
Bone marrow is also the main site of hematopoiesis-production of all blood cells after 
birth. As mentioned earlier, red blood cells, granulocytes, monocytes, DCs, mast cells, 
platelets, B and T lymphocytes, and innate lymphoid cells (ILCs) all originate from a 
common hematopoietic stem cell in the bone marrow.10 Stromal cells and hematopoi-
etic stem cells are located in specific niches in the bone marrow providing contact-
dependent signals and growth factors required for hematopoiesis.42 Hematopoietic stem 
cells are self-renewing cells that give rise to two multipotent precursors, CMP and CLP. 
CMP then generates mature red blood cells, platelets, granulocytes (neutrophils, eosino-
phils, and basophils), and the main part of DCs. CLP gives rise to T cells, B cells, and 
ILC lineages. The generation of blood cells from bone marrow precursors is stimulated 
by a group of cytokines called colony-stimulating factors (CSFs).32

Besides hematopoiesis, bone marrow is also populated by long-lived plasma cells, 
which are activated in secondary lymphoid tissues and migrate to bone marrow.43

T lymphocytes mature in the thymus and then enter the circulation and migrate to 
secondary lymphoid organs where they develop an immune response to their specific 
antigens.44 The thymus is located in the anterior mediastinum and is the main site of 
T cells maturation from fetal developmental stages until puberty, and after that, the thy-
mus undergoes hypertrophy. The thymus is a bilobed organ, each lobe is divided into 
multiple lobules by fibrous septa, and each lobule consists of a cortex and a medulla.45 
T cell precursors are called thymocytes and migrate to the thymus from bone marrow. 
Thymocytes start their maturation in the cortex and migrate toward the medulla as 
they mature. There are thymic cortical epithelial cells in the cortex, which secrete inter-
leukin (IL)−7, a cytokine necessary for the early development of T cells. The medulla 
is less populated with thymocytes in comparison with the cortex. DCs, macrophages, 
and thymic medullary epithelial cells are found in the medulla and are crucial for the 
maturation and selection of non-self-reactive T cells that finally leave the thymus and 
migrate toward secondary lymphoid organs. A chromosomal deletion that causes failure 
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of thymus development results in DeGeorge syndrome in patients, and these patients 
lack T cells. We will describe DeGeorge syndrome in detail later as a primary immu-
nodeficiency.46

Secondary lymphoid organs

Secondary lymphoid organs or peripheral lymphoid tissues, including the spleen, lymph 
nodes, and mucosal-associated lymphoid tissues (MALT), are the sites of recognition and 
initiation of the immune response toward foreign antigens. Furthermore, APCs, B cells, 
and T cells are located in the distinct anatomic location in secondary lymphoid tissues. 
Transportation of foreign antigens to these sites guarantees the generation and develop-
ment of specific adaptive immune response.47

Lymph nodes are a part of the lymphatic system, which also includes lymphatic 
vessels that collect interstitial fluid or lymph (including invaded microbes in case of 
infections) from all vascularized tissues and discharge it into their draining lymph nodes. 
Lymph collected from all over the human body is finally released to a large lymphatic 
vessel called the thoracic duct. Lymph from the thoracic duct is discharged into the 
superior vena cava, thus returning the lymph to the blood.48

Lymph nodes are capsular tissues, which are located along lymphatic vessels through-
out the body. Microbial antigens entered through epithelial surfaces are entered lymph 
nodes through afferent lymphatic vessels as a free form or captured by DCs. Each lymph 
node consists of a cortex and a medulla. B cells and FDCs mainly are located in the folli-
cles in the cortex, whereas DCs and T cells mainly migrate to paracortical regions below 
follicles. This anatomic isolation of cells is mediated by the secretion of special cytokines 
called chemokines from lymph node stromal cells, which binds to their specific ligands 
on B and T cells and direct their migration. This anatomic segregation ensures B and 
T cells, which are located near their stimulating APCs, FDCs, and DCs, respectively.49

It is also important to note that lymphoid tissue-inducer cells (a type of ILCs) stimu-
late the development of secondary lymphoid tissues by secretion of cytokines known 
as lymphotoxins.50

Spleen is another capsular secondary lymphoid organ, which mainly functions as a 
site for initiation of the adaptive immune response against microbial antigens entered 
through blood. Spleen has an important role in the removal of aging and damaged blood 
cells, immune complexes, and opsonized microbes by splenic macrophages. Spleen is 
divided into red pulp and white pulp. Red pulp consists of blood-filled vascular sinu-
soids, and white pulp is a lymphocyte rich region with similar B cells and T cells ana-
tomic segregation to lymph nodes. B cells are mainly located in follicles, whereas T cells 
reside in regions near artery branches called periarteriolar lymphoid sheaths (PALS). 
The space between red and white pulp is called marginal zone, which is a region of 
specialized cells (especially MZB cells) surrounding the marginal sinus.51
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Besides lymph nodes and spleen, non-capsulated lymphoid structures are found in 
almost all epithelial barriers like skin, gastrointestinal mucosa, and bronchial mucosa. 
These skin-associated lymphoid tissues (SALT) and mucosa-associated lymphoid tissues 
(MALTs) respond to a variety of microbes entered through the skin and mucosal barri-
ers. These tissues contain diffusely distributed innate and immune cells, which recognize 
and initiate adaptive immune responses toward pathogens while maintaining tolerance 
against a wide range of commensal microorganisms found in epithelial barriers.52,53

Innate immunity

The innate immune system, as it can be inferred from its name, refers to immediate pre-
existing defense mechanisms that combat microbes upon their invasion to host. It is the 
eldest and first line of defense against microbes. Activation of the innate immune response 
against microorganisms also provides signals necessary for activation of specific adaptive 
immune responses even if the innate immune response is not able to eradicate invaded 
microbes on its own. An important function of innate immunity is defending the body 
against pathogens at the epithelial barriers such as the skin and the gastrointestinal and 
respiratory tracts by maintaining the physical integrity of barriers and the production of 
antimicrobial peptides. Moreover, the innate immune response has an important role in 
tissue repair through the removal of damaged or dead cells mediated by macrophages.54

As mentioned, activation of the innate immune response itself can determine the 
nature of the adaptive immune response, since innate immune system components 
react differently to each microbe, which results in activation of the proper and opti-
mum adaptive immune response against each microorganism. One of the protective 
procedures of innate immune response is inflammation, which results in leukocytes and 
soluble molecule infiltration to the original site of infection or injured tissues. Another 
key feature of innate immune reaction is antiviral defense, which leads to the elimina-
tion of virus-infected cells by the production of antiviral cytokines such as type I IFNs 
and activation of NK cells. The innate immune response includes different cell types and 
soluble molecules, which will be discussed briefly here.55

Recognition of microbes in the context of innate immune system
Cells of the innate immune system recognize a limited set of molecular structures (in 
comparison with a broad diversity of antigens recognized by receptors of the adaptive 
immune system) that are expressed either by microbes or by damaged and dead host 
cells. These structures are called pathogen-associated molecular patterns (PAMPs) and 
damage-associated molecular patterns (DAMPs), respectively. Some examples of PAMPs 
include microbial nucleic acids such as viral double-stranded RNA, bacterial unmethyl-
ated CpG DNA sequences, and bacterial cell wall structures such as lipopolysaccharide 
(LPS) in gram-negative bacteria or lipoteichoic acid in gram-positive bacteria. Most 
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PAMPs are structures necessary for microbes’ normal life cycles and normally are not 
expressed by mammalian cells.56

Various groups of molecules in the body are able to sense PAMPs and DAMPs, 
known as pattern recognition receptors (PRRs). These molecules can be categorized 
into two main groups: cell-associated molecules expressed on the cell membrane or 
in the cytosol and also soluble molecules, which are found in serum. Some important 
families of cell-associated PRRs include TLRs, NOD-like receptors (NLRs), and 
C-type lectin receptors (CLRs). Macrophages and DCs express a wide variety of these 
receptors, which help them to recognize and ingest microbes and damaged cells and 
also to initiate signaling cascades, which result in inflammatory response and production 
of antiviral cytokines.57

Cellular component of innate immunity
Perhaps the most important cells of the innate immune system are located in epithelial 
barriers, which form physical and chemical defense mechanisms against environmen-
tal microbes. In fact, epithelial cells bind tightly together, making a continuous layer, 
which prevents microbe entrance at the skin and mucosal surfaces of the gastrointestinal, 
respiratory, and genitourinary tracts. In the skin, keratinocytes at the outer layer of the 
epidermis can block the passage of microbes from the surface. Production of mucin by 
mucosal epithelial cells interrupts by microbe colonization at mucosal tissues. Epithelial 
cells and some other leukocytes produce antimicrobial peptides such as defensins and 
cathelicidin, which are toxic for a broad range of microorganisms.58,59

Moreover, epithelium contains a special type of lymphocytes with limited diversity 
called intraepithelial lymphocytes (IELs). Although still main proportion of human T 
lymphocytes carries αβ TCRs, the frequency of γδ T lymphocytes is higher among IELs 
in comparison to other tissues. IELs have cytotoxic properties, and they can recognize 
a small group of microbial structures and also have the ability to produce cytokines and 
activate phagocytes.60

If microbes cross the epithelial barriers, then phagocytes such as neutrophils and macro-
phages are responsible for microbe ingestion and initiation of the inflammatory response.61

Furthermore, DCs express a broad range of PRRs, including different TLRs and 
cytoplasmic PRRs, which leads to efficient recognition of various PAMPs and DAMPs 
expressed by microbes. DCs become activated upon engagement of their recognizing 
receptors and produce cytokines that promote leukocyte infiltration to the infection 
site. These properties of DCs result in the activation of T cell response in a way that 
efficiently eliminates microbes. Indeed, the nature of microbe determines naïve T cell 
differentiation toward a distinct T helper (Th) subgroup, efficient in combating relative 
microbe type.62

Another group of innate immune system cells, which arise from common lymphoid 
precursor lineage, are called ILCs that lack clonally distributed TCRs but resemble 
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lymphocytes. These cells are tissue residents of epithelial barriers that can play a substan-
tial role in the early response against microbes that cross the barriers.63 There are three 
different types of ILCs called ILC1, ILC2, and ILC3, which express transcription factors 
and produce cytokines similar to Th1, Th2, and Th17 CD4+ T cell subsets, respectively. 
These cells are activated by cytokines in the context of innate immune response and 
then produce distinct cytokines when become activated, and therefore, they can take 
part in different pathways of host defense against distinct types of pathogens. ILC1 cells 
produce IFN-γ and are important for defense against intracellular microbes. ILC2s pro-
duce IL-5, IL-9, and IL-13 and have a role in defense against helminthic parasites. Also, 
ILC2s may contribute to the development of allergic diseases. ILC3s produce IL-22 
and/or IL-17 and participate in the defense against extracellular fungi and bacteria and 
also help in preserving the integrity of epithelial surfaces.64

NK cells are considered as type one ILCs, which produce IFN-γ and exert cytotoxic 
properties against cells infected with viruses, intracellular bacteria, and also cancerous cells. 
Human NK cells are mainly found in the blood, spleen, and liver. NK cells are considered 
as counterparts for CTLs in innate immunity so that they kill their target before activa-
tion of the adaptive immune response. Also, they have the ability to produce IFN-γ once 
become activated, which enhances the phagocytosis capacity of macrophages during the 
adaptive immune response. These cells can be recognized by surface CD56 and CD16 
expression.65 NK cells do not express clonally distributed receptors, whereas they express a 
range of germline-encoded activating and inhibiting receptors, which help NK cells distin-
guish between healthy cells versus infected cells. NK activating receptors include killer cell 
immunoglobulin-like receptors (KIRs), CD16, and NKG2D receptor, the latter recognizes 
ligands on infected cells such as MHC-like molecules expressed by virus-infected cells.66 
NK cells inhibiting receptors such as some KIR family receptors and NKG2A receptor 
recognize class I MHC molecules expressed by normal cells, so delivering inhibiting sig-
nals to NK cells that regulate their activation. While almost all nucleated cells express class 
I MHC molecules, virus-infected cells or malignant cells fail to produce and express these 
molecules on their surface, resulting in a lack of inhibiting receptor engagement by NK 
cells, and thus, activation of cytotoxic response through activating receptors. In fact, the 
consequence of signals delivered by activating and inhibiting receptors to NK cells deter-
mines the final fate of NK cell response. If NK cells become activated, they release granules 
containing perforin and granzymes similar to CTLs. Perforin becomes polymerized on the 
target cell surface, which results in making holes through that granzymes then enter and 
initiate a sequence of signaling events resulting in target cell apoptosis.67

Humoral components of innate immunity
Besides the cellular component of innate immunity, there are soluble mediators, which 
exist in blood circulation and extracellular fluids and are important in innate host defense 
against pathogens that enter these sites. These soluble mediators, including complement 
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system, pentraxins, collectins, and ficolins, are referred to as humoral components of 
innate immunity similar to antibodies and B cell response, which is mentioned as the 
humoral immune response in adaptive immunity.68

The complement system includes plasma proteins and also complement receptors 
and regulators on the immune system cell surface. Complement proteins activation is 
based on proteolytic cascades so that when one of the inactive complement system 
proteins becomes activated through enzymatic changes, cleaves and activates the next 
protein. This results in cascade activation and amplification in the number of proteins 
that are produced. Final products induce the effector function of the complement sys-
tem, which includes target cell lysis, inflammation, and reinforcement of phagocytosis 
by the generation of opsonins.69

The complement system can be activated through classic, alternative, and lectin 
pathways. Classic pathway, as it can be inferred from its name, is the first discovered 
pathway and can be activated by antibodies bound to microbial surface. The initiator 
protein in this pathway is called C1q, which binds to the antibody-antigen complex and 
results in cascade activation of the complement system. As C1q can be activated by anti-
bodies, the classic pathway is also considered an important effector mechanism of the 
humoral branch of adaptive immunity. When C1q binds to antigen-bound antibodies, 
two serine proteases C1 molecule complex called C1r, and C1s become activated and 
start the cleavage and activation of other complement proteins involved in proteolytic 
cascade activation.70

The alternative pathway is initiated by C3 complement protein cleavage and activa-
tion. In normal status, C3 is constitutively becomes activated in serum and binds to cell 
surfaces, but the presence of complement system regulators at the surface of host cells 
inhibits activation of the alternative pathway and prevents self-damage. On microbial 
surfaces, due to the lack of regulatory molecules, C3 can directly become activated and 
initiate the alternative pathway of complement system activation.71

The lectin pathway of the complement system is activated by binding a member 
of the collectin family called mannose-binding lectin (MBL) to mannose residues on 
microbial glycoproteins and glycolipids. MBL structurally is similar to the C1q com-
ponent of the complement system. When MBL binds to microbes, two proteases called 
mannose-associated serine protease (MASP)1 and MASP2, which are similar to the C1r 
and C1s molecules in C1 component, become activated and start downstream proteo-
lytic pathway similar to the classic pathway.72

Recognition of microbes by any of the three mentioned pathways results in the 
generation of an important complex called C3-convertase, which cleaves C3 to two 
molecules, C3a and C3b. C3b is the bigger component and binds to the microbial 
surface and other components of the complement system, which form C5-convertase. 
C5-convertase, as it can be inferred from its name, cleaves C5 to C5a and C5b. The 
bigger part, C5b, remains attached to the microbial surface and then binds to C6, C7, 
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C8, and C9, which form a complex molecule called membrane attack complex (MAC). 
MAC makes a hole in the cell membrane and results in cell lysis at the site of comple-
ment activation.73

C3b also serves as an opsonin and has a receptor on phagocytes, which in this way, 
promotes phagocytosis. Small components of complement proteins such as C3a and 
C5a are known as anaphylatoxin, which promotes inflammation by increasing the per-
meability of vessels, degranulation of mast cells, and also recruitment of leukocytes to 
the site of infection.12

Deficiencies in the complement system components cause different immunodefi-
ciency diseases and syndromes. For example, lack of C3 results in higher susceptibility 
to bacterial infections. Also, deficiencies in MAC complex components increase the risk 
of special infections such as infection with Neisseria bacteria.32

There is another group of soluble molecules belonging to the pentraxin family, which 
can recognize different microbial structures and activate the complement system through 
binding to the C1q molecule. C reactive protein (CRP), Pentraxin3 (PTX3), and serum 
amyloid P (SAP) are members of the pentraxin family. Perhaps one of the most important 
proteins in this family is CRP, which is also known as an acute phase protein. CRP is 
very low in the plasma of healthy individuals, but during infections, it can be produced 
by hepatocytes (induced by pro-inflammatory cytokines such as IL-1 and IL-6), and its 
concentration can reach up to 1000-fold in patients’ serum. PTX3 is also considered an 
acute phase protein, which is mainly produced by DCs and macrophages and is activated 
by TLR ligands or tumor necrosis factor (TNF) cytokine. PTX3 can recognize various 
microbial structures and activates the complement classic pathway.74

Collectin family of soluble molecules in the innate immunity include MBL and 
pulmonary surfactant proteins SP-A and SP-D. As mentioned earlier, MBL is structur-
ally similar to the C1q molecule. MBL recognizes mannose and fucose carbohydrates 
on microbial surfaces and activates the complement system through the lectin pathway. 
SP-A and SP-D are among the surfactants, which are found in the alveoli of the lungs 
and reduce the surface tension of the alveolar fluid so that maintain the alveolar ability 
during respiratory expansion. In addition, SP-A and SP-D have an important role as 
innate immunity effector molecules, and they can bind to microbes and act as opsonins 
and therefore, they can facilitate phagocytosis by alveolar macrophages.75

Major histocompatibility complex (MHC) and antigen presentation

T cells can only recognize antigens that are previously processed and presented on the 
surface of other cells, and they cannot recognize soluble antigens, unlike B cells, which 
are able to recognize soluble and extracellular antibodies.76

Antigens are presented on the surface of specialized proteins called MHC mol-
ecules to CD4+ and CD8+ T cells. There are two different types of these molecules, 
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each specifically presents antigen to one particular T cell type, and this ability ensures 
the activation of the correct immune response against antigens. Some MHC molecules 
present the internalized antigens to T CD4+ cells, while others present antigens that 
are produced inside the cell to CD8+ T cells. In this section, we briefly describe the 
structure and function of these molecules and their critical role in the immune response.

T cells can mostly recognize short peptides that are displayed by MHC molecules, 
unlike B cells that are able to recognize protein and non-protein antigens without 
MHCs. T cells learn to recognize antigen only on the surface of MHCs during their 
maturation process, which ensures the MHC restriction of mature T cells. MHC mol-
ecules are highly polymorphic among different individuals, which can influence the T 
cell capability of recognizing different antigens. This is one of the reasons why people 
respond differently to a certain infection, while it recovers fast in one person, it can 
get severe in the other. There are two main classes of MHC molecules expressed on 
human cells. Class IMHC, which consists of A, B, and C molecules, are expressed on all 
nucleated cells of humans, while class II molecules, which consist of DR, DP, and DQ 
subgroups, are only expressed by APCs.

The process of displaying antigen by MHC to T cells is called antigen presenta-
tion and the professional cells having this function are APCs.77 Different cell types in 
humans, such as DCs, macrophages, and B cells, have APC functions, while DCs are 
considered the most specialized APCs. We should also know that professional APCs are 
the cells that constitutively express MHC molecules, but there are some cell types such 
as vascular endothelial and epithelial cells that MHC expression is inducible on them 
under specific circumstances. Please note that when we use the term APCs, we mostly 
mean the cells that express MHC class II

All human nucleated cells express MHC I. Therefore, there is no need for such a 
term when we talk about MHC I. This means that all nucleated cells are able to pres-
ent peptides to CD8+ T cells. Here, by peptides, we mostly mean virus and tumoral 
peptides, which can infect or occur in every nucleated cell, and they can be presented 
to CD8+ cytotoxic cells to eliminate them.

The phenomenon of MHC restriction
As mentioned before, T cells can only recognize an antigenic peptide, which is pre-
sented in the cleft of the MHC molecule. The TCR recognizes both the peptide and 
MHC molecule that presents the peptide. During the T cell maturation process, T cells 
are educated to recognize antigens in form of a complex with self MHC molecules.78

MHC structure
In humans, the MHC genes are located in a large segment of DNA (about 3500 kgbases) 
on the short arm of chromosome 6. The set of MHC alleles, which is located on each 
chromosome, is called an MHC haplotype.79
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MHCs are among molecules known as Ig superfamily, which means they have an 
Ig-like structure. In MHC class I, only one polypeptide chain, and in MHC class II, 
both polypeptide chains are Ig-like, each of which consists of an extracellular, a trans-
membrane, and an intracellular domain. The extracellular domain contains the peptide-
binding cleft (or MHC groove), where antigenic peptides can bind. Therefore, the cleft 
of MHC is highly polymorphic.

MHC I structure
MHC I consists of one Ig-like polymorphic α-chain plus non-polymorphic 
β2-microglobulin, which is not encoded by the MHC genes. These two chains are 
linked noncovalently. α-chain consists of 3 domains (α1, α2, and α3) (Fig. 1.2), where 
the MHC groove is formed by α1 and α2 domains and binds to small peptides of 8–11 
amino acids. The MHC groove is closed in MHCI, and therefore, it cannot accom-
modate larger peptides. We will later explain the processing procedure that converts 
proteins to small peptides, which are suitable for the MHC groove. α1 and α2 domains 
are polymorphic to be able to bind to antigenic peptides, whereas the α3 domain has a 
conserved and non-polymorphic amino acid sequence and it contains the CD8 binding 
site. A complete MHC I molecule contains α chain, β2-microglobulin, and antigenic 
peptide, and this trimeric complex is stable to express on the cell surface.80 Each het-
erozygous individual expresses six different MHC class I molecules, two inherited alleles 
from HLA-A, B, and C.

Fig. 1.2 Structure of MHC class I molecule. Consisted of a polymorphic α chain and nonpolymorphic 
β2-microglobulin (β2m), noncovalently attached together.
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MHC II structure
MHC II consists of two Ig-like polymorphic (α and β) chains, which are noncovalently 
bonded (Fig. 1.3).81 The groove of MHC II is formed by α1 and β1 domains and binds 
to peptides of up to 30 amino acids (optimally 12–16 residues) as it has open ends. α1 
and β1 domains are polymorphic, with a higher polymorphism in the β chain. Both α2 
and β2 domains have conserved and non-polymorphic amino acid sequences and con-
tribute to binding to CD4. Similar to what was mentioned in MHCI, here also a com-
plete MHC II molecular structure contains α and β chains plus antigenic peptide, which 
is stable to be expressed on the cell surface. Each heterozygous individual expresses six 
to eight different MHC class II molecules, two inherited alleles from HLA-DQ, DP, 
and two or four alleles of HLA-DR

It is important to know that each MHC I or II molecule can bind to many different 
peptides (both self and foreign), and that is how few MHC molecules of each individual 
can present an enormous number of antigenic peptides. To increase the chance of 
interaction with the specific T cells, the MHC-peptide complexes have a long half-life, 
which means they can stay on the cell surface for days. Not all MHC-peptides of the 
cell surface should bear the same peptide to be able to activate specific T cells, and a 
fraction of them (about 100 similar complexes) are enough to do so.

Fig. 1.3 Structure of MHC class II molecule. Consisted of a polymorphic α chain and a polymorphic β 
chain, noncovalently attached together.
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MHC presentation
Most of the proteins are bigger than being able to fit on the MHC cleft. Therefore, dur-
ing the process of antigen processing, they cleaved with proteases upon internalization. 
Later on, the cleaved peptides are loaded on the MHC molecules and move to the cell 
surface to be displayed to T cells.

Cytosolic proteins are displayed on the surface of MHCI, while extracellular pro-
teins are presented on MHC II molecules after internalization.

MHC I processing and presentation pathway
Viral proteins, which are synthesized in the infected cell and any bacterial protein that 
is inserted or transported to the cell cytosol, can enter MHC I pathway (Fig. 1.4).82 
Other proteins such as endosomal proteins that escaped from the endosome, tumoral 
proteins, and endoplasmic reticulum (ER) misfolded proteins are other sources of anti-
genic peptides of the MHC I pathway. All such proteins degrade in the proteasome and 
are recognized by CD8+ T cells.

Proteases are protease complexes in the cytosol in a cylindrical shape with two inner 
β rings and two α rings on the sides. Each of the rings contains seven subunits where 
three of them are catalytic sites. Proteasome recognize their target protein by a flag, 
which is a chain of a small peptide called ubiquitin. Proteasomes can cleave the ubiquiti-
nated proteins into short peptides, which can be later on transferred to ER by a specific 
transporter. IFN-γ can enhance proteasome activity, and therefore, promote the MHC 
I presentation process.83 There is a specialized transporter in the ER membrane called 
transporter associated with antigen processing (TAP), which transports the cleaved prod-
ucts of the proteasome to ER in an adenosine triphosphate (ATP) manner. In the lumen 

Fig. 1.4 MHC class I antigen processing and presentation. The pathway is explained in the text. 
Proteasome proteolysis antigenic proteins in the cytosol, then they enter the ER via TAP and land 
on the MHCI groove. ER, endoplasmic reticulum; ERAP, Endoplasmic reticulum-associated peptidase; 
β2m, β2-microglobulin; TAP, transporter associated with antigen processing; Ub, ubiquitin.
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of ER, TAP is associated with tapasin, an MHC chaperon molecule. Thus, the peptides 
can bind to empty and freshly synthesized MHC I molecules in ER. If the antigenic pep-
tide in the ER does not have a proper size, ER-resident aminopeptidase (ERAP) trims it 
in the ER. When MHC I is loaded with a peptide, it can exit the ER and be expressed 
to the cell surface through ER-Golgi-exocytic vesicles. The cleft of MHC II molecules is 
blocked by a protein called invariant chain (I

i
) in the ER. Therefore, mentioned antigenic 

peptides cannot assemble to MHCII

MHC II processing and presentation pathway
Extracellular proteins that internalize the cell by phagocytosis, endocytosis, or pinocyto-
sis by an APC enter the MHC II pathway (Fig. 1.5).84 In fact, these proteins are cleaved 
by lysosomal proteases such as cathepsins in the late endosome, following the fusion of 
lysosomes to endosomes. In addition to extracellular proteins, every endocytosed pro-
tein that enters this pathway can be either a cell surface protein or a cytosolic protein 
taken up by autophagy. Each APC cell type expresses specific receptors to internalize 
antigens, such as Fc receptors and complement receptors on DCs and macrophages, and 
surface Ig receptors on B cells.85

The α and β chains of the MHC class II molecule are synthesized in ER and 
assembled by ER chaperones such as calnexin. As mentioned earlier, I

i
 blocks the 

cleft of MHCII, and this trimeric protein can attach to three MHC II molecules at 
the same time. Additionally, I

i
 directs MHC II molecules to the late endosome and 

lysosome, where they can find suitable antigenic peptides to present. In the late endo-
somes, I

i
 is degraded by proteases, and only a small part of it remains in the MHC cleft, 

which is called class II-associated I
i
 peptide (CLIP). The replacement of CLIP with 

Fig. 1.5 MHC class II antigen processing and presentation. The pathway is explained in the text. The 
endosome containing the antigenic protein first fuses to the lysosome and then to the MHC II con-
taining vesicles, and finally, the antigenic peptide lands on the MHC groove. CLIP, class II-associated 
invariant chain peptide; ER, endoplasmic reticulum; Ii, invariant chain.
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antigenic peptide occurs with the help of HLA-DM, a structurally similar molecule 
to MHCIIHLA-DM is encoded by MHC genes, although it is not polymorphic as 
MHC molecules. HLA-DM functions in exchanging CLIP with antigenic peptides, 
preferentially the ones that have a high affinity for MHC II. The MHC II cleft is open. 
Therefore, larger peptides can attach to it and trim further by the endosome proteases 
to reach the optimum size of 10–30 amino acids.

Once MHC-peptide complexes are stable, their containing vesicles fuse to the cell 
membrane, and they will be expressed on the cell surface, being recognizable by T cells.

Cross-presentation
This is a process when an antigenic peptide enters the cell cytosol from endosomes 
and presents to the CD8+ T cells. Normally, extracellular antigens are expressed 
on MHCII, as mentioned in the previous section, but some cells such as DCs have 
the ability to present such antigens on MHC I to CD8+ cells. This process is called 
cross-presentation. For instance, DCs can uptake a tumor cell or a virus-infected 
cell and present another cell’s antigen to CD8+ T cells. This process is required to 
initiate an effective immune response by a professional APC against viral and tumor 
antigens.86

The MHC processing and presentation pathway is adapted to the type of response, 
which is needed for different antigens. CD4+ T cells activate following the MHC II 
pathway and increase the phagocytosis capacity of macrophages and provide help for 
B cells to produce antibodies, both of which are required for an immune response to 
extracellular antigens. CD8+ T cells activate following MHC I pathway and kill the 
virus-infected or tumor cells.

As described earlier, MHC genes are polymorphic, and each individual has a differ-
ent set of these molecules. Therefore, people respond differently to a specific antigen, 
and this is based on how well their MHC molecules can bind and present this particular 
antigen. This also shows why people are responding differently to vaccines and why they 
are allergic to different things. Also, having different MHC molecules on the cells is a 
confining factor for organ transplantation between humans.

Most of what we mentioned in this season was about protein antigens. We should 
also mention here the term, Immunodominant epitope, which is an epitope from a 
protein antigen that can better bind, and therefore, better present to T cells and conse-
quently can stimulate a stronger immune response.

Glycolipid antigens can be presented by CD1, a non-classic MHC molecule, and this 
complex is recognized by NKT cells. NKT cells are a type of NK cells that also express 
TCRs with very limited diversity.

Most of T cells in humans express a TCR molecule, which is consisted of one α and 
one β chain (will be discussed later), but there is also a small population of T cells with 
a γδ TCR chains. These cells are called γδ T cells, and they are not MHC-restricted, 
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unlike αβ T cells. These cells are able to recognize not only protein antigens but also 
lipids, phosphorylated molecules, and alkylamines.

B lymphocytes

As mentioned at the beginning of this chapter, B lymphocytes are major cells of the 
adaptive immune system. They are antibody-producing cells, which highlights their 
major role in the humoral immune system as well. Here we begin the section with 
B cell development and the structure and formation of BCRs, and then we continue 
with how these cells get activated, and we will end the section with the function of 
these cells.

B lymphocyte development
The first place for B cell development is the fetal liver, and the development takes 
place in the bone marrow after birth. In the bone marrow, B cells develop from their 
precursors to the immature state. This consists of pro B to pre B and then Pre B to 
immature B cell transformation. We will briefly explain the process in this section. Ig 
rearrangement starts at the early stages of B cell development in bone marrow, which 
is triggered by the expression of recombination activating gene 1 and 2 (Rag1/Rag2 ) 
recombinases. Pre B cells are the first cells to express a pre-BCR, which has the rear-
ranged heavy chain of Ig and the surrogate light chain. Immature B cells express the 
full rearranged membrane-bound Igs (i.e., BCR) before they exit bone marrow. The 
final differentiation steps of immature B to mature B cells occurs majorly in the spleen. 
Finally, mature B cells home in follicles of secondary lymphoid organs and wait there 
to meet their specific antigen.

As mentioned, Ig rearrangement is an important checkpoint in the developmental 
steps of B cells, and it ensures the diversity of Ig repertoire. To have a better understand-
ing of Ig rearrangement events, we should briefly explain the structure and encoding 
genes of Ig molecules. A human antibody molecule consists of two heavy and two light 
chains. There are four different types of the heavy chain (μ in IgM, γ in IgG, α in IgA, 
and ε in IgE), each of which, including one variable (V

H
) and several constant (C

H
1, 

C
H
2, C

H
3, …) domains encoding by IgH gene loci on chromosome 14. There are two 

different types of Ig light chains (κ and λ), which are consisted of one variable and one 
constant domain structurally similar to the heavy chains. κ gene is on chromosome 2, 
while λ is on chromosome 22. κ to λ usage ratio is 2 to 1. Therefore, most Ig molecules 
contain a κ light chain in humans.

IgH genes are segmented and contain several variable (V), diversity (D), and joining 
(J) segments, while Igκ and Igλ genes contain only V and J segments. During the arrange-
ment process, one of each V, D (if exists), and J segments will be randomly selected and 
linked together to build the variable domain of Ig chains. This process is called V(D)J 
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recombination, and the responsible enzymes are called V(D)J recombinases or Rag-1/
Rag-2. RAG genes are expressed only during the development of B and T lymphocytes, 
and mutations in these genes cause severe combined immunodeficiency (SCID) with 
a lack of B and T cells. Artemis is another enzyme involved in V(D)J recombination, 
and mutations in Artemis cause SCID, as well. The diversity of Ig and TCR is not only 
the result of a random combination of the gene segments but also the consequence of 
junctional diversity. Junctional diversity includes the deletion or addition of nucleotides 
in the junction of gene segments with the help of enzymes such as Artemis and termi-
nal deoxynucleotidyl transferase (TdT) to add P and N nucleotide in the junctions. It 
should be mentioned that the diversity mechanisms result in 107 different clones of Ig 
and TCR in humans, and also, they lead to many nonfunctional receptors that will be 
deleted later during the selection processes.87,88

Ig recombination starts at the pro B stage, where Rag1/Rag2 and TdT enzymes 
are expressed, and the VDJ rearrangement of the IgH chain takes place. After VDJ rear-
rangement and the forming of variable domain, a Cμ (constant region of µ heavy chain) 
segment attaches to VDJ, and a full messenger ribonucleic acid (mRNA) of the heavy 
chain will be translated to protein. Allelic exclusion is a phenomenon that allows only 
one of the two inherited alleles to encode the heavy chain in each B cell clone, and this 
leads to an identical heavy chain in all cells of a clone. Expression of µ heavy chain turns 
the pro B to pre B cell stage, and these cells express preliminary BCRs on their surface, 
including the heavy chain plus two other proteins called surrogate of light chain, λ5, 
and V pre B. These two are non-variable and have a similar structure to Ig light chain. 
The expression of pre BCR is considered as a checkpoint in B cell development.89 
A protein tyrosine kinase called Bruton’s tyrosine kinase (Btk) is activated downstream 
of pre BCR, and its following signals lead to pre B cells survival, proliferation and cer-
tification to transform to the later stages. Mutations in the BTK gene cause X-linked 
agammaglobulinemia (XLA) and B cell maturation failure in humans. Pre BCR signals 
also trigger the VJ rearrangement of the Igκ light chain in a similar way to the heavy 
chain. The rearrangement always starts from the κ chain, and it goes to the λ chain only 
if it was not successful. This phenomenon is called light chain isotype exclusion. As a 
result of this phenomenon, each clone of B cells can only express the κ or λ light chain.

When B cells express a full IgM on their surface, they transform into immature 
B cells. A successful rearrangement, therefore, is considered as the license for the posi-
tive selection of immature B cells. Only under these circumstances, immature B cells 
receive survival signals from the BCR tonic signaling. self-reactive immature B cells 
that strongly recognize a self-peptide in the bone marrow get another chance to change 
the specificity of their receptor in a process called receptor editing.90 Rag1/Rag2 can 
be transiently expressed in this stage once more, and the autoreactive immature B cells 
can perform another round of Ig light chain rearrangement to change the specificity of 
the B cell clone and save it from deletion. If receptor editing will not be successful, the 
clone will negatively select and die by apoptosis.
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B cell subsets
Most B cells are derived from bone marrow and are called B-2 cells. After exiting the 
bone marrow, they become transitional B cells till they move to the spleen. In the spleen, 
they can develop into either MZB cells or follicular B cells. B-1 cells are another subset 
of B cells that develop from the fetal liver. The majority of B cells are follicular B cells 
that express surface IgM and IgD with the same antigen specificity (i.e., identical vari-
able section and different constant region). Therefore, Mature recirculating B cells are 
IgM+ and IgD+, and they receive survival signals through the BCR tonic signaling 
while they are naïve. Additionally, the B cell-activating factor of the TNF family (BAFF) 
cytokine, through its ligand APRIL, provides further survival and maturation signals 
for B cells. Naïve B cells recirculate from lymph node to blood and back to find their 
specific antigens. Otherwise, they die after a few months.

MZB cells were primarily found in the marginal sinus of the spleen, but they 
exist in human lymph nodes, as well. They only express IgM (not IgD) BCRs with a 
limited diversity plus a high level of CD21. B1 cells differentiate into short-lived IgM-
producing plasma cells in response to blood-borne microbes.91

B1 cells develop from the fetal liver and have very limited diversity compared to 
follicular B cells, and in mice, they express CD5.92 They respond to common microbial 
polysaccharide and lipid antigens and secrete IgM in response to them. It is believed 
that the antibodies against ABO blood group antigens are also produced by B1 cells.

B cell activation
Mature naïve B cells home to secondary lymphoid organs to find and recognize their 
specific antigen through their BCR. As we mentioned before, B cells can recognize 
intact (not processed) antigens via different routes in lymph nodes. B cells respond 
to protein antigens in a T cell-dependent manner, and they can also respond to 
polysaccharide antigens independently. BCR complex (membrane Ig plus Igα and 
Igβ proteins) functions in antigen recognition and the following signal transduc-
tion. Complement receptor 2 or CD21 expresses on the surface of follicular B cells 
and MZB cells and plays as a co-receptor to facilitate B cell activation. The ligand 
of complement receptor 2 is the C3d fragment of complement that attaches to the 
microbial antigens following complement activation. TLRs can also enhance B cell 
activation by recognizing their ligands on microbial antigens. Human B cells express 
TLR-5, 7, and 9.

Myeloid cells such as DCs and macrophages can also enhance B cell response to 
antigens by capturing and carrying antigens to the lymphatic follicles, where B cells 
are. Myeloid cells promote B cell activation by producing cytokines such as BAFF and 
indirectly through activation of Th cells.

B cells require BCR cross-linking to initiate the response. T cell-independent anti-
gens such as polysaccharides easily cross-link BCRs because they are usually multivalent. 

(c) ketabton.com: The Digital Library



Clinical immunology24

Protein antigens, however, are not multivalent, and B cells require the help of T cells to 
respond effectively to these antigens.

Both naïve T and naïve B cells encounter the protein antigen in the T cell zone and 
follicle of lymph nodes, respectively. As mentioned before, DCs process and present the 
antigen on the surface of MHC molecules to T cells. The same antigen can be recog-
nized by naïve B cells without processing and presentation. When both T and B are 
activated, they move toward the follicle edge to meet each other, and this happens by 
changes in the expression of chemokine receptors. Upon activation, T cells downregu-
late C─C chemokine receptor (CCR)7 and upregulate C-X-C chemokine receptor 
(CXCR)5, which is a receptor for chemokine (C-X-C motif) ligand (CXCL)13 and 
is highly expressed in follicles. B cells, on the other hand, downregulate CXCR5 and 
upregulate CCR7, which allows them to move toward the T cell zone, where there is a 
high level of CCL19 and CCL21. In this interaction, B cells can again present the anti-
gen to T cells and receive T cell help instead and differentiate into antibody-producing 
plasma cells. T cells express CD40 ligand (CD40L) (CD154) upon activation, which 
interacts with CD40 on the B cells and stimulates B cells proliferation and differentia-
tion into plasma cells through activation of nuclear factor kappa B (NF-κB) and acti-
vator protein-1 (AP-1) transcription factors. Mutations in the CD40L gene result in 
defective antibody production (isotype switching and affinity maturation) and a disease 
called X-linked hyper IgM syndrome (XHIGM).

The germinal center is a very important location, where critical events take place for 
the production of long-lived plasma cells, high affinity antibodies, and memory B cells. 
Germinal center forms in lymphoid follicles about 4 to 7 days after T-B interaction. 
Activated B cells start to proliferate in the dark zone of the germinal center, and they are 
called centroblasts in this step. Later, they turn into centrocytes in the light zone of the 
germinal center, where they interact with T follicular helper (Tfh) cells and FDCs. after 
T-B interaction, some of the activated T cells turn into Tfh cells with high expression 
of CXCR5, programmed cell death protein (PD)−1, inducible co-stimulator (ICOS), 
and IL-21.93 FDCs have an important role in the selection of B cells in germinal center 
reactions. These cells express Fc receptors and complement receptors, which capture and 
display antigens. They are not APCs, but they just hold the antigens to select B cells with 
high affinity BCRs (Ig). These B cells that express high affinity Igs for the antigens will 
survive and differentiate into plasma cells. Plasma cells leave the germinal center and home 
in the bone marrow, and memory B cells recirculate. B cells undergo somatic hypermuta-
tion of Ig variable genes in the germinal center. This happens by point mutations in the 
regions called complementarity-determining regions (CDRs), and the enzyme activa-
tion-induced deaminase (AID) plays a role in this process. AID changes some of the C 
nucleotides to U and U changes to T in replication or will be excised by another enzyme 
called Uracil N-glycosylase (UNG), and later the error-prone DNA repair enzymes can 
substitute the U with any nucleotide. As a result of somatic hypermutation, the Ig V 
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segment changes, and later, the B cells, which produce the highest affinity antibodies, will 
selectively survive in the lymphoid follicle. This phenomenon is called affinity maturation, 
and CD40-CD40L interaction together with FDCs are essential for it.94

As mentioned above, B cells have IgM and IgD receptors, but later in their differentia-
tion process, they can produce other classes of antibodies such as IgG, IgA, and IgE. This 
happens by changing the constant region of Ig in response to different cytokines, and it is 
called isotype switching. Class switching is generally dependent on the nature of the anti-
gen, which the antibody is producing against. For many bacteria and viruses, the primary 
IgM will be switched to IgG in the immune response, and this is stimulated by IFN-γ. Igs 
can switch to IgE in response to helminths and Th2 type cytokines. When the antibody is 
needed in the mucosal areas, it switches to IgA, and transforming growth factor (TGF)-β, 
BAFF, and APRIL stimulate this transformation. Again CD40-CD40L interaction is 
essential for isotype switching because the signaling through this interaction results in the 
expression of AID in B cells and the subsequent so-called switch recombination. Switch 
regions are specific GC-rich nucleotide sequences that locate in the intron between J and 
C segments, i.e., before every C region, and they can be recognized by AID. The result of 
this process is the replacement of the Cμ region with any other constant region with the 
VDJ segment remaining unchanged on the DNA level. Isotype switching makes B cells 
more efficient responders by having the appropriate class of antibodies.94

Plasma cell differentiation
Once the B cells get activated, they either transform to plasma cells or memory B cells 
in the germinal center.95 To become a plasma cell, B cells must undergo structural 
changes required to be an antibody-producing factory. For example, they grow in size 
and develop their secretory system (ER) in addition to no longer expressing surface 
Ig as a result of transforming the Ig molecule to the secretory form. Plasma cells can 
be short or long-lived. Short-lived plasma cells are generally developed in response to 
T  cell-independent antigens such as polysaccharides. These cells are also developing 
in the early stages of T cell-dependent response, but the major type of plasma cells in 
response to protein antigens are long-lived plasma cells. They survive by receiving sig-
nals through their receptor BCMA, which is another ligand for BAFF. These cells are 
then later home in the bone marrow and produce the specific Igs for years.

Non-protein antigens like polysaccharides can also elicit antibody response and dif-
ferentiation of plasma cells, which generally produce low affinity antibodies with no or 
very limited isotype switching to IgG and IgA. As mentioned before, these are mostly 
B1 cells and MZB cells.

Memory B cell
Memory cell formation is a critical characteristic of the immune system, and it is 
required to defend the same pathogen faster and more efficiently in a second encounter. 
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Memory B cells are formed during the germinal center events, where they express 
antiapoptotic protein such as B-cell lymphoma protein (BCL)−2 that allows them to 
live for a long time. They normally recirculate between blood and lymphoid organs. 
Successful vaccines are the ones that can trigger the differentiation of memory cells.96

Effector functions of antibodies
In addition to different classes of antibodies, some antibodies like IgG and IgA have a 
few subclasses that are slightly different in their structure and also in their function. In 
humans, IgG has 4 subclasses of IgG1 to IgG4, and IgA has IgA1 and IgA2 subclasses. 
Several cells of the immune system express Fc receptors, which enable them to capture 
immune complexes.

Neutralization: One of the main functions of antibodies is to recognize the microbial 
antigen or toxin and neutralize them in order to prevent them from binding or enter-
ing the host cells and causing infection. This is the function of the variable segment of 
antibodies. IgG is mainly neutralizing the antigens in the blood, while IgA does this 
function on mucosal surfaces.97,98

Opsonization and phagocytosis: Some classes of antibodies (mostly IgG1 and IgG3) 
recognize the antigen through the variable segment and facilitate phagocytosis of anti-
gen through Fc-Fc receptor interaction on phagocytic cells. When antibody molecules 
cover an antigen, this is called opsonization. Macrophages and neutrophils will recog-
nize the opsonized antigen, and they ingest and kill it intracellularly. Some complement 
system products such as C3b can also opsonize and facilitate the uptake of antigens.99

Antibody-dependent cell-mediated cytotoxicity (ADCC): This is another important 
function of antibodies. NK cells express the Fc receptor for IgG, and they can recognize 
antibody-coated cells, which results in NK cell degranulation and killing of the target 
cells.

IgG antibodies can pass through the placenta to the fetus. Therefore, maternal anti-
bodies are the major defense mechanism of neonates. Other classes of antibodies like 
IgM and IgG1, IgG2, and IgG3 have the ability to activate the so-called classic pathway 
of the complement system.

Mast cells and eosinophils express Fc receptor for IgE and it can trigger mast cell 
degranulation and eosinophil mediated defense against helminths. IgA antibodies are 
crucial for mucosal immunity. IgA antibodies are secreted to the lumen of respiratory 
and GI tracts and neutralize the microbial antigens in the first encounter location.

T lymphocytes

T cells are one of the two major players of the adaptive immune system. They are 
the drivers of cell-mediated immunity, and their help is also essential for antibody 
production against protein antigens.100 Antibodies can only neutralize or opsonize the 
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extracellular antigens, and therefore, are accessible. There are plenty of other antigens 
that can survive in the cells, and they are considered intracellular pathogens, and T cells 
can eliminate the infected or tumoral cells.

T cells have two different classes based on their surface markers, CD4+ and CD8+ 
T cells, with CD4+ T cells being twice more frequent than CD8+ T cells in humans. 
CD4+ T cells are mainly helping B cells in addition to producing phagocytosis stimulat-
ing cytokines, while CD8+ T cells have the major role in defense against intracellular 
and tumoral antigens.101

T cell development
T cell development is partially similar to B cells, which means they first develop in the 
fetal liver, and the precursors are moved to the bone marrow after birth. The matura-
tion of T cells takes place in the thymus, which is a specialized primary lymphoid organ 
for this process. The thymus shrinks by age, and this results in decreased thymic output 
with aging. The multipotent progenitors of T cells home to the outer cortex of the 
thymus, and they are called thymocytes.102 This migration is led by chemokines and 
chemokine receptors. Progenitors of T cells express CCR9, while the thymic cortex 
has a high concentration of CCL25, the ligand for CCR9. T cells acquire αβ or γδ 
TCR in the cortex, and the αβ TCR+ cells further acquire CD4+ and CD8+ on their 
way to thymus medulla. Again, the movement of thymocytes from cortex to medulla is 
according to the chemokine gradient. High levels of CCL19 and CCL21 are expressed 
in the thymic medulla, while T cells express CCR7, which is the receptor for CCL19 
and CCL21. T cells become either CD4+ or CD8+ after exiting the thymus, and they 
follow the gradient of sphingosine 1 phosphate to the blood while they express the 
sphingosine 1 phosphate receptor.

TCR rearrangement in T cell development starts with γδ TCR, and it continues 
later with rearrangement of αβ TCR. The expression of CD4 and CD8 markers on 
T cells are also considered as a checkpoint for T cell development. All thymocytes are 
double negative for CD4 and CD8 markers upon their arrival to the thymus, and they 
are considered pro T cells. Rag1 and Rag2 are expressed in this stage to initiate TCR 
rearrangement within the TCR β gene segment. Similar to the rearrangement steps in 
B cells, initially, a Dβ segment attaches to Jβ, and later the Vβ segment connects to DJβ, 
and finally, the constant segment completes the TCR β gene for transcription. Only 
the cells that successfully rearrange and express the β chain are allowed to continue the 
further developmental process. When thymocytes express so-called pre-TCR, which 
consists of TCR β chain plus pre-Tα, they are known as pre T cells. It should be men-
tioned that the pre TCR expresses as a complex together with CD3 and ζ proteins. 
The signals mediated by pre-TCR result in proliferation and survival of pre T cells, and 
they trigger further rearrangement of TCR α genes. These signals also lead to allelic 
exclusion in TCR β genes. Pre T cells change their surface markers, and they change 
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to double-positive thymocytes for CD4 and CD8 markers. They express αβ TCR for 
the first time and undergo positive selection at the double-positive stage. TCR α chain 
lacks D segments and has no allelic exclusion, which allows both alleles to rearrange. 
Therefore, T cells can express two α chains with a similar β chain. Positive selection 
ensures the survival of the T cells that can recognize antigenic peptides in the groove of 
self MHC molecules. Otherwise, the T cell will die in the thymus and will not be able 
to continue the maturation process.

The final step of T cell maturation is the lineage-fate decision and becoming single 
positive for either CD4 and CD8 surface markers and enter the thymus medulla and 
later leave there to secondary lymphoid organs.103 CD4+ T cells are able to recognize 
antigen in self MHCII, while CD8+ T cells recognize it in self MHC I. Negative selec-
tion is happening in the single positive stage, which ensures the elimination of the T cell 
clones with high affinity against self-peptides (self-reactive). They either die by apoptosis 
or differentiate to Tregs to minimize self-reactivity of T cells as a mechanism of central 
tolerance. We will discuss the tolerance mechanisms later in this chapter. The APCs in 
the thymus (i.e., thymic epithelial cells) express self-proteins that are widely expressed 
in human tissues. Additionally, they express autoimmune regulator (AIRE), which is 
a nuclear protein inducing the expression of tissue-specific antigens in the thymus. 
Mutation in AIRE results in autoimmune polyendocrine syndrome.

The differentiation of γδ T cells happens prior to αβ T cells as mentioned before. In 
other words, if the rearrangement of γ and δ gene segments is taking place successfully 
before β chain rearrangement (in 10 percent of the time), the cell will differentiate to 
the γδ T cell. γδ T cells have less diversity compared to αβ T cells.104

T cell activation
Naïve T cells get activated in the secondary lymphoid organs by APCs, mainly DCs, the 
professional and most potent APC for naïve T cell activation. DCs are located in the 
T cell zone of lymph nodes, and they present many antigens at the same time. When 
T cells recognize their specific antigen, they become activated, proliferate, produce 
cytokine, and differentiate to effector or memory T cells. After activation, T cells can 
perform their effector functions in the peripheral tissues (discussed later). According to 
the nature and location of antigen, DCs can either present the antigen on MHC I and 
activate naïve CD8+ T cells or present on MHC II and activate naïve CD4+ T cells. 
Other APCs such as B cells and macrophages can present the antigen to activated T 
cells. The first signal for the activation of T cells is always the antigen itself. T cells not 
only recognize peptide-MHC but also have other surface receptors and co-receptors 
that participate in this interaction.105 The second signal, which is required for full acti-
vation of T cells, is provided by co-stimulatory molecules on APCs. B7-1 (CD80) and 
B7-2 (CD86) are the most famous co-stimulators on activated APCs, and they interact 
with CD28 on T cells to provide the second signal.106 B7 is not expressed, or very lowly 

(c) ketabton.com: The Digital Library



The immune system 29

expressed on resting APCs, and only after stimulation by microbial antigens, it upregu-
lates. Activated CD4+ T cells can also induce the expression of B7 on APCs via CD40-
CD40L interaction. The expression of CD40L increases upon T cell activation, which 
is important for T cell effector functions. The stimulation of T cells with self-antigens 
is generally happening by the low level of B7-CD28 signal, which is more regulatory 
rather than activating, and it is important for the maintenance of T cell tolerance.107

The first and the second signal (TCR and CD28 signaling) result in activation of 
PI3 and Akt kinases in addition to PLC and MAP kinases and ultimately results in T 
cell survival, proliferation, production of cytokines, and differentiation to effector and 
memory cells. The effector and memory cells are less dependent on the second signal, 
and therefore, they can activate with other APCs.

Both B7 and CD28 have other family members with different functions. CD28 fam-
ily consists of ICOS (CD278), cytotoxic T lymphocyte-associated protein (CTLA)−4 
(CD152), and PD-1. ICOS is important for germinal center events, TfH development, 
and the production of antibodies. CTLA-4 and PD-1 have an inhibitory function and 
are important for the limiting phase of the immune response. These two receptors 
have a role in T cell tolerance, as well, and dysregulation in their expression results in 
autoimmune disorders. The ligands of the mentioned receptors are ICOSL, B7, and 
programmed death ligand (PD-L)1, respectively. Blocking of B7:CD28 interaction by 
CTLA-4-Ig is an approved therapy for transplant rejection and rheumatoid arthritis. 
CTLA-4-Ig has the extracellular domain of CTLA-4, and its intracellular domain is 
Fc of human IgG. CTLA-4 has a higher affinity for B7 compared to CD28. Therefore, 
it is used for the B7:CD28 blockade. Antibodies against CTLA-4 and PD-1 are being 
used in cancer immunotherapy because they can block the inhibitory function of these 
molecules.108

Upon activation of T cells, the surface expression of CD69, CD25, and CD40L 
increases. Following the increase of CD69, the sphingosine 1-phosphate receptor 
decreases, and this mediates the release of T cells from the lymphoid organs. Sphingosine 
1-phosphate has a high concentration in the lymphoid organs, and naïve T cells highly 
express sphingosine 1-phosphate receptor, which attracts these cells to the primary lym-
phoid organs. CD25 or the α chain of IL-2 receptor upregulates upon T cell activation, 
and this allows T cell to respond to IL-2 (T cell growth, differentiation, and survival 
factor). Other cytokine receptors in addition to adhesion molecules (integrins such as 
lymphocyte function-associated antigen (LFA)−1 and very late antigen (VLA)−4, and 
selectins such as CD62L) also upregulate during the process of T cell activation with 
the aim of helping T cells to perform their effector functions and to migrate to differ-
ent tissues.109

IL-2 is the main T cell growth factor, and the transcription from the IL-2 gene, in 
addition to the expression of its receptor, is induced after the activation of naïve T cells. 
IL-2 induces antiapoptotic proteins such as BCL-2. It also promotes the cell cycle 
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through activation of mammalian target of rapamycin (mTOR) signaling.110 Other 
cytokines such as IFN-γ and IL-4 production are also influenced and enhanced by IL-2. 
Tregs constitutively express IL-2 receptors because IL-2 is essential for the survival and 
function of these cells. IL-2 also drives T cell clonal expansion to 1000 and up to 50,000 
folds for the antigen-specific CD4+ and CD8+ T cells, respectively. Effector T cells pro-
duce other cytokines and influence other cells such as B cells and macrophages during 
the immune response.

Another crucial part of a T cell activation process is the formation of memory 
T  cells, which guarantee a long-term immunity against an antigen. The process of 
memory T cell formation is not fully understood, but we know that a proportion of T 
cells turn into memory cells, which can remain lifelong and express high levels of anti-
apoptotic proteins. The memory formation makes immunization via vaccines feasible 
because these cells can respond faster and to a greater state against antigens compared 
to naïve T cells. It is believed that the frequency of memory T cells against particular 
antigens is higher than that of the specific naïve cells. Memory cells have the ability of 
self-renewing in the absence of antigen and upon reinfection, they can rapidly migrate 
to the infectious tissue and respond in a few days. IL-7 is a critical cytokine for the 
survival of memory cells and memory T cells express IL-7 receptor (CD127). Therefore, 
CD127 is a memory cell surface marker. Other markers of memory T cells include 
CD45RO and CD27. Recently, the memory cell population has been divided into 
two categories of central memory (TCM) and effector memory (TEM) based on their 
residence location and their function. TCMs home to the lymph nodes because they 
express CCR7, and CD62L and they maintain a reservoir of the memory cells. They 
have low effector function. On the other hand, TEMs do not express homing markers, 
and they serve as the memory cells that rapidly turn into effector T cells in the tissues, 
and they produce cytokines like IFN-γ.111

T cell activation is declined after the elimination of antigens. This is in part the 
result of the lack of stimuli, which leads to less IL-2 availability, and declined expres-
sion of antiapoptotic proteins. Consequently, the activated cells die and attenuate the 
immune response. As mentioned earlier, a few receptors such as PD-1 and CTLA-4 are 
also expressed later on the activated T cells, and they help limit the immune response.

CD4+ T cells effector functions
CD4+ T cells recognize phagocytosed antigens presented with APCs. Phagocytic cells 
such as macrophages, as a part of innate immunity, can phagocyte microbial antigens 
and kill them. However, many bacterial antigens can resist this process and survive in 
the phagocytic vesicles. Fortunately, phagocytic cells express MHC II molecules, and 
they can process and present microbial antigens to T cells. CD4+ T cells express ligands 
(such as CD40L), and they produce cytokines upon activation. Therefore, they enhance 
the function of phagocytes. CD4+ T cells have different subsets with different cytokine 
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production capabilities, and we are going to briefly explain different subsets of CD4+ 
T cells in this chapter.

The main subsets of T CD4+ effector cells are Th1, Th2, and Th17 cells. These cells 
activate in response to different types of pathogens, and the secreted cytokines from 
APCs drive their differentiation in the lymphoid organs. Each subset produces different 
cytokines and expresses different transcription factors. In addition to the mentioned 
subsets, Tregs are yet another subset of CD4+ T cells, which have more regulatory 
properties rather than activating, and they are crucial for the maintenance of tolerance 
against self-antigens.112,113

Th1 cells: The main pathogens that elicit Th1 response are intracellular pathogens 
(bacteria or virus) that survive inside phagocytes. Th1 differentiation happens when 
DCs, macrophages, or NK cells secrete IL-12, IL-18, and IFN-γ in response to the 
mentioned pathogens. Th1 cells majorly produce IFN-γ, which stimulates further Th1 
differentiation and prevents Th2 and Th17 differentiation. T-bet, signal transducer and 
activator of transcription (STAT)1, and STAT4 are Th1 specific transcription factors, 
and they are induced by antigen plus cytokine. IFN-γ induces STAT1 and T-bet, while 
IL-12 induces STAT4. T-bet and STAT4 transcription factors increase IFN-γ produc-
tion in a positive loop manner.114 Th1 cells have a distinct pattern of homing as they 
express CXCR3 and CCR5, which attract them to the site of infection. The cells of 
the innate immunity produce chemokines in response to the infectious agents in the 
tissues to attract T cells. Th1 cells migrate to the sites of inflammation by expressing 
ligands for E and P selectin.

Th1 cells activate macrophages (classic activation of macrophage or M1 macro-
phages) to kill the microbial antigens by IFN-γ secretion in addition to CD40-CD40L 
interaction. Macrophages enhance their ability to phagocyte and to destroy the antigen, 
in addition to antigen-presenting ability in the presence of IFN-γ. IFN-γ not only pro-
motes Th1 and prevents Th2 and Th17 differentiation but also drives class switching of 
B cells toward IgG production and prevents switching to IgE.

Th1 cells also produce TNF to recruit other leukocytes and IL-10, which suppresses 
the immune response by inhibiting DCs and macrophages.

Th2 cells: Unlike Th1, Th2 cells do not enhance phagocytosis, but they activate 
eosinophils and mast cells to mediate allergic reactions and to defend the host against 
helminths. Therefore, Th2 cells differentiate in response to allergens and helminthic 
pathogens. IL-4 is known as the major cytokine that mediates differentiation to Th2. 
However, other cytokines such as IL-25, IL-33, and thymic stromal lymphopoietin can 
also mediate Th2 differentiation. Mast cells and Th2 cells are both sources of IL-4, while 
other mentioned cytokines are produced from damaged tissue cells. GATA3 and STAT6 
are Th2 specific transcription factors, which are induced following TCR signals and 
IL-4. Induction of GATA3 results in transcription of Th-2 specific cytokines, includ-
ing IL-4, IL-5, and IL-13, while suppressing IL-12 receptor and consequently Th1 
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differentiation.115 IL-4 mediates class switching to IgE antibody, and in a positive loop, 
stimulates further differentiation to Th2 cells. IL-13 can also have a role in switching 
to IgE. IL-4 and IL-13 both can activate macrophages through the alternative pathway, 
which is different from the activation of macrophages through IFN-γ. By alternative 
activation, macrophages (which are called M2 macrophages) not only have an anti-
inflammatory function but also produce enzymes for tissue repair. Therefore, Th2 cells 
stimulate M2 macrophage activation and suppress M1 macrophage activation. IL-4 
and IL-13 also have an important role in mucus secretion in the airways and peristalsis 
in the gastrointestinal tract. Through these cytokines, Th2 cells have a role in defense 
mechanisms at mucosal barriers.

IL-5 activates mature eosinophils and also stimulates the differentiation of these cells. 
Eosinophils express receptors for the Fc fraction of IgE, and via this receptor, they can 
recognize helminths that are covered with IgE, and they can kill them. Th2 cells express 
CCR3, CCR4, and CCR8 for their tissue migration.

Th17 cells: Th17 cells mainly have a role in the neutrophil recruitment (neutrophilic 
inflammation) to the infection site. These cells activate against certain extracellular 
bacterial and fungal infections, and they have roles in inflammatory and autoimmune 
diseases. Th17 cells differentiate in response to secreted IL-6, IL-1, and IL-23 from DCs. 
While the first two cytokines are important for Th17 differentiation, IL-23 is believed to 
be functional later when Th17 cells proliferate. TGF-β is another important cytokine for 
the differentiation of Th17 cells. Differentiation to Th1 and Th2 suppresses Th17, and 
therefore, IFN-γ and IL-4 both have suppressor functions for Th17 differentiation.116

The key transcription factors of Th17 cells consist of retinoic acid receptor-related 
orphan receptor gamma t (RORγt) and STAT3, which are activated by TGF-β and 
IL-6. Th17 cells produce IL-17 and IL-22 and express CCR6. IL-17 family consists 
of IL-17A to F, and the main known function of them is performed by IL-17A. This 
cytokine is inflammatory as it recruits neutrophils, and to some extent monocytes, and 
stimulates defensin production, which is a natural antimicrobe. IL-22 has also a similar 
role but mainly in the epithelial surfaces, where it stimulates inflammation in addition 
to the production of antimicrobial substances to maintain the integrity of the epithelial 
barrier.

Another cytokine produced by Th17 cells is IL-21, which has an autocrine function 
to amplify Th17 differentiation apart from its role in Tfh cell generation, B cell activa-
tion in the germinal center, and CD8+ T and NK cells activation.

Defective Th17 differentiation results in recurrent fungal and bacterial infections, 
mainly in the skin (like chronic mucocutaneous candidiasis). This happens due to muta-
tion in STAT3, and the disease is called hyper IgE syndrome or Job syndrome. Th17 
has been shown to have a role in many inflammatory diseases such as multiple sclerosis, 
psoriasis, inflammatory bowel disease, and rheumatoid arthritis. Inhibition of Th17 is 
considered as a therapeutic approach for the mentioned diseases.
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CD8+ T cells effector functions
The main role of these cells is cell cytotoxicity, which includes the killing of virus-
infected cells (having virus in their cytosol), bacteria-infected cells (when the bacteria 
have escaped from the endosome to the cytosol), and tumor cells.117 Therefore, these 
cells are crucial for the eradication of the infection source. When naïve CD8+ T cells 
recognize antigen presented by DCs in the groove of MHC I and co-stimulatory mol-
ecules (like B7) in the lymphoid organs, they differentiate to effector CTLs. The differ-
entiation process arm CTLs with cytolytic granules containing perforin and granzymes 
in addition to IFN-γ production, while the expression of their encoding genes happens 
during differentiation. At the molecular level, T-bet and eomesodermin drive the tran-
scription of lytic granule genes.118

DCs are the most potent APCs for stimulation of naïve CD8+ T cells, and a fraction 
of DCs can present MHC I pathway-specific antigens by so-called cross-presentation. 
Most virus-infected or tumoral cells are not necessarily DCs but rather tissue cells. In 
this situation, DCs uptake the whole cell, and by transferring the antigens from the 
endosome to cytosol, they can present their antigens by MHC I. Recent investiga-
tions show that CD4+ T cells are also important for a successful CTL differentiation, 
especially when the antigen was not able to elicit a strong innate immune reaction. The 
evidence to this finding is a defective CTL response in the human immunodeficiency 
virus (HIV) infected patients, where HIV mainly targets CD4+ T cells. The help of 
CD4+ T cells could be either through cytokine secretion (such as IL-2 and IL-21) or 
through activation of DCs by CD40-CD40L interaction. Another source of IL-2 is 
CD8+ T cells. IL-2 is important for the differentiation and proliferation of CTLs in 
addition to the generation of memory CD8+ T cells.119 Other important cytokines for 
CTL differentiation are IL-12, type I IFNs, and IL-21. IL-15 is believed to be important 
for the survival of memory CD8+ T cells.

Activated CTLs migrate to the site of infection, where they recognize the target cells 
by their specific TCRs. CD8 as the co-receptor and LFA-1 contribute to this encounter, 
where LFA-1 (adhesion molecule) binds to intercellular adhesion molecule (ICAM)−1 
and helps the formation of a synapse with the target cell. This process allows CTL to 
specifically kill its target cell by secreting the granule toxic contents to the synapse area 
without harming the adjacent non-infected cells. However, as the infected cells are 
destroyed, CTL function can lead to tissue injury and be responsible for the immuno-
pathogenesis of viral infections such as hepatitis B and C. CTLs are important players 
of tumor immunity and acute graft rejection, as well.120

The CTL (and NK cell) granule contents are mainly granzymes and perforin. 
Perforin is a cytolytic membrane pore-forming protein, which is similar to the com-
plement C9 subunit. Granzymes are serine proteases cutting proteins after aspartate 
residues, and granzyme B seems to be the most important of all granzymes for CTL 
cytotoxicity. Perforin makes the pore for granzyme B to enter through and cleave 
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various proteins such as caspase-3 and stimulate the mitochondrial pathway of apoptosis 
in the target cells.121 CTLs express Fas ligand (FasL), and they can kill their target cell by 
interacting with CD40 followed by caspase activation and apoptosis. One of the other 
important roles of CD8+ T cells is the activation of macrophages together with Th1 
cells through secretion of IFN-γ. CTLs also secrete IL-17, and therefore, they have an 
important role in inflammation and inflammatory diseases. Mutation in perforin results 
in hemophagocytic lymphohistiocytosis (HLH), where CTLs are unable to kill their 
target cells, but they recurrently produce IFN-γ, which leads to overactivated macro-
phages that ingest red blood cells.

T cell exhaustion is a term, which refers to a gradual deterioration of CTL response 
as a result of chronic antigen encounters. CTLs express inhibitory markers such as PD-1 
in this situation, and they become inactive. This has been seen in chronic viral infection 
and cancer.122

γδ T cells
Less than 5 percent of the T cells have a TCR consisting of γδ chains. Their characteristics 
are limited to TCR diversity, and they are resident in certain tissues such as epithelium, 
and it is believed that they have TCR specificity only for the common pathogens of 
these tissues. About 10 percent of intraepithelial lymphocytes in humans are γδ T cells. 
They are not restricted to MHC, and they do not need antigen processing by APCs to 
recognize their antigens. γδ T cells recognize protein and nonprotein antigens such as 
lipids commonly found in microbes presented by nonclassical MHCI-like molecules. 
The role of these cells is not completely clear yet, but they are able to kill infected cells 
and produce cytokines such as IL-17.123

NKT cells
These cells are also developing in the thymus, and they express both markers of NK 
cells (like CD56), and they express the TCR. The TCR consists of αβ chains with very 
limited diversity. A fraction of these cells can be characterized by their specific α chain in 
humans, Vα24-Jα18, and they are called iNKT cells (i for invariant). The TCR of NKT 
cells recognizes lipid antigens presented with CD1, and they secrete IL-4 and IFN-γ. 
It is believed that these cells might have roles in both innate and adaptive immunity, 
especially against the microbes containing lipid antigens, such as mycobacteria.124

MAIT cells
These cells are mucosa-associated invariant T cells, which express invariant TCR αβ 
called Vα7.2-Jα33. They recognize some fungal and bacterial riboflavin metabolites pre-
sented by MHC class I-related protein 1 (MR1). These cells are mostly CD8+ and are 
activated by cytokines such as IL-12 and IL-18. They are capable of producing inflam-
matory cytokines such as TNF and IFN-γ. About half of the MAIT cell population 
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resides in the liver. Therefore, it is believed that these cells defend us from the microbial 
flora of the intestine.125

Mechanisms of tolerance

Immunologic tolerance is referred to immune system unresponsiveness against an anti-
gen, which is induced by previous exposure to that antigen in a specific condition. In 
fact, our immune system responds to foreign antigens while remains are unresponsive 
against self-antigens. This self-non-self-discrimination feature of the immune system 
results in tolerance or unresponsiveness against safe antigens. Failure in tolerance 
mechanisms leads to immune reaction towards autologous antigens, which may cause 
autoimmune diseases.126 The reason underlying the production of autoreactive B and 
T lymphocytes in the body is that antigen-specific receptors are generated by ran-
domized recombination of different gene segments during lymphocyte development. 
So, some B and T cell clones carry autoreactive antigen receptors, which express high 
affinity receptors for self-antigens. These self-reacting clones should be recognized 
and removed by tolerance mechanisms to prevent autoreactive reactions.127 Tolerance 
mechanisms sense and remove self-reacting lymphocytes at two main levels: central and 
peripheral tolerance. During central tolerance, recognition of self-antigens by develop-
ing lymphocytes in central or generative lymphoid tissues (bone marrow and thymus) 
with high affinity results in autoreactive lymphocyte elimination. This phenomenon 
ensures the production of naïve mature lymphocytes, which do not react with self-anti-
gens. However, if for any reason, a clone of self-reactive lymphocytes escapes the central 
tolerance and enters the blood circulation, peripheral tolerance mechanisms prevent 
activation of these lymphocytes, which may damage self-tissues. Induction of tolerance 
in lymphocytes is acquired by recognition of specific antigens using BCRs or TCRs.128

Central and peripheral immunologic tolerance is induced by different mechanisms 
in T and B cells.

T cell tolerance
T cells have a prominent role in the induction and maintenance of tolerance towards self-
antigens. In fact, the majority of pathologic autoinflammatory reactions are due to the 
lack of helper CD4+ T cell tolerance, which also mediates the production of autoanti-
bodies. T cell tolerance is mediated at two levels of central and peripheral tolerance.129 As 
a result of central T cell tolerance, developing immature T cells, which recognize MHC 
self-antigen complexes presented by APCs with high affinity, are eliminated or deleted 
by apoptosis. This process is called clonal deletion or negative selection and ensures 
matured T cell repertoire, which exit thymus to peripheral tissues, do not respond to self-
antigens, which are found in the thymus during T cells development. Negative selection 
takes place in the cortex and medulla of the thymus, which deletes double-positive and 
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single-positive T cells that strongly respond to self-antigens, respectively. Negative selec-
tion assures mature lymphocytes that leave the thymus to the periphery do not respond 
to antigens, which are presented in the thymus by thymic epithelial cells.130 Expression 
of self-antigens from peripheral tissues in the thymus is under control of a transcription 
factor called AIRE, which is mainly expressed by medullary thymic epithelial cells.131 
In fact, expression of self-antigens by medullary thymic epithelial cells in the thymus is 
dependent on AIRE, so that mutation in the AIRE gene results in multi-organ autoim-
mune disease called autoimmune polyendocrine syndrome type 1. In autoimmune poly-
endocrine syndrome type 1, autoreactive T and B cells are activated and injure different 
organs, including parathyroids, adrenals, and pancreatic islets.132 We will discuss autoim-
mune disease later in detail. Although the vast majority of self-reacting lymphocytes 
are deleted through negative selection. Some of these cells are differentiated to Tregs in 
the thymus, which then induce tolerance against other self-reacting T lymphocytes that 
escape central tolerance and enter the periphery.133 In fact, central tolerance is not flaw-
less, and there are self-antigen reacting T cells, which escape clonal deletion and leave 
the thymus to blood circulation. Peripheral tolerance mechanisms are responsible for 
T cell tolerance against tissue-specific self-antigens (mainly those that are not found in 
the thymus) in peripheral tissues.134 Mechanisms of T cell peripheral tolerance include 
inducing anergy, suppression by Tregs, and deletion.135 Anergy or functional unrespon-
siveness occurs when CD4+ T cells recognize antigens in the absence of a second signal 
or co-stimulation. We know that lymphocytes need two signals for full activation. The 
first signal is provided through antigen recognition, while the second signal is delivered 
when co-stimulatory molecules on APCs (such as B7-1 and B7-2 molecules) bind to 
their ligand (CD28) on CD4+ T cells. The expression of co-stimulatory molecules on 
APCs is dependent on the activation of the innate immune response, which normally 
happens in the presence of foreign antigens. Self-antigens are continuously presented 
to self-reactive T cells in the absence of innate immunity and the expression of co-
stimulatory molecules. Thus, self-reactive T cells become anergic and do not differentiate 
into effector T cells.136 Another mechanism, which leads to T cell anergy is regulation by 
inhibitory receptors. Engagement of inhibitory molecules from CD28 family receptors 
(mainly CTLA-4 and PD-1) on T cells to B7 family molecules on APCs inhibits T cell 
activation.137 CTLA-4 is expressed on activated T cells as well as Tregs and is an impor-
tant molecule in self-tolerance. Polymorphisms in the CTLA-4 gene are associated with 
several autoimmune diseases such as type 1 diabetes and Graves’ disease. Both CTLA-4 
and CD28 bind the same ligands, B7-1 (CD80) and B7-2 (CD86), but the affinity of 
CTLA-4 for B7 is considerably higher than CD28. So, when CTLA-4 is expressed on 
self-reactive T cells or Tregs, it competes for binding to B7 molecules on APCs and results 
in their internalization and digestion. Thus, the amount of B7 molecules on APCs to pro-
vide co-stimulation through CD28 is reduced. Recall that the level of B7 molecules on 
resting APCs expressing self-antigens is rather limited. So, low affinity CD28 molecules 
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do not engage B7 molecules in this condition.138 Another inhibitory receptor from the 
CD28 family is PD-1. PD-1 is expressed on activated T cells, and its ligands, PD-L1, 
and PD-L2 are found on APCs. PD-1 expression is increased on T cells when there is 
continuous antigen stimulation, such as in the case of self-antigens, tumors, and chronic 
infections. This molecule has an important role in maintaining self-tolerance in T cells, 
especially when exposure to antigen is prolonged.139

It has been shown that CTLA-4 and PD-1 molecules block T cells activation as 
checkpoints in the immune response, which has led to the idea of activation of T cell 
response by reducing these checkpoints, which is called Immune checkpoint blockade. 
For example, the blockade of CTLA-4 using anti-CTLA-4 antibody has reinforced 
anti-tumor immunity and is approved for the treatment of advanced melanoma and 
other cancers. Checkpoint blockade targeting PD-1 and its ligands has shown even 
more efficacy and less toxicity than that of anti-CTLA-4 in several cancers.140

Suppression by Tregs is another mechanism of peripheral T cell tolerance. Tregs are a 
subset of CD4+ T cells, which also express a high level of IL-2 receptor α chain (CD25) 
and the FoxP3 transcription factor.141 Mutation in the FoxP3 gene results in Tregs 
deficiency and causes a rare autoimmune disease called immune dysregulation, polyen-
docrinopathy, enteropathy, X-linked syndrome (IPEX). Autoimmune manifestation in 
this syndrome shows Tregs importance in maintaining self-tolerance.142 As mentioned, 
CD4+ CD25+ FoxP3+ Tregs are the main group with suppressive activity. They also 
express high levels of CTLA-4 molecule, which helps them regulate self-responding 
T  cells. These Tregs are generated in two sites. Natural or thymic regulatory T cells 
(tTregs) are generated as a result of self-antigen recognition by developing CD4+ T cells 
in the thymus, while Induced or peripheral regulatory T cells (pTregs) are generated 
when mature CD4+ T cells recognize self-antigens in the absence of innate immune 
response in peripheral lymphoid organs. TGF-β and IL-2 are important cytokines for 
the generation and maintenance of Tregs.143

Tregs suppress immune responses at induction of T cell activation or effector phase 
of T cell responses by different mechanisms. Tregs also have the ability to suppress B cells 
and NK cells. Tregs produce inhibitory cytokines such as TGF-β and IL-10.144

TGF-β is produced by Tregs and activated macrophages. This cytokine inhibits 
proliferation and effector functions of T cells and also inhibits macrophage activation. 
TGF-β is an important differentiation cytokine in Tregs development, and together 
with IL-1 and IL-6, promotes Th17 subset differentiation. Moreover, TGF-β is an 
important cytokine in tissue repair at the final stages of inflammatory reactions.145

IL-10 is another inhibitory cytokine and is produced by Tregs, activated macro-
phages, DCs, and some B cells. This cytokine inhibits macrophages and DCs through 
different mechanisms. IL-10 prevents the production of IL-12 by macrophages and 
DCs. IL-12 itself is an important cytokine to promote IFN-γ secretion, which plays an 
important role in innate and adaptive cell-mediated immune reactions.
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IL-10 prevents expressions of co-stimulatory and MHC II molecules on APCs. Thus, 
it inhibits T cell activation.146

Tregs also decrease the B7 molecules expressed on APCs through the expression of 
CTLA-4, and therefore, reduce the stimulating property of APCs. Besides, these cells 
express a high level of IL-2 receptor (CD25) and consume IL-2 cytokine in the envi-
ronment. So, other T cells become deprived of IL-2, which is also necessary for their 
proliferation.141

As mentioned earlier, Tregs have substantial a role in self-tolerance, as we see defects 
in Tregs or resistance of effector cells to suppressor effects of these cells contributes to 
the pathogenesis of different autoimmune and inflammatory diseases, including inflam-
matory bowel disease, type 1 diabetes, multiple sclerosis, and allergic disorders. In addi-
tion to the role of Tregs in the control of autoimmunity, there is also evidence stating 
that Tregs present in different tissues such as skin, muscles, and lungs promote tissue 
repair and help to maintain tissue integrity after inflammatory reactions. Moreover, 
Tregs have been shown to be crucial for preserving tolerance against the fetus and pre-
venting abortion.147

Deletion by apoptotic cell death or activation-induced cell death (AICD) is the third 
mechanism of peripheral T cell tolerance. In fact, recognition of self-antigen by high 
affinity or repeated exposure of T cell with self-antigens results in cell death through 
two different pathways, which will be described later in this chapter.148

B cell tolerance
While T cell tolerance is important for unresponsiveness to thymus-dependent self-anti-
gens (peptides), B cell tolerance has a prominent role in maintaining tolerance against 
thymus-independent self-antigens, such as polysaccharides and lipids. Also, B cell toler-
ance is important to prevent the production of autoantibodies. Similar to T cells, B cell 
tolerance involves central and peripheral tolerance.149 Developing immature B cells, 
which recognize self-antigens, either with high or low affinity in the bone marrow, go 
through central B cell tolerance mechanisms, including receptor editing, deletion, and 
anergy. When developing B cells recognize self-antigens with high affinity, they change 
their specificity or become deleted. Receptor editing happens with immature B cells 
when they recognize self-antigens that are in high concentration in the bone marrow, 
and it usually results in BCR cross-linking, which delivers a strong signal to cells. As a 
result, RAG enzymes become reactivated and repeat another VJ recombination in the 
Igκ light chain gene locus. So, a new Ig light chain is expressed, creating a BCR with 
a new specificity. If newly generated BCR is not productive, VJ recombination may 
be repeated at λ light chain loci that is why the majority of B cells with λ BCR may 
have undergone receptor editing during their maturation.150 If receptor editing does 
not result in the production of non-self-reactive BCRs, B cells may undergo deletion. 
Sometimes developing B cells in the bone marrow recognize self-antigens with low 
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affinity (such as soluble self-antigens that do not cross-link different surface BCRs), 
which results in B cells anergy. Anergic B cells that leave the bone marrow are function-
ally unresponsive due to loss of surface BCRs or antigen receptor signaling blockade.151

Self-reactive mature B cells that leave the bone marrow to peripheral tissues should 
be controlled by peripheral tolerance. B cell peripheral tolerance prevents mature 
B lymphocytes to respond against self-antigens in peripheral tissues by anergy, deletion, 
and regulation.152 If mature B cells recognize self-antigens in the absence of specific Th 
cells assistance or co-stimulatory molecules that are produced as a result of the innate 
immune response, they become anergic. These anergic self-reactive B cells are repeat-
edly stimulated by self-antigens but do not receive enough growth factors that are 
needed for their survival. Also, self-reactive B cells that recognize self-antigens with high 
affinity in peripheral tissues may be deleted by apoptosis. Another mechanism of periph-
eral B cell tolerance is regulation. Some B cells that recognize self-antigens with second 
signal co-stimulation in peripheral tissues become regulated through the engagement 
of regulatory receptors such as CD22 and FCγRIIB.153

Apoptosis

Program cell death or apoptosis is mediated through intrinsic or extrinsic pathways.154 The 
main proteins that are involved in the intrinsic (mitochondrial) pathway are BCL-2 family 
proteins. Both pro-apoptotic and anti-apoptotic proteins are found in this family. When 
cells are under stress (i.e., lack of growth factor, DNA damage, some receptor signaling such 
as recognition of self-antigens with high affinity by immature lymphocytes), stress sensors 
of the BCL-2 family such as Bim molecules in lymphocytes become activated and bind to 
other pro-apoptotic proteins of this family. These activated proteins increase mitochondrial 
permeability. As a result, cytochrome c leaks to the cytosol and activates caspase proteins, 
which cause cell death. In this pathway, cytochrome c together with APAF-1 protein acti-
vates caspase-9, which activates other caspase proteins and results in DNA fragmentation 
and apoptotic death. The extrinsic pathway is directly mediated by death receptors and 
their ligands. Most of these receptors belong to the TNF receptor family members and 
bind to their ligands from TNF family molecules. Perhaps the most important pair involved 
in the apoptotic deletion of self-reactive T cells are Fas death receptors that engage FasL 
from the TNF family. When surface Fas binds to FasL on another cell (or itself), caspase-8 
becomes activated, which activates other downstream caspases and results in apoptotic cell 
death. Apoptosis with either pathway results in changes such as the formation of membrane 
blebs, fragmentation of nucleus, and generation of apoptotic bodies. Phagocytes recognize 
these changes and engulf apoptotic cells without generation of inflammation.12,155

Clonal deletion is an important mechanism in both B and T cells tolerance. As an 
example, T cells that recognize self-antigens with high affinity in the thymus or periph-
eral tissues activate Bim molecule and die by intrinsic pathway but normal cells receive 
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signals from growth factors or TCRs that activate anti-apoptotic proteins such as BCL-
2, which promotes cell survival and prevents apoptosis. But T cells that are at repeated 
exposure to self-antigens express Fas and FasL molecules concurrently and engagement 
of these molecules leads to the activation of extrinsic pathway and cell death.148
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Introduction

In the nineteenth century, Louis Pasteur et al. introduced a new system named the 
immune system, which its duty is to protect the body against microorganisms. However, 
the industrial revolution of Europe and the United States and the use of vaccines and 
novel injectable drugs resulted in new disorders and reactions which were unknown 
to physicians.1 In 1906, a pediatrician named Clemens von Pirquet published an article 
entitled “Allergie”. In this article, he stated that the encounter of the body to a substance 
leads to antibody production, which can modify the subject’s reaction to the substance, 
and he named it allergy, which comes from Greek words allos and ergia meaning dif-
ferent or other and action or energy, respectively. He mentioned that these changes in 
subject reaction to the substance could be either protective, which the subject does not 
show any signs and symptoms after exposure (i.e., actual immune response), or harmful, 
which the subject develops signs and symptoms of an illness (i.e., hypersensitivity), and 
he included the patients with asthma, urticaria and hay fever, and subjects who show the 
unusual immune reaction to antisera and vaccines in this form of the immune response.2

Although scientists were interested in studying allergy, its underlying causes were 
mostly unknown until the 1960s. In that decade, Ishizaka3 and Johannson4 indepen-
dently identified immunoglobulin (Ig)E from the serum of cases with allergy. This 
discovery showed the molecular cause of the allergy, and it became a basis for more 
clinical researches.

Allergic diseases are characterized by unfavorable immune responses against aller-
gens, which leads to the development of clinical signs and symptoms of allergy, and they 
remain a challenge for scientists. According to recent studies, the prevalence of allergic 
diseases is increasing not only in developed countries but also in developing countries. It 
is estimated that 25 percent of the population suffers from allergic diseases, which could 
affect the quality of life and result in a substantial economic burden.5 Several hypotheses 
have been proposed to explain the increased prevalence of allergic disorders, such as the 
hygiene hypothesis, and biodiversity hypothesis or microflora hypothesis.6,7 According 
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to the hygiene hypothesis, due to lifestyle changes, the incidence of infectious diseases 
decreased among people, which is correlated with an increased prevalence of allergic 
and autoimmune diseases. The microflora hypothesis declares that dysbiosis that happens 
early in life leads to immune dysregulation, which could increase the susceptibility to 
allergic diseases.

This chapter aims to review the definition, epidemiology, clinical features, diagnosis 
and treatment of asthma, allergic rhinitis, allergic conjunctivitis, urticaria and angioede-
ma, atopic dermatitis, and allergic contact dermatitis, food allergy and gastrointestinal 
syndromes, drug allergy, and anaphylaxis.

Asthma
Definition and classifications
Asthma (also called bronchial asthma) is an extremely heterogeneous condition, usually 
associated with chronic inflammation of airways.8-10 Inflammation-induced swelling and 
edema result in the narrowing of the airways, which in turn causes breathing difficulties. 
Therefore, asthma is considered an obstructive pulmonary disease.

Asthma presents in different manners (i.e., phenotypes). A common classification is 
dividing asthma into allergic (atopic) and non-allergic asthma. Allergic asthma is the 
most common phenotype11 and is characterized by high levels of IgE (the hallmark 
of allergic asthma) and a high number of type 2 T helper (Th) cells as a reaction to 
certain allergens.11,12 Atopic asthma most frequently occurs in the younger population, 
and the development of asthma in older age is usually indicative of other sub-types. 
Non-allergic asthma is further divided into different phenotypes (e.g., smoking-related, 
obesity-related, and exercise-induced asthma).12,13 Late-onset eosinophilic asthma is a 
type of non-allergic asthma, involving high Th2 and eosinophil counts but low IgE lev-
els. Compared with allergic asthma, it is more severe, presents in the older population, 
and is usually resistant to steroid treatment.13

Another method of subtyping asthma is based on the dominant immune cell popu-
lation rather than clinical features (i.e., endotypes). This classification, introduced in 
1999,14 divided asthma into Th2-high and Th2-low endotypes. In Th2-high asthma, 
type 2 inflammatory pathways (described later on in this chapter) result in eosinophilic 
inflammation, while in Th2-low asthma, other cells such as neutrophils are involved.15 
Assessment of Th2-mediated inflammation laboratory features is commonly done by 
sputum analysis,15 and sputum eosinophilia is the most prominent characteristic.16

Epidemiology and risk factors
Asthma is relatively common.9 Approximately 3.5 percent of people are already diag-
nosed with the disease, and more than 40 million people are diagnosed each year glob-
ally.17 Asthma is more frequent in children, as 36 percent of new cases are below five 
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years of age.17 Moreover, females are at a higher risk of developing asthma than males 
(Odds Ratio (OR), 1.06).17

Due to similarities between mucosal linings of the respiratory tract and some other 
sites such as the middle ear, nasal cavity, and lower airways, and their similar chronic 
inflammation patterns,18 some mucosal diseases are common in patients with asthma. 
The two most common conditions that co-exist with asthma are allergic rhinitis and 
sinusitis, with a prevalence of 73–79 percent among asthmatic patients.19,20

If a person develops asthma during childhood, it might resolve later in life but 
could also persist through adulthood.16 As a multi-factorial disease,21 several risk fac-
tors have been identified for asthma development and the chance of persisting through 
adulthood, including genetics, gender, exposure to tobacco, specific types of respiratory 
and gastrointestinal tract microbiome, and air pollutions.16,21-24 If atopy is present in a 
child, there is a 4 to 20 fold increase in the chance of developing allergic asthma.25,26 
Recently, stress (both before and after birth) has also been suggested as a potential risk 
factor for asthma development.27 According to some studies, severe viral respiratory 
infections in childhood might also increase the risk of asthma development.28 However, 
frequent exposure to microbes in childhood is thought to reduce asthma incidence 
by training the body to produce a less severe response to foreign agents such as aller-
gens (i.e., hygiene hypothesis).22-24 A study on murine showed that microbial exposure 
reduces inflammation caused by allergies via interleukin (IL)−10-associated inhibitory 
pathways.29

Etiology and pathogenesis
Etiology
Asthma is a result of a wide range of interactions between the respiratory system and the 
immune system, many of which are still unknown. Multiple biological, environmental, 
and genetic elements contribute to asthma development.

Genetics
Genetics seems to have an essential role in asthma development, with an estimated 
heritability of 35–95 percent.30 Multiple gene loci are thought to affect the chance of 
asthma development, including protein folding genes (e.g., ORMDL3 and GSDBM), 
atopy genes (e.g., IL-4, FCR1A, and CYF1P2), and epithelial genes (e.g., IRAKIM, 
toll-like receptor (TLR)-associated genes, and GSTP1).31,32

Epigenetics
DNA methylation, histone modifications, and mitochondrial RNA modifications are all 
examples of epigenetic changes, which lead to gene expression regulation in the absence 
of DNA sequence alteration. Epigenetic changes are associated with inflammatory dis-
turbances. DNA methylation, which is related to tobacco smoke exposure, could inhibit 
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the transcription of anti-inflammatory factors.32,33 Histone modification, on the other 
hand, acts by modifying T cell profiles.32

Viral infections
It has been reported that if an infant experiences a severe infection with the respiratory 
syncytial virus, there is a 20 percent chance of developing asthma in the future.34

Pathogenesis
The pathophysiology of asthma comprises numerous complex mechanisms and their 
components, of which the most significant ones are discussed below.

Inflammation
As stated earlier, inflammation of the airways is the cornerstone of asthma pathogenesis. 
Although there are several mechanisms responsible for airway inflammation,35 Th2-
mediated inflammation (i.e., type 2 inflammation) is the predominant pathway.16 In 
allergic asthma, the inflammation is induced by allergic sensitization.36 Type 2 inflam-
mation, which is responsible for the manifestations of many atopic diseases,32 comprises 
activation of a variety of immune cells such as Th2 cells, basophils, mast cells, and plasma 
cells along with the production of specific substances, namely IL-4, IL-5, and IL-13.11,37 
These cytokines are responsible for naïve T cell to Th2 differentiation, eosinophil matu-
ration and its release into the circulation, and proliferation of epithelial cells and IgE 
producing B lymphocytes, respectively.38-40 Eosinophils are also maintained and activated 
by the granulocyte-macrophage colony-stimulating factor (GM-CSF). In vitro studies 
show that GM-CSF could provoke eosinophil activation when incubated with adhe-
sion molecules such as vascular cell adhesion molecule (VCAM)−1 and intracellular 
adhesion molecule (ICAM)−1, even when IL-5 is not present (i.e., the VCAM-1/CC 
chemokines/GM-CSF pathway).41 The role of each of the mentioned elements in pro-
ducing asthma clinical manifestations will be described later in this chapter.

In some non-allergic cases, especially neutrophilic asthma, a disruption in the innate 
immune system results in activation of an IL-17-mediated pathway involving Th1 and 
Th17 cells, consequently initiating the inflammation.11 Neutrophils are recruited into 
the lungs as a result of IL-17 production. Furthermore, IL-17 results in airway hyper-
responsiveness (AHR) in patients with non-allergic asthma.11 In patients with severe 
neutrophilic asthma, elevated levels of interferon (IFN)-γ and tumor necrosis factor 
(TNF)-α levels are observed,42 both contributing to inflammation and AHR.43,44 Also, it 
has been reported that high IFN-γ levels, along with low secretory leukocyte protease 
inhibitor (SLPI) titers are a sign of severe asthma.45

Eosinophilic non-allergic asthma is another non-atopic asthma variant. This phe-
notype usually has a late-onset, presents severely, and is resistant to high dose steroid 
therapy.11,46 Type 2 innate lymphoid cells (ILCs) are crucial in developing eosinophilic 
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non-allergic asthma11 and, the Th2 pathway is absent in this phenotype. However, ILC2s 
precipitate eosinophil recruitment via IL-5 and IL-13 production, which is stimulated 
by the release of prostaglandin (PG)D2, IL-33, IL-25, and thymic stromal lymphopoietin 
(TSLP) as a result of epithelial injury. Air pollutants and microorganisms are two com-
mon causes of epithelial damage in these patients.11,36 Additionally, levels of lipoxin A4, 
which is a suppressor of eosinophil-induced inflammation, are reduced in eosinophilic 
non-allergic asthma, which is another contributing factor.47

All of the mechanisms mentioned above and phenotypes might overlap and lead to a 
mixed pattern of granulocytic inflammation or change from one phenotype to another 
over time.36

Tissue remodeling
The pathological changes that happen during asthma and asthma attacks in airways are 
called tissue remodeling. (Histologically, airways are mostly modified during exacerba-
tions and are only minimally changed in between them.).32,48 In the mucosal layer, 
hyperplasia of the epithelium and goblet cell metaplasia (resulting in mucus hypersecre-
tion) occur (goblet cell metaplasia is not present in Th2-low endotypes).49,50 It has been 
reported that changes in the mucosal layer are correlated with asthma severity.51 In the 
submucosal layer, smooth muscles undergo hypertrophic changes, collagen deposition 
occurs, and large mucous glands are increased, leading to narrowing of the airways and 
increased mucus production.37 Moreover, the thickening of the basement membrane 
is visible in asthmatic patients, probably due to myofibroblasts’ activity.52 However, its 
exact pathophysiology is not yet fully understood, and it seems to be unrelated to levels 
of Th2 cytokines.53

IgE
Atopic asthma is initiated by exposure to an allergen in a susceptible individual. When 
the allergen enters the body, it is received by the immune system, mainly Th2 cells, and 
subsequently, a cascade of immune responses starts.11 IgEs produced by plasma cells 
attaches to surfaces of basophils, mast cells, and eosinophils, acting as a receptor for the 
allergen in future encounters. Polycyclic aromatic hydrocarbons that are found in air 
pollutants could also lead to increased IgE production.54 Upon re-entry, the allergen 
binds to its specific IgE, which causes the release of substances such as leukotrienes from 
cytoplasmic granules of the mentioned cells. These mediators act on their target cells 
and produce clinical manifestations of asthma such as AHR and mucus secretion (i.e., 
type 1 hypersensitivity).48 IgE also plays many other roles in asthma development,11 such 
as amplifying allergen-based Th2 activation,55 directly activating eosinophils, inducing 
the release of granular substances,56 and promoting cytokine release from airway smooth 
muscles, which the latter triggers airway remodeling by inducing the contraction and 
proliferation of the smooth muscles.57
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Mast cells
Mast cells play a significant role in asthma development, mainly by producing and releas-
ing proteases (e.g., growth factors and tryptase).11 These substances induce smooth muscle 
changes, hypersecretion of mucus, and tissue remodeling in airways.58 Moreover, in severe 
asthma cases, mast cells produce high amounts of PGD2.59 PGD2, in turn, attaches to 
its receptors (D prostanoid and Th2 chemoattractant receptor-homologous molecule 
(CRTH2)) on Th2 cells and leading to the development of asthma manifestations such as 
airway inflammation and airway obstruction.60,61 Although mast cells are increased in non-
allergic asthma, they are more abundant and more active in the allergic phenotype.62,63

Eosinophils
Similar to mast cells, eosinophils participate in the development of asthma by releasing 
specific substances including leukotrienes, major basic protein (MBP), eosinophil perox-
idase (EPO), eosinophil cationic protein (ECP), eosinophil-derived neurotoxin (EDN), 
transforming growth factor (TGF)-β and IL-5.64 In patients with asthma, the number 
of eosinophils is not only elevated in circulation but also it is increased in airway tis-
sue, which is an important factor in the pathogenesis of bronchial asthma.65 Eosinophil 
recruitment and maintenance is mainly caused by Th2 cells and leukotrienes.11,66 Th2 
lymphocytes produce IL-4 and IL-13 that increase endothelial expression of VCAM-1. 
VCAM-1 mediates eosinophils’ adhesion to the endothelium.67 After adhesion, leu-
kotrienes, especially leukotriene D4, cause the migration of eosinophils through the 
endothelium into the tissue and, later on, the release of cytoplasmic protein-containing 
granules from eosinophils.68 Leukotrienes are also involved in airway remodeling (e.g., 
increase in smooth muscle mass)69 together with TGF-β. Another possible role of eosin-
ophils in asthma’s pathogenesis is by promoting AHR that is most likely induced by 
MBPs.70 However, some studies indicate that eosinophilic inflammation in the airways 
is not correlated with AHR.71-73

Epithelium
Because of the physiologic changes in asthmatic patients, the airway epithelium’s function 
differs from that of the normal population. In patients with allergic asthma, airway epithe-
lial cells release TSLP, IL-25, and IL-33 secondary to epithelial damage.74 Large amounts 
of TSLP in the lungs results in AHR74 and IL-25 and IL-33 production that leads to an 
increase in type 2 inflammatory cytokines (e.g., IL-4, IL-5, and IL-13).75 IL-4 and IL-13 
further damage the epithelium,76 and the cycle is repeated. Additionally, epithelial dam-
age causes ciliary dysfunction that, in turn, leads to pulmonary malfunction and AHR.77

Clinical features
Asthma symptoms are mainly related to obstruction of airways.32 Due to pathological 
mechanisms described above, AHR and airway remodeling occur, resulting in the air-
ways’ tightening.
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History
The most prominent asthma symptoms are dyspnea, wheezing, chest tightness, cough, 
and airway obstruction.9,10 There is usually more than one symptom present in typi-
cal asthma cases, and symptoms are worsened at night or early morning. Although the 
underlying inflammatory process is thought to be continuous,32 symptoms might not 
always present but rather appear intermittently. Episodes of acute at relatively severe 
symptom presentations are called asthma exacerbations (or attacks), which are variable 
in degree and time. These characteristics are extremely valuable in diagnosing asthma. It 
is noteworthy that the frequency of exacerbations is not correlated with their intensity.20 
Certain factors trigger asthma attacks, such as viral infections, weather, exercising, atopic 
encounters, tobacco smoke, and chemical irritant stimuli.9,32,78 Approximately 50 per-
cent of asthma cases experience at least one exacerbation annually, and patients younger 
than 18 years old, children with reduced FEV1, females, and black race (compared to 
white) experience asthma attacks more frequently.32,79

Wheezing in children could be categorized into three groups: 1) transient early 
wheezing, which resolves within the first 3 to 5 years of life and is independent of fam-
ily history or atopy, 2) non-atopic wheezing, which persists into adolescence and is a 
result of viral respiratory infections until the age of 3 rather than allergic sensitization, 
and 3) atopic wheezing, which is IgE mediated as related to AHR.80 In one-third of 
asthmatic children who present wheezing among their symptoms, wheezing continues 
through adulthood. Risk factors for wheezing persistence and relapse include atopic 
sensitivity, female sex, and smoking.80

Apart from the cardinal symptoms mentioned above, early-onset allergic asthma is 
often accompanied by eczema, rhinitis, food allergy, or coughing and wheezing during 
viral respiratory diseases. A family history of asthma might also be present.36 Allergic 
rhinitis is seen in both allergic and non-allergic asthma cases. Nearly 80 percent of all 
asthmatic patients also have allergic rhinitis.81

Clinical findings
Airflow obstruction is one of the main characteristics of asthma,32 howbeit, the constric-
tion is reversible to some degree (except in a portion of severe cases),82 either by the 
cessation of the attack or medical treatment. The reversible nature of the airway obstruc-
tion is crucial in the diagnosis of asthma.32 Hyperinflation of lungs and thoracic hyper-
expansion as a consequence of airflow obstruction is evident upon physical examination 
and imaging.20 In thoracic CT imaging of severe asthmatic patients, bronchiectasis and 
thickening of the bronchial walls are evident, with a higher prevalence of bronchiectasis 
in smokers.83

In severe and especially fatal asthma exacerbation cases, mucus clearing is impaired, 
and mucus plugs form in the airways.16

Due to its atopic nature, skin prick test or specific IgE testing is positive in patients 
with allergic asthma.84
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Diagnosis
The diagnosis of asthma is made based on a detailed history, clinical testing of airflow 
obstruction, and exclusion of other diagnoses.9,10 Testing usually includes lung function 
tests (i.e., spirometry or peak expiratory flow (PEF)), with forced expiratory volume 
in 1 s (FEV1) and FEV1/FVC (forced vital capacity) being the main determinants of 
expiratory airflow obstruction. An FEV1/FVC ratio above 0.75–0.80 in adults and 0.9 
in children is considered normal.85 Due to the intermittent nature of asthma symptoms, 
pulmonary evaluation is more beneficial during or after attacks.36 Decreased FEV1 and 
FEV1/FVC ratio, along with clinical symptoms, are suggestive of asthma (sole reduc-
tion of FEV1 is not sufficient as it is common in many other pulmonary diseases). To 
further strengthen the diagnosis of asthma, a test that is indicative of variability in airway 
obstruction is required. The test may either increase or reduce FEV1 after specific chal-
lenges, and if FEV1 is altered by a reasonable degree, it reflects the presence of variable 
airflow limitation. Tests that result in elevated FEV1 include bronchodilator reversibility 
test and anti-inflammatory trial test. On the other hand, exercise challenge test and 
bronchial challenge test (by methacholine or histamine) are expected to reduce FEV1. 
If FEV1 greatly varies between visits or PEF is highly inconsistent over two weeks, it 
could also be in favor of asthma.9 For children under six in whom asthma symptoms are 
frequently associated with viral infections and spirometry is unreliable, a corticosteroid 
and bronchodilator trial helps establish the diagnosis.86 It is best if diagnostic procedures 
are initiated before corticosteroid administration, although many patients happen to 
be on controller medications based on the initial diagnosis of asthma in primary care. 
In such cases, patients must be classified and tested according to symptoms and airflow 
obstruction severity.9

Differential diagnosis
Differential diagnoses of asthma include but are not limited to foreign body aspira-
tion, chronic obstructive pulmonary disease (COPD), gastroesophageal reflux disease 
(GERD), cystic fibrosis, and other cough-producing etiologies.10,20 Cough-producing 
inflammatory diseases such as allergic rhinitis and sinusitis should differentially diag-
nosed from asthma. The absence of wheezing, no early morning symptoms, and resis-
tance to asthma treatment, in addition to other allergic rhinitis futures such as nasal 
blockage and sneezing, make the diagnosis of asthma unlikely.87

GERD is one of the most common etiologies of chronic cough, and in some cases, 
could also result in wheezing. A careful history and relation of symptoms to nutritional 
habits help distinguish asthma from GERD.87

Symptoms starting from early infancy suggest a genetic disorder such as cystic fibro-
sis, primary ciliary dyskinesia (PCD), and immunodeficiency diseases.88 In patients with 
PCD, recurrent respiratory infections alter the physiology of the lungs. Additionally, 
mucus hypersecretion and some pathophysiological changes occur that are also present 
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in asthma, such as smooth muscle hypertrophy. The result of these alterations is an 
obstructive pattern in spirometry, which is also a sign of asthma. Therefore, many of 
PCD cases are incorrectly diagnosed as chronic asthma, which turns out to be refrac-
tory to classic asthma treatments. If PCD remains undiagnosed, frequent infections will 
inevitably lead to bronchiectasis and, therefore, must be ruled out. Measurement of nasal 
nitric oxide is an acceptable screening method for PCD, in which levels of nasal nitric 
oxide are significantly reduced compared with healthy individuals.88,89

Cystic fibrosis and diffuse bronchiectasis could produce chronic coughs, and sputum 
hyperproduction differentiates them from asthma.88 Another prominent sign of cystic 
fibrosis is recurrent infections, further strengthening the diagnosis. The diagnosis of cys-
tic fibrosis can be confirmed by a sweat chloride test.87

If antibiotic therapy is turning out to be effective in a patient with a chronic wet 
cough, the diagnosis is most likely protracted bacterial bronchitis (PBB).88 Similar to 
PCD, untreated PBB might also cause bronchiectasis in children.

Physical examination revealing one-sided thoracic sounds, together with an acute 
onset of respiratory symptoms, points towards foreign body aspiration.88

Preschool children with very few episodes of wheezing or dry coughs should not 
be hastily diagnosed with asthma but rather questioned about other symptoms, presum-
ably revealing upper respiratory tract infection. These symptoms are likely to disappear 
at school age.88

Treatment
In the treatment of asthma, the aim is to reduce symptoms and unfavorable outcomes. 
The therapeutic course of asthma is continuous and requires persistent follow-up, assess-
ment, and modification.9 Two basic principles apply when selecting appropriate asthma 
treatment for a patient: controlling current symptoms and preventing future adverse 
events. While single-drug therapy with short-acting beta-agonists (SABAs) was previ-
ously recommended for patients with few symptoms, SABA monotherapy is no longer 
advised in adolescents and adults, according to the Global Initiative for Asthma (GINA) 
guidelines.9 Therefore, inhaled corticosteroids (ICS) are now the mainstay of treatment 
in all patients over the age of 11. Corticosteroids reduce inflammation in respiratory 
tissues and inhibit mucus hypersecretion. Additionally, they have little side-effects (espe-
cially when inhaled), and on the other hand, numerous advantages. Corticosteroids 
reduce symptom occurrence, the frequency of exacerbations, and mortality and increase 
the quality of life in asthmatic patients.10,90-92 Thus, it is most beneficial if corticosteroids 
are initiated at the time of diagnosis, as delaying steroid treatment leads to diminished 
lung function and the requirement of higher doses in the future.9,93-95

Determinants for treatment-of-choice in an asthma case are symptom frequency, 
and less importantly, symptom severity (Table 2.1). GINA guidelines treatment recom-
mendations for children (age 6–11) are slightly different from those of adolescents and 
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adults (age >11).9 For example, as previously mentioned, SABA monotherapy is not 
recommended in patients >11 years old. However, children age 6–11 with minimal 
symptoms could be treated with as needed SABA alone.

Generally, asthma medications are classified into two categories: a) controller treat-
ments, which must be taken routinely to prevent future symptoms and exacerbations, 
and b) symptom relievers, taken when needed. According to GINA guidelines, ICS-
formoterol (formoterol is a long-acting beta-agonist (LABA),) and SABAs are the 
advised symptom relievers in patients above and below 11 years of age, respectively.

Both before and after initiating treatment, disease status, represented by symptoms 
and lung function, must be recorded. Medications might be stepped-up or stepped-
down according to the patient’s response.

GINA guidelines
Patients >11 years old
For a patient with very few symptom occurrences and no risk of exacerbations, low 
dose ICS-LABA (usually ICS-formoterol) when needed has been suggested. If the 

Table 2.1 GINA initial pharmacological treatment recommendations for patients with asthma (age ≥6).

Disease severity

Infrequent 
symptoms 
and no 
risk of 
exacerbation

Symptoms’ 
occurrence ≥ 
twice a month 
but not on 
most days

Symptoms on most days 
causing trouble or night-
time awakening ≥once 
a week; particularly if 
the patient has any risk 
factors for exacerbation

Severe symptoms 
or presenting with 
acute exacerbation

Age 
group

>11 Low dose 
ICS–
formoterol 
when 
needed

Controller 
low dose 
ICS + SABA 
when needed
Or
Low dose 
ICS–
formoterol 
when needed

Controller low dose 
ICS–LABA + ICS–
formoterol or SABA 
when needed
Or
Controller medium–dose 
ICS + SABA when 
needed

Controller high 
dose ICS
Or
Controller 
medium–dose 
ICS–LABA
Oral corticosteroids 
may also be 
considered

6–11 SABA when 
needed

Controller 
low dose 
ICS + SABA 
when needed

Controller low dose 
ICS-LABA + SABA 
when needed
Or
Controller medium-
dose ICS + SABA when 
needed

Controller 
medium-dose ICS-
LABA + SABA 
when needed
Oral corticosteroids 
may also be 
considered

GINA, Global Initiative for Asthma; ICS, Inhaled corticosteroid; SABA, Short-acting beta-agonist; LABA, Long-acting 
beta-agonist; LAMA, long-acting muscarinic antagonist; LTRA, leukotriene receptor antagonist.

(c) ketabton.com: The Digital Library



Asthma and Allergy 57

patient has symptoms or needs to use symptom reliever twice a month or more, con-
troller low dose ICS plus as needed SABA or as needed low dose ICS-formoterol is 
recommended.9 If symptoms are frequent or wake the patient up once a week or more, 
particularly if the patient has any risk factors for asthma exacerbation, low dose ICS-
LABA for maintenance plus ICS-formoterol or SABA as needed is an effective treat-
ment. Controller medium-dose ICS plus SABA, when needed, is also an alternative 
approach.9 Severe asthma symptoms or presenting with acute exacerbation urges treat-
ment with high dose ICS or medium-dose ICS-LABA, and even oral corticosteroids 
on a case-by-case basis.9

Patients between 6 and 11 years old
While ICS-formoterol is the recommended symptom reliever in older patients, SABAs 
are preferred in children. In children with infrequent symptoms (<2 symptoms per 
month), the physician may either prescribe no maintenance treatment or low dose ICS 
as the controller. Children who experience symptoms or require reliever more than 
twice per month but not on most days are recommended to be controlled by low dose 
ICS combined with as needed SABA. Presentation of troublesome symptoms on most 
days, or at least one night-time awakening per week because of symptoms, especially if 
accompanied by risk factors, requires treatment with controller low dose ICS-LABA 
or medium-dose ICS, plus reliever SABA. At last, in cases with most severe symptoms, 
treatment comprises controller medium-dose ICS-LABA, as needed SABA, and for 
selected patients, oral corticosteroids.9

Novel therapies
Other than bronchodilators and steroids that have been the classic treatment options 
for asthma, newly developed drugs are under development, targeting specific cytokine 
pathways and molecules involved in asthmatic inflammatory processes (e.g., IL-4, IL-5, 
IL-13, and IL-17 pathways).69 However, all are yet to be approved, except Omalizumab, 
an anti-IgE monoclonal antibody approved as an alternative option for refractory atopic 
asthma.69

Non-pharmacological treatments
Patients with asthma are encouraged to stop tobacco usage, engage in physical activities, 
and avoid or limit exposure to allergens.9 Subcutaneous or sublingual immunotherapy 
(SCIT and SLIT, respectively) for allergies might be helpful in selected cases, especially 
in those with co-existent rhinoconjunctivitis.9

Severe and difficult to treat asthma cases
Further evaluation is required if a patient is still experiencing symptoms or is only 
controlled under the most aggressive treatments. It is estimated that 5 percent− 
10 percent of all asthma cases are severe.96 The most severe cases often have a mixed 
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eosinophilic-neutrophilic pattern in sputum cytology.97 As a preliminary evaluation, 
it must be confirmed that the patient is, in fact, a severe asthma case, as 12 percent− 
30 percent of patients do not have severe asthma, and another etiology is causing their 
symptoms.98,99 A detailed medication history must be taken to ensure proper usage of 
the given medicine. Studies show that 32 percent−56 percent of patients do not take 
their medicine properly.96 If any underlying comorbidities are present, which might 
contribute to a worsened asthma degree, they must be controlled or treated. Finally, if 
no other measures succeed, the patient must be referred for asthma phenotyping, which 
provides a more informative insight into the disease. Consequently, more phenotype-
specific therapies could be implemented, resulting in better control of the condition.9 
Severe asthma cases are frequently referred to as “corticosteroid resistant”, which is not 
completely true, and 89 percent of cases respond to corticosteroids to some extent.100 It 
has been reported that treatment with intramuscular triamcinolone can reduce sputum 
eosinophilia and improve FEV1 in patients with severe asthma.101,102 Furthermore, novel 
therapies, including anti-IgEs and anti-interleukins, are being developed and studied in 
terms of effectiveness, which have the potential to replace traditional therapies in the 
treatment of severe asthma cases.96

Management of asthma exacerbations
After confirmation of an asthma exacerbation, severity must be determined. In mild to 
moderate exacerbations, the patient can talk in phrases and has increased respiratory rate 
but is not agitated. Slight tachycardia might also be present, and O2 saturation is 90 per-
cent−95 percent. Severe attacks are characterized by a very high respiratory rate (>30), 
a heart rate of >120 bpm, and O2 saturation of <90 percent. The patient is usually able 
to talk in words, but not phrases, is agitated, and uses accessory respiratory muscles. PEF 
may decrease to ≤50 percent of predicted value or personal best. Drowsiness, confusion, 
and silent chest indicate a life-threatening condition, and the patient should be promptly 
transferred to the intensive care unit.9

SABA must be administered for every patient with mild to moderate exacerbation 
and could also be considered in more severe attacks, although evidence is weak for 
these cases. Dosage and frequency may be altered after at least one hour of treatment, 
depending on the patient’s response.9

Oral corticosteroid must be administered for all patients experiencing exacerbations, 
except for extremely mild attacks. Oral corticosteroid initiation is especially valuable in 
patients with deteriorating conditions and those who have increased their medication 
before presenting. Due to the similar effectiveness of oral and intravenous routes and a 
higher risk of complications when administering intravenously, oral corticosteroids are 
preferred and must be continued for a few days.9 If oral corticosteroid is unavailable, the 
high-dose inhaled corticosteroid is a reasonable alternative, which reduces hospitaliza-
tion if administered within one hour after the presentation.9
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O
2
 saturation must be kept under 96 percent (93 percent−95 percent) to prevent 

hypercapnia and respiratory failure. Even in settings where pulse oximetry is unavailable, 
oxygen therapy should be applied. In such scenarios, the patient must be monitored for 
worsening status and deterioration. Furthermore, titrated oxygen is a superior choice 
to 100 percent oxygen, as it has proven to be less fatal and more beneficial in terms of 
outcomes.9

Symptoms and respiratory function should be monitored regularly and closely. 
An FEV1 or PEF of 60 percent−80 percent of predicted or personal best, along with 
symptom improvement, indicates a favorable clinical response, and the patient might be 
considered for discharge.9

Allergic rhinitis
Definition
Rhinitis is the inflammation of the nasal mucosal membrane, characterized by the pres-
ence of a minimum of two nasal symptoms (e.g., rhinorrhea, blockage, sneezing, and 
itching).103,104 Allergic rhinitis results from an IgE mediated response to an allergen.103 
Depending on how a patient encounters the allergen, allergic rhinitis could be classified 
into seasonal (i.e., hay fever, in which pollens act as allergens), perennial (in which allergens 
are persistent throughout the year, such as dust mites), and episodic (in which the patient 
sporadically encounters the allergen, such as a pet of another person) phenotypes.105,106 
However, this classification is not accurate enough, as many perennial cases may not pres-
ent symptoms all year long, or in some highly sensitive patients, even minimal levels of 
pollen in the air might cause atopic symptoms. Therefore, since 2001, allergic rhinitis and 
its impact on asthma (ARIA) guidelines recommend categorizing allergic rhinitis based 
on symptom duration and frequency into intermittent and persistent allergic rhinitis. 
Persistent allergic rhinitis is defined as the presence of symptoms for at least four weeks 
in a row and at least five days per week. If symptoms do not occur for four consecutive 
weeks or happen only four days or less, the patient is classified into the intermittent aller-
gic rhinitis group.106 The systemic atopic process causing allergic rhinitis is also related to 
other allergic diseases such as asthma, allergic conjunctivitis, and rhinosinusitis.103

Epidemiology and risk factors
Allergic rhinitis is the most prevalent allergic condition in the United States.104 It is 
estimated that 10 percent to 40 percent of people have allergic rhinitis,104,107 and its 
prevalence has been growing throughout the years, and given the fact that many cases 
do not seek treatment from a physician and are self-treated, actual numbers are expected 
to be higher than the ones reported.104

In 80 percent of allergic rhinitis cases, symptom presentation starts before 20 years 
of age.104 Allergic rhinitis affects adult men and women equally, although, in children, it 
is more frequent in boys.108
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Family history and genetics are two important risk factors for allergic rhinitis devel-
opment,109 with ORs for positive family history reaching as high as 6 in some studies.110 
Allergic rhinitis is highly associated with asthma. Studies show that 50–85 percent of 
asthma patients have AR, and on the other hand, allergic rhinitis cases are six times more 
likely to have asthma.104,111 Additionally, alcohol drinkers and smokers are at a higher 
chance of being diagnosed with allergic rhinitis.109 Moreover, the presence of dust mites, 
fungi, mold, and some other allergens have also been associated with a higher allergic 
rhinitis prevalence.109

Pathogenesis
Allergic rhinitis is the result of a typical atopic reaction.104 Initially, dendritic cells locat-
ed in the mucosal membrane of the nasal cavity catch the inhaled allergens and present 
them to naïve helper T (Th0) cells. This interaction precipitates Th0 differentiation 
into type Th2 lymphocytes.112 Th2-mediated inflammation induces a cascade of events, 
including secretion of multiple cytokines such as IL-4, IL-15 and, IL-13, which are the 
hallmarks of Th2 response. IL-4 triggers IgE production by lymphocytes and plasma 
cells, while IL-5 is responsible for recruiting and maintaining the eosinophil popula-
tion. IgEs then, in turn, attach to the surface of basophils and mast cells, now acting as 
receptors for the allergen. Upon allergen attachment to the now receptor-acting IgEs, 
substances such as histamine, leukotrienes, PGs, and tumor necrosis factors are released, 
contributing to the manifestation of early symptoms (e.g., sneezing, rhinorrhea, and 
itching) by increasing mucus secretion, vascular permeability, and smooth muscle con-
traction.112 Following activation of basophils and mast cells, other immune cells such as 
macrophages, eosinophils, and neutrophils migrate to the nasal region, giving rise to the 
late phase of the inflammatory reaction, which occurs 4–6 h after initial exposure to 
the allergen and includes further production of inflammatory mediators.113,114 The most 
prominent symptom of the late phase reaction is nasal blockage.114

Clinical features
A family history of atopic diseases might be present in patients with allergic rhinitis.109 
The most common allergic rhinitis symptoms include nasal blockage, rhinorrhea, 
sneezing, and nasal itching.104 If itchy and watery eyes are present, it is due to allergic 
conjunctivitis, which is commonly associated with allergic rhinitis.104 Symptoms usu-
ally start within minutes of exposure to the allergen and last for hours. Nasal obstruc-
tion and hypersensitivity, postnasal discharge, and hyposmia are among the late-phase 
symptoms.114 While adolescents and adults are capable of clearing their nasal cavity from 
secretions by blowing their nose, younger children usually try to do it by coughing, 
snorting, or sniffing.104

Vasodilator agents produced in the nasal cavity, resulting in congestion and might 
cause venous dilation in the periorbital region, manifesting as allergic shiners.104
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Diagnosis
Allergic rhinitis is speculated in any patient with typical allergic symptoms (e.g., sneez-
ing, rhinorrhea, nasal obstruction, and nasal itching), especially if at least two symptoms 
are present for an hour on most days.115 Accordingly, a thorough history is invaluable 
in diagnosing AR. Identifying a possible allergen responsible for the symptoms or a 
positive family history further guides us towards diagnosing allergic rhinitis.104 Smokes, 
fumes, and some chemical substances are among agents that might be assumed as aller-
gens. However, their irritant nature is more dominant than their allergic characteristics 
and generally are not associated with allergic rhinitis.105 Many other atopic conditions 
tend to co-exist with AR, such as asthma and allergic conjunctivitis. The presence of 
these conditions raises the possibility of allergic rhinitis co-existence.104

Erythematous epithelium and swollen turbinates might be found upon physical 
examination of the nasal cavity.104 In suspected cases with nasal blockage, alternative 
etiologies for nasal obstruction such as nasal polyps could be identified, ruling out 
allergic rhinitis as the diagnosis.104 In some patients, the eustachian tube might be par-
tially blocked due to swelling of the nasal mucosa, manifesting in tympanic membrane 
dysfunction detected by pneumatic otoscopy, although otoscopic studies are generally 
normal in allergic rhinitis patients.104,116

While some studies suggest confirmation of diagnosis with allergy testing,103,114 
others believe that testing is not required in all cases, but only for patients resistant to 
empiric treatment and target therapy candidates(105). Two common means of allergy 
testing are skin testing (either via skin prick test or intradermal test) and serum-specific 
IgE level measurement.104

Rhinitis has numerous sub-types, and all should be kept in mind when investigat-
ing for allergic rhinitis. Allergic conjunctivitis is a key factor in differentiating allergic 
rhinitis from other rhinitis subtypes.114 Moreover, positive allergy tests are indicative of 
allergic rhinitis.114

Differential diagnosis
The most common etiology of non-allergic rhinitis is non-allergic rhinopathy 
(71  percent of non-allergic rhinitis cases). Another name for this condition is vasomotor 
rhinitis. However, inflammation does not play a major role in its pathogenesis (although 
neurosensory irregularities do), and therefore, non-allergic rhinopathy is the preferred 
term. Non-allergic rhinopathy is a chronic disease and mainly manifests by rhinorrhea. 
Other symptoms include nasal congestion, postnasal drip, and cough. Nevertheless, non-
allergic rhinopathy is a diagnosis of exclusion and is suspected when other conditions 
that could cause the same symptoms, such as chronic rhinosinusitis, infectious rhinitis, 
and anatomical abnormalities, are ruled out.107,117

Occupational rhinitis is another differential diagnosis of allergic rhinitis. It could 
be allergic or non-allergic and is related to workplace exposure.114 A history of recent 

(c) ketabton.com: The Digital Library



Clinical immunology62

systemic medication is suggestive of drug-induced rhinitis.107 Patients who have used 
topical intranasal decongestants for a long period are at risk of developing rhinitis medi-
camentosa, characterized by typical rhinitis symptoms along with chronic nasal blockage 
and poor shrinkage of nasal mucosa on physical examination.107,118 Infectious rhinitis 
could have a viral (up to 98 percent of cases in children) or bacterial etiology and are 
not routinely associated with nasal itching or sneezing. Also, cervical lymphadenopathy 
and pharyngitis are suggestive of an infectious cause.119

Viral upper respiratory infections are among differential diagnoses of AR, although 
unlike AR, patients with viral upper respiratory infections are likely to develop fever 
or myalgia.105

Systemic rheumatologic diseases such as granulomatosis with polyangiitis, eosino-
philic granulomatosis with polyangiitis (i.e., Churg-Strauss syndrome), sarcoidosis, and 
systemic lupus erythematosus could present with upper respiratory and sinonasal symp-
toms. Recurrent epistaxis, disruption of the nasal septum, pain over the dorsum of the 
nose, crusting, and anosmia are key sinonasal features that could differentiate granuloma-
tosis with polyangiitis from AR. Sinonasal characteristics of eosinophilic granulomatosis 
with polyangiitis include chronic rhinosinusitis with polyps and anosmia. Sarcoidosis 
rarely affects the upper respiratory tract, and when it does, nasal symptoms are non-
specific, such as epistaxis, nasal pain, and anosmia.107

Epistaxis, headaches, and unilateral nasal symptoms such as unilateral nasal blockage 
and unilateral rhinorrhea should raise suspicion for alternative etiologies, such as cere-
brospinal fluid rhinorrhea, sinonasal tumors, and chronic rhinosinusitis.105

According to British Society of Allergy and Clinical Immunology guidelines, red 
flag symptoms indicating a more serious etiology which may need referral should be 
considered, including bloody purulent discharge, epistaxis, pain, and nasal obstruction, 
rhinitis, crusting, nasal deformity as a result of the perforated septum, nasal pain, and 
stuffiness.120,121

Treatment
Treating allergic rhinitis mainly relies on prevention and symptom relief, as no definite 
cure has yet been found (similar to many other allergic diseases).104 The basic step in 
controlling allergic rhinitis is to minimize exposure to allergens, which cause the symp-
toms. Reducing indoor humidity to prevent mites’ growth, spending less time outdoors 
in pollen seasons, and avoiding pets might be helpful in some patients.104

Antihistamines are among the most prescribed medications for allergic diseases, 
including AR. Both first-generation (e.g., diphenhydramine) and newer (e.g., cetiri-
zine, fexofenadine) antihistamines have seemingly similar efficacies, although the for-
mer exhibit higher rates of the central nervous system (CNS) and cardiac side effects, 
and according to some experts, are no longer recommended.103,104,122,123 Additionally, 
novel antihistamines have a higher affinity for H1 receptors,105 the group of histamine 
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receptors that play a major role in allergic rhinitis pathogenesis. Even though intranasal 
antihistamines act more rapidly than the oral variations, they both have similar efficacy 
in relieving each and every symptom, except nasal congestion, for which nasal antihis-
tamines are more effective.124

Intranasal corticosteroids (INCSs) are the most beneficial agents in treating AR, as 
they have shown to be superior to antihistamines, anti-leukotrienes, and a combination 
of antihistamines and anti-leukotrienes in palliating every symptom, with the highest 
efficacy in relieving nasal obstruction.105,125-127 As described above, nasal inflammation is 
the mainstay of allergic rhinitis pathogenesis. Therefore, anti-inflammatory drugs such as 
corticosteroids are reasonable therapeutic options as first-line treatments for AR, espe-
cially for patients with mild to moderate persistent symptoms.104 For cases with moder-
ate to severe disease, a combination of INCSs and antihistamines could be effective.128 
Systemic corticosteroids must not be used as routine therapy but rather as relievers in 
patients with the most drastic symptoms.103

Cleansing nasal cavities with isotonic saline has proven to reduce symptoms by 
almost 30 percent, either as nasal sprays or high-volume irrigation.129 Furthermore, 
saline douching increases the efficacy of INCSs.130

Inhibiting leukotriene activity with leukotriene receptor antagonists has been stud-
ied in patients with AR. Although these groups of medications have superior efficacy 
compared with placebo, they turned out to be non-superior to antihistamines and infe-
rior to intranasal corticosteroids.131,132 As a result, leukotriene receptor antagonists are 
considered second or third-line treatment for allergic rhinitis.104,133

While the above-mentioned therapeutic options mainly contribute to symp-
tom relief, allergy immunotherapy (AIT) targets the disease more fundamentally and 
manipulates the immune system’s reaction to allergens. This treatment is recommended 
in cases that desired results are not achieved via pharmacotherapy.133 Throughout the 
treatment course (which might take years to complete), the body is forced to encounter 
gradually increasing doses of the allergen (administered either subcutaneously or sub-
lingually), causing a steadily developing tolerance against the atopic agent. It has been 
shown that AIT could be effective against pollens and dust mites, while patients with 
sensitivity to molds and animal danders are less likely to benefit from this therapy.104,116 
Nonetheless, whether AIT should be performed for all patients and whether it is cost-
effective remain matters of debate.134

Allergic conjunctivitis
Definition
Ocular allergy, also called allergic conjunctivitis, is a common immunological disor-
der that affects the ocular surface. The most common type of allergic conjunctivitis is 
seasonal allergic conjunctivitis (SAC), which is not a very serious condition and does 
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not affect the patients’ sight, but it could cause discomfort in individuals during the 
fall and spring. Patients with perennial allergic conjunctivitis (PAC), which is another 
type of allergic conjunctivitis, suffer from some symptoms during the year. However, 
they can experience seasonal exacerbations. Other types of ocular allergy named atopic 
keratoconjunctivitis (AKC) and vernal keratoconjunctivitis (VKC) can lead to more 
severe symptoms such as corneal ulceration, ptosis, keratoconus, conjunctival scarring, 
and visual loss.135

Epidemiology
Allergic conjunctivitis is estimated to affect between 15 percent to 40 percent of the 
population.136 This disease’s prevalence has been possibly underestimated because it is a 
comorbid condition of asthma and rhinitis. Additionally, it may be challenging to diag-
nose allergic conjunctivitis due to some similarities between this disorder’s symptoms 
and other ocular diseases.135

Pathogenesis
Allergic conjunctivitis is initiated by exposure to an allergen in a susceptible individual. 
The Th2 cells produce pro-inflammatory cytokines, such as IL-3, IL-4, IL-5, and IL-13, 
which could activate B cells to release IgE. IgE attaches to the membrane of mast cells. 
Upon re-entry of the allergens, they bind to the specific IgE that results in degranula-
tion of mast cells and the release of histamine, tryptase, leukotrienes, and PGs (i.e., type 
1 hypersensitivity). The release of these mediators leads to different symptoms, including 
redness, pruritus, chemosis, tearing, and papillary reaction. This early phase of allergic 
reaction starts immediately after exposure to the allergens and could last 20–30 min. 
After a few hours, the late phase of allergic response happens by infiltration of inflam-
matory cells, such as lymphocytes, neutrophils, eosinophils, and basophils to the epithe-
lium that could increase the risk of tissue damage.137

Clinical features
Pruritus is the most common symptom of this disorder. Other signs and symptoms of 
allergic conjunctivitis include redness, tearing, gritty sensation, swelling, discharge, and 
blurring of vision. Additionally, in severe cases, photophobia could also be present.138,139

It is necessary to ask the patients about the signs and symptoms of other allergic 
diseases like asthma, allergic rhinitis, and atopic dermatitis because ocular allergies are 
a frequent comorbid condition with other allergic disorders. Additionally, a positive 
family history of allergic diseases could increase the risk of developing allergic con-
junctivitis. Asking about the use of medications and history of exposure to the allergens 
such as pollens, pests, and pets is also important.137 In physical examination, papillae 
might be seen in the limbal conjunctiva of the eye, which could result in cobblestoning 
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(Fig. 2.1) and limbal lesions named Horner-Trantas dots (Fig. 2.2) that are collections 
of eosinophils and epithelial debris. These dots are usually correlated with chronic types 
of allergic conjunctivitis, such as AKC and VKC.139

Diagnosis
The diagnosis of allergic conjunctivitis is clinical. However, several laboratory tests can 
be used to support the diagnosis. Skin prick test is an inexpensive test that has a high 
sensitivity for the diagnosis of patients with allergies. If this test is contraindicated or its 
results are inconclusive, serum-specific IgE measurements can be used.137

Fig. 2.1 Cobble stone appearance in a patient with vernal keratoconjunctivitis.376

Fig. 2.2 Horner-Trantas dots in a patient with vernal keratoconjunctivitis.376
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Treatment
Patients with ocular allergies are recommended to reduce their exposure to allergens 
by following these recommendations: 1) using sunglasses which can act as a barrier to 
allergens 2) using eyelid cleaners that can help to wash away the allergens 3) avoid-
ing unnecessary exposure to pollens by keeping the windows shut and spending less 
time outdoors 4) reducing contact with animals 5) avoidance of rubbing eyes 6) using 
hypoallergenic covers for bedding 7) washing the bedding in hot water.135

Topical antihistamines have been extensively used for the treatment of allergic con-
junctivitis. These agents can immediately relieve the itching and the redness of the eye 
by blocking histamine, inhibiting eosinophil migration, and stabilizing the mast cells.140 
However, they can have some side effects, such as local irritation.141

Mast cell stabilizers prevent degranulation of mast cells and release of preformed 
histamine and other chemotactic factors. They can inhibit both the early and late phases 
of ocular allergic responses. Mast cell stabilizers decrease itching, irritation, and hyper-
emia of the eye, and in order to provide their best effect, these agents should be used 
prophylactically before exposure to the allergens.139,142

Topical decongestants can help reduce the redness, chemosis, and hyperemia by the 
mechanism of vasoconstriction. However, long-term use of these agents is not suggested 
due to their side effects, including burning and stinging upon instillation, mydriasis, 
and rebound hyperemia or conjunctivitis medicamentosa.143 It has been reported that 
combination therapy using antihistamines with decongestants has been more effective 
than using either of them alone. However, this combination can increase the risk of 
decongestant side effects, and their prolonged use is not recommended.143

Topical non-steroidal anti-inflammatory drugs (NSAIDs) are not used as first-line 
therapy for allergic conjunctivitis, but they can be prescribed as additive therapy. These 
agents reduce the symptoms of discomfort, such as pruritus, by inhibiting the cyclo-
oxygenase pathway and PG production.144 NSAIDs’ side effects include irritation upon 
instillation that could reduce patient adherence and rarely corneal perforation.145

Topical corticosteroids are effective in the treatment of both acute and chronic phas-
es of allergic conjunctivitis, and they can relieve the ocular symptoms and signs of all 
phases by their immunosuppressive and anti-inflammatory properties. However, topical 
corticosteroids have some side effects, such as secondary infection, cataract formation, 
increasing intraocular pressure (IOP), delayed wound healing, and triggering glaucoma. 
Therefore, they are recommended to be prescribed for uncontrolled and more severe 
cases of ocular allergies and are not suggested for long-term use.139

Allergen-specific immunotherapy (SIT) is an effective therapy for patients with 
allergic conjunctivitis. The goal of this treatment is to generate immune tolerance 
to specific allergens. In this approach, increasing doses of allergens are delivered via 
sublingual immunotherapy (SLIT) or subcutaneous immunotherapy (SCIT) route, 
which leads to the induction of Th1 immune responses and inhibition of Th2 immune 
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responses. Additionally, immunotherapy induces regulatory T cells (Tregs), which can 
decrease Th2 immune responses.146 The side effects of this form of therapy, including 
anaphylaxis, can occur. Therefore, the patients should receive SLIT or SCIT in places 
where medical staff is trained to treat these reactions.144

Urticaria and angioedema
Definition and classification
Definition
Urticaria is a medical condition that affects 10 percent−20 percent of the population 
in their lifetime, identified by the development of wheals (hives), described as edema in 
the upper layers of skin, angioedema, or both (Fig. 2.3).147,148

Heinrich Quincke first described angioedema in 1882. It is a medical condition, 
resulted from the release of vasoactive mediators and increased vascular permeability, and 
subsequent localized and non-pitting edema in the deeper layers (dermal, subcutaneous, 
mucosal, or submucosal) of skin, gastrointestinal tract, or upper respiratory system.149 
Angioedema is mediated by bradykinin secretion or histamine, or other inflammatory 
agents released from mast cells. The latter type is more frequent and mostly occurs as 
a manifestation of urticaria. Bradykinin mediated angioedema- also named primary 
angioedema- has an either hereditary or acquired basis, mostly resulted from the defect 
of C1 inhibitor (C1-INH). Moreover, it is not usually associated with urticaria.150

Classification
Urticaria is classified based on the duration of symptoms and also triggers and causes 
of the disease. Recurrence of wheels -with or without angioedema- for less than six 
weeks is referred to as acute urticaria, and more than six weeks is referred to as chronic 

Fig. 2.3 Urticaria on the trunk (A) and upper limb (B).377
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urticaria. Chronic urticaria is either chronic spontaneous urticaria (CSU) or chronic 
inducible urticaria (CIndU).151

Acute urticaria
Acute urticaria is determined by the repeated occurrence of spontaneous wheals, with 
or without angioedema, for less than six weeks. The disease is mostly triggered by infec-
tions in the upper respiratory tract, drug reactions, and food intolerance.

Chronic spontaneous urticaria (CSU)
In CSU, the lesions appear spontaneously, and they are not induced by an external 
trigger. Food or drug intolerance, activation of the coagulation cascade, genetic disposi-
tion, or autoimmunity can initiate the histamine release from mast cells and trigger the 
symptoms. About 30 percent−40 percent of these cases produce autoantibodies, which 
are IgGs against IgE receptors FcεRIa or IgE antibodies. Obesity and higher body mass 
index (BMI), malignancies, anxiety, dissociative and somatoform disorders, immunosup-
pressive drug administration, and chronic use of systemic corticosteroids are among risk 
factors for developing CSU.152-154

Chronic inducible urticaria (CInU)
In this subtype of urticaria, the symptoms are induced by a specific trigger, and they 
are limited to the area of stimulus exposure. Moreover, the signs and symptoms mostly 
last less than 2 h. Based on the type of stimulus, CInU is identified as physical urticaria 
or non-physical urticaria. Aquagenic, cholinergic (stimulated by the sudden increase in 
body core temperature), cold, contact, delayed pressure, heat, solar, and dermatographism 
urticaria are categorized as the subtypes of CInU.151

According to the European Academy of Allergy and Clinical Immunology, four 
types of acquired and three types of hereditary angioedema have been identified.155 By 
classifying and identifying different types of Angioedema on the basis of etiology and 
pathophysiology, treatment administration would be more successful.

Acquired angioedema (AAE)

Idiopathic histaminergic acquired angioedema (IH-AAE) Idiopathic histaminergic 
acquired angioedema (IH-AAE) is the most prevalent form of angioedema. Most of the 
non-hereditary angioedema cases are responsive to antihistamine treatment, suggesting 
a role for histamine secretion from the mast cells and basophil cells. The histamine-
secretion implies an allergic cause for this disease.

Idiopathic non-histaminergic acquired angioedema (InH-AAE) This term refers to 
a non-hereditary type of angioedema that is unresponsive to antihistamine treatment. 
This is the least defined group of angioedema cases. However, most of the acquired, 
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antihistamine unresponsive cases were reported to be associated with a high bradykinin 
level. Sometimes the term “bradykinin-mediated” is used to refer to this type of angio-
edema. However, the scientific evidence for an increased bradykinin concentration is 
not yet enough. Also, the role of other vasoactive mediators, such as cysteinyl leukotri-
enes, PGs, and platelet-activating factor, should be considered.

Acquired angioedema related to angiotensin-converting enzyme inhibitors 
(ACEI-AAE) Angiotensin-converting enzyme (ACE) is involved in bradykinin break-
down. The inhibition of ACE results in elevated levels of bradykinin and subsequent 
“bradykinin mediated” angioedema. The variability of proteins involved in bradykinin 
degradation is associated with a higher risk of ACEI-AAE, which reinforce bradykinin 
mediated basis for this type of angioedema.

Acquired angioedema with C1 inhibitor deficiency (C1-INH-AAE)
Angioedema patients with C1-INH deficiency, which has no mutation in the gene cod-
ing C1 inhibitor (SERPING1) and no family history of angioedema are categorized in 
this group. Consumption of C1-INH and other components of the classical comple-
ment system may cause the release of bradykinin. Attachment of autoantibodies against 
C1-INH or low-grade lymphoproliferative disorders may result in its loss of function 
and C1-INH-AAE.

Hereditary angioedema (HAE)

Hereditary angioedema with C1 inhibitor deficiency (C1-INH─HAE) Mutations 
in one of the two alleles of the C1 inhibitor coding gene (SERPING1) result in 
C1-INH─HAE. Mutations may lead to two phenotypes of reduced plasma levels of 
C1-INH (type I) or normal levels of dysfunctional C1-INH (type II), which results in 
the facilitated release of bradykinin, the main mediator of C1-INH─HAE. Therefore, 
patients with hereditary angioedema do not respond to conventional angioedema treat-
ments like antihistamines, corticosteroids, and adrenaline therapy.

Hereditary angioedema with normal C1 inhibitor and factor XII mutation 
(FXII-HAE) and of unknown origin (U-HAE) In this category, the plasma level and 
function of the C1-INH is normal. However, the family history of angioedema recur-
rence suggests a hereditary basis for this type. Investigations suggest some mutations 
in the coagulant F12 gene locus. However, in some cases with a family history of 
angioedema and normal C1-INH levels, genetic defects have not been detected. The 
term Hereditary angioedema with normal C1-INH and factor XII mutation (FXII-
HAE) refers to the patients with mutations in the F12 locus, and the term Hereditary 
angioedema with normal C1-INH of unknown origin (U-HAE) is used to refer to the 
patients with no genetic defect detected.
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Epidemiology
The lifetime prevalence of urticaria depends on age, gender, and nationality. The lifetime 
prevalence of all types of urticaria was reported to be 8.8 percent in a cross-sectional 
study.156 The estimated global lifetime prevalence is 1.6 percent−8.4 percent, and the 
point prevalence is reported between 0.1–3.4 for chronic urticaria. Latin America and 
Asia had the highest, and North America had the lowest point prevalence estimate of 
chronic urticaria, and women were reported to have a slightly higher point prevalence 
than men.157

According to a systematic study, the prevalence of ACEI-AAE was estimated to 
be between 7 and 26 in 100,000, C1-INH─HAE between 1.1 and 1.6 per 100,000, 
and C1-INH-AAE was estimated to be 0.15 per 100,000.158 The ACEI-AAE is esti-
mated to be the most prevalent non-allergic angioedema with an occurrence in the 
0.1  percent−0.7 percent of ACE inhibitor drug recipients.159

Etiology and pathogenesis
Infection is the most common cause of acute urticaria. Allergens and pseudo-allergens 
can also trigger acute urticaria, such as medication and foods. Approximately in 50 per-
cent of cases with acute urticaria, no specific trigger has been identified.160,161 Chronic 
urticaria, in most cases, has an autoimmune basis. As autoimmune diseases such as hypo/
hyperthyroidism, celiac disease, systemic lupus erythematosus, rheumatoid arthritis, and 
type 1 diabetes are reported to be more prevalent, especially in women with chronic 
urticaria.162,163 The IgG autoantibodies against IgE or IgE receptor on mast cells is 
detected in these patients. The binding of these IgGs to their targets activates mast cells 
and results in excessive histamine release.164

The key molecule in the HAE and C1-INH-AAE is the C1-INH molecule. 
C1-INH plays a role not only in the complement system, in which it inhibits activated 
C1r and C1s but also in the bradykinin-forming cascade. C1-INH inhibits the auto-
activation of the XII factor, and subsequently, the activation and the digestion of prekal-
likrein to kallikrein. Kallikrein itself can activate the remaining FXII,165 and then the 
digestion of high molecular weight kininogen to bradykinin. Bradykinin then interacts 
with its constitutively expressed G-protein coupled B-2 receptor and causes vasodila-
tion and an increase in vascular permeability.166,167 Although FXII activation is a stage in 
this cascade, an in vitro study has shown that the bradykinin formation can happen in an 
independent pathway from FXII activation. As prekallikrein can itself bind to the high 
molecular weight kininogen and produce bradykinin. C1-INH can inhibit the autoacti-
vation of this complex, too.168 Therefore, in the case of FXII-HAE and C1-INH─HAE, 
bradykinin is produced in the cascade.

In HAE type I and II, the plasma level, or the function of C1-INH protein is reduced 
due to a dominant mutation on its gene SERPING1. C1-INH replacement, inhibi-
tion of plasma kallikrein, or blockade of the bradykinin B-2 receptor are the treatment 
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options for this disease. As mentioned before, there is another type of HAE with normal 
C1-INH expression. A mutation in the FXII gene is detected in 30 percent of these 
patients. Although the function of C1-INH in inhibiting activated C1 in the comple-
ment system is normal in these cases, some in vitro studies showed a 40 percent−60 per-
cent of the normal activity of C1-INH in inhibiting FXII and kallikrein.169,170 However, 
the etiology of this FXII- and U-HAE should be further investigated.

Diagnosis
The diagnosis of urticaria mostly relies on examining clinical signs and symptoms, such 
as wheals and angioedema skin lesions. Also, the clinical history of lesions’ recurrence, 
timing, site and distribution, potential stimulus, and family and medication history are 
needed.171

If the angioedema’s recurrence is without wheals, angioedema should be diagnosed 
as a disease of its own, and the diagnosis should specify the angioedema subtype.

Low levels of C4 and normal levels of C3 support the diagnosis. Quantitative and 
functional measurements of the C1 esterase inhibitor activity confirm the diagnosis. 
Low levels of C1q suggest the diagnosis of acquired C1 esterase inhibitor deficiency.172

HAE is diagnosed by measuring the antigen plasma level and function of C1-INH.173 
The function of C1-INH is one of the most important clinical parameters in HAE and 
C1-INH-AAE diagnosis.174 C4 complement protein level is also measured as a screen 
test for HAE.175 However, there are some evidence that a normal C4 plasma level would 
not exclude the possibility of HAE, and the C1-INH function is a more promising 
diagnostic technic.176 The measurement of function and levels of C1-INH can lead to 
C1-INH-AAE diagnosis. Additionally, normal C3 levels and low levels of C4 help the 
diagnosis, and low levels of C1q propose the C1-INH-AAE diagnosis.172 The plasma 
level of complement system proteins in ACEI-AAE is usually normal. Therefore, the 
diagnosis is based on the observation of ACE inhibitor medication and subsequent 
development of angioedema without urticaria. However, the measurement of C1-INH 
levels are suggested in ACEI-AAE as taking ACE inhibitors may provoke or unmask 
HAE or other subtypes of AAE.161

Differential diagnosis
A differential diagnosis is essential for a disease like angioedema with such diverse 
clinical manifestations. As before said, two main pathways are resulting in angio-
edema, allergic pathway by mast cell activation and histamine excessive release and 
non-allergic pathway by the bradykinin production. In allergic angioedema, the skin 
lesions appear and also resolve rapidly, while in non-allergic type, it takes hours for the 
lesions to appear, and it takes days to resolve. Allergic angioedema can appear at any 
age, while in non-allergic angioedema, the symptoms appear mostly in the 4th decade 
for acquired, 6th decade for ACE inhibitor-related acquired, and 1–2nd decade for 
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hereditary angioedema. In allergic angioedema, the lesions mostly appear in the face 
and neck. Also, there is a high possibility of lesion appearance in the upper respiratory 
tract and subsequent asphyxiation.177 In fact, asphyxiation is the main reason for the 
high rate mortality of 30 percent−50 percent in HAE cases due to improper diagnosis 
and intervention.178

Treatment
The first step in urticaria management is to control symptoms by avoiding potential 
triggering factors.153 Avoidance from anti-inflammatory drugs, heat, tight clothing, 
pseudo-allergens such as food additives, and spices are needed.171 In the cases of acute 
urticaria, antihistamine therapy can be effective in most cases.171 Due to the autoim-
mune and histamine-mediated basis of chronic urticaria, current clinically available 
treatments for chronic urticaria are mostly second-generation, non-sedating antihista-
mines as first-line therapy and omalizumab (an anti-IgE antibody) as second-line ther-
apy in patients refractory to antihistamines.151 The mechanism of action of omalizumab 
is likely to bind to the free IgE and subsequently reduce the IgE receptor FcεRI on the 
mast cells, and basophils surface, thus reducing mast cell activity, reversing basopenia, 
and lowering the activity of IgG autoantibodies against FcεRI and IgE.179 The updosing 
of second-generation, non-sedating, non-impairing antihistamine agents has also been 
suggested to be used as second-line therapy. As in a meta-analysis study, 63.2 percent of 
non-responding CSU patients to first-line therapy responded to antihistamine updos-
ing.180 Cyclosporin, an inhibitor of histamine release from mast cells and basophils, has 
also been used to treat conventional-therapy resistant patients, especially in idiopathic 
or severe cases of chronic urticaria.181 In the cases of severe acute or chronic urticaria, a 
short course of oral corticosteroid therapy might also be required.182

The treatment for histamine-mediated angioedema is similar to the therapies used 
in urticaria. In the cases of HAE or non-histamine-mediated angioedema, known as 
bradykinin-mediated angioedema, the treatment is categorized into three courses: treat-
ment of acute attacks, short-term prophylactic treatment, and long-term prophylactic 
treatment. The treatment of acute attacks aims to reduce the severity and duration of 
an attack at the moment, while prophylactic treatment aims to prevent the occurrence 
or reduce the severity and duration of angioedema attacks generally (long-term), or 
in the time of expecting stress, or increased risk of angioedema, such as dental surgery 
and intubation (short-term).183 Replacement of C1-INH in patients can be a helpful 
acute treatment. Berinert and Ruconest, which are plasma-derived and recombinant 
C1-INH, respectively, are administered intravenously as a treatment for angioedema. In 
patients who are non-responsive to C1-INH replacement, Icatibant or Ecallantide are 
used as a second-line treatment, which is a bradykinin receptor blocker and a plasma 
kallikrein inhibitor, respectively. In prophylactic treatment, C1-INH replacement is 
also used. Berinert and Cinryze are given during the anticipated high-risk procedure. 
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Androgen therapy, such as Danazol, can be administered in cases of short prophylactic 
treatment. Tranexamic acid, an antifibrinolytic agent, is also used in pregnant women, 
children, and patients who cannot tolerate androgens. For long-term prophylactic treat-
ment, plasma-derived C1-INH, and Lanadelumab, which is a monoclonal antibody 
against plasma kallikrein, are suggested as first-line therapy.173

Atopic dermatitis and allergic contact dermatitis
Definition of atopic dermatitis
Atopic dermatitis also named atopic eczema, Besnier’s prurigo, or infantile eczema, is a 
common chronic relapsing inflammation in the skin with pruritic and exanthematous 
lesions. Lesions mostly occur in skin fold areas like the eyelid, neck, forehead, hands, 
and feet. Atopy is referred to as the inherited production of IgE against a low number 
of environmental antigens, such as pollen, house dust mites, and specific foods. As an 
allergic reaction and IgE excessive production are absent in about half of the patients, 
atopic dermatitis is not a definitive medical term.184

History of atopic dermatitis
The term “eczema” was developed by Willan and Bateman for defining the condition of 
“an eruption of minute vesicles, non-contagious, crowded together; and which from the 
absorption of fluid they contain form into thin flakes or crusts. This eruption is generally 
the effect of irritation, whether internally or externally applied”.185 The term “eczema” 
comes from a Greek word meaning “eruption”. The introduction of the term Atopic 
dermatitis goes back to 1933 when Fred Wise (1881–1950) and Marion Sulzberger 
(1895–1983) used the term to define infantile eczema, which occurs mostly in the face 
and flexural fold areas and in people with a familial history of atopic disorders.186

In 1967, Gunnar Johansson (1911–1998) and Hans Bennich discovered the function 
and structure of IgE protein187 and its elevated plasma levels association with asthma.188 
The association between elevated IgE levels and atopic dermatitis were discovered later, 
and in 1978, Bruno Wüthrich proposed an important role for IgE in the etiology and 
pathogenesis of atopic dermatitis rather than a simple association.185 However, the exact 
pathogenesis of atopic dermatitis is yet to be investigated. In 1980, Jon Hanifin and 
Georg Rajka proposed the first systematic diagnostic approach for atopic dermatitis.189

Epidemiology and risk factors of atopic dermatitis
The prevalence of the disease is variable in different regions. The prevalence of up to 
20 percent has been reported in Russia, while in Finland, a prevalence of only 4.3 percent 
has been reported.190 Another global study reported the prevalence of atopic dermatitis 
ranging from 0.9 percent in India to 22.5 percent in Ecuador, with higher values in 
Asia and Latin America, and from 0.2 percent in China to 24.6 percent in Columbia, 
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with the higher values in Africa and Latin America for the 13 to 14 age group.191 Also, 
there is an increasing incidence of atopic dermatitis, both in developed and developing 
countries.192 Therefore, the efficient management and prevention of the disease should 
be highly considered and studied to reduce the probable burden of the disease in the 
following years. The incidence is not different between males and females. There is a 
seasonal variation of more primarily severe symptoms in winter. There is usually a fam-
ily history of either atopic dermatitis, asthma, or seasonal allergic rhinitis.190

Atopic dermatitis occurs in all age groups. However, it is more prevalent in children, 
with the onset, usually in 2 or 3 months of age.190 Approximately 10 percent−20 percent 
of children are affected by this disease, and half of them would be put into remission 
in adulthood.193 Less than 10 percent of adults are affected by Atopic dermatitis,194 of 
which 25 percent has an adult-onset disease.195

Family history, mutations in the filaggrin (FLG) gene, and some environmental fac-
tors may play a role as risk factors in atopic dermatitis. Family history is known to be 
the most vital risk factor for atopic dermatitis. The risk of developing atopic dermatitis 
in children with one or two parents with atopic dermatitis is 1.5 fold and 3–5 fold 
higher, compared to children with no family history of atopic dermatitis.196 Mutations 
in the FLG gene have been associated with a higher risk of developing atopic dermatitis, 
more severity of the disease, and a higher possibility of concomitant asthma, especially 
in patients of European ancestry.197 Also, some environmental factors such as exposure 
to cats from a young age may be a diagnostic risk of atopic dermatitis in people with 
this mutation. Some environmental factors such as living in urban areas or dry climate, 
lower exposure to pathogens, and frequent exposure to antibiotics at young ages have 
been associated with a higher risk of atopic dermatitis.196

Etiology and pathogenesis of atopic dermatitis
It has been hypothesized that atopic dermatitis pathogenesis has an immunological basis. 
As the elevated levels of IgE production, activated mast cells, eosinophils, and IL-4, and 
downregulated levels of IFN-γ is associated with disease development. IL-4 is a cyto-
kine secreted from Th2 cells and can attenuate the B cells’ IgE production and further 
mast cell activity. Therefore, Th2 hyper-activation (type 2 immune response) may be 
the underlying immunological basis of atopic dermatitis. Moreover, the downregulation 
of IFN-γ, which is secreted from Th1 and inhibits Ig production, suggests Th1 hypo-
activation, which has a synergic effect in the disease pathogenesis.190

Some mutations in the FLG gene encoding Filaggrin protein, which is an impor-
tant protein forming the skin barrier, have been detected that is associated with atopic 
dermatitis and more severe clinical features.198,199 Filaggrin controls the composition of 
cells in the skin’s granular layer and the aggregation of keratin filaments into compact 
bundles. Filaggrin metabolites moisturize the skin and improve its pH. Filaggrin defi-
ciency leads to increased penetration of allergens and also micro-organisms colonization 
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in the skin. The loss-of-function mutations in the FLG gene increase the risk of atopic 
dermatitis development by impairing the skin barrier. Other genetic, epigenetic, and 
immunologic factors can affect skin barrier integrity via affecting filaggrin or other 
proteins expression and function. Other than loss-of-function mutations, Intragenic 
copy number variations and epigenetic modifications on the FLG gene has been 
associated with atopic dermatitis development. Moreover, lack of humidity and lower 
temperatures can decrease filaggrin levels, as it is hydrolyzed in a dry environment. This 
can explain the localized pattern of atopic dermatitis lesions, which are seen mostly in 
the areas exposed to the air like cheeks and hands. Also, skin irritants, high pH, physi-
cal damage, and prolonged use of topical corticosteroids can decrease filaggrin level by 
increasing its degradation or decreasing its expression. Therefore, this may explain the 
reason why environmental factors, such as climate, bathing procedure, and chemicals, 
can highly affect atopic dermatitis, and also why only 20–30 percent of patients with 
atopic dermatitis have a “loss-of-function” mutation in their FLG gene.200

TSLP has an important role in atopic dermatitis pathogenesis. It is mostly produced 
by epidermal keratinocytes, and its production is triggered by both environmental 
allergens and immunological agents such as pro-inflammatory and Th2 cytokines and 
IgE. TSLP can induce Th2 cells, and it has been reported that the expression of TSLP 
is increased in the skin lesions of patients with atopic dermatitis. Additionally, there is 
evidence of omega-6 fatty acid deficiency in patients with atopic dermatitis. The role 
of omega-6 FA deficiency in the pathogenesis might be because of the inadequate 
PGE1 and PGE2 production, which are major metabolites of omega-6 FA. Studies have 
shown that PGE1 and PGE2 can suppress IgE production. In a study on mouse models 
of atopic dermatitis, the blocking of PG synthesis by indomethacin enhanced the type 
2 immune response in the skin of the mice and increased IgE, IL-33, and TSLP plasma 
level, and IL-4-producing CD45+TCRb1+ cell numbers. The study results proposed 
an anti-inflammatory role for PGE2-EP2 by downregulating TSLP expression and, thus, 
type 2 immunity inhibition.201-203

Clinical features of atopic dermatitis
The most common clinical features of atopic dermatitis are pruritus, lichenification, 
xerosis, flexural involvement, influenced by environmental and emotional factors, early 
onset of disease, and worsening of itch with sweating. Although most of these clinical 
features are among the most common features, they are partly related to ethnicity and 
age. Atopic dermatitis is usually acute in infants, and it mostly affects the extensor surfac-
es of the limbs and the face. It can also affect the trunk, but the napkin area is generally 
spared. From the age of 2 onwards, patients present with polymorphous manifestations 
of atopic dermatitis, mostly on flexural folds. In adolescents and adults, excoriated and 
lichenified plaques at eyelids, ankles, wrists, and flexures can be seen. It can also involve 
the scalp, upper trunk, and shoulders (Fig. 2.4). It has been reported that the signs and 
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symptoms of adult-onset atopic dermatitis are generally milder than child-onset atopic 
dermatitis. However, the prevalence of foot dermatitis is higher among adults. The mild 
sign and symptoms of adult-onset atopic dermatitis may pose a challenge to the diag-
nosis of this disease from other adults’ skin conditions.195,204,205

Diagnosis of atopic dermatitis
As said before in the history of the atopic dermatitis section, Hanifin and Rajka pro-
posed the first diagnostic criteria for atopic dermatitis based on clinical features and 

Fig. 2.4 Atopic dermatitis at different ages. (A) An infant with face, extensor surfaces of the limbs, 
and trunk involvement. The napkin area is spared. (B) Atopic dermatitis mostly affects flexural folds in 
children. (C) In adolescents and adults, excoriated and lichenified plaques at eyelids, ankles, wrists, and 
flexures can be seen. It can also involve the scalp, upper trunk, and shoulders.378
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some objective tests such as IgE plasma level measurement and skin prick test. The 
diagnostic criteria had 4 major features: pruritus, characteristic morphology and distri-
bution, chronicity of lesions, and personal or family history of atopy (asthma, allergic 
rhinitis, atopic dermatitis), and 23 minor features, such as hand or foot dermatitis, chei-
litis, elevated levels of IgE, xerosis, immediate (type I) skin reactivity, or onset at a young 
age. The presence of 3 major and 3 minor features was essential for atopic dermatitis 
diagnosis.189 However, some other studies pointed out that the criteria are mostly used 
for white, hospital-based cases of atopic dermatitis and are not applicable to all ages, 
genders, and ethnicities.206,207 Moreover, some of the major features like the personal 
or family history of atopy, were not identified as significant as some minor features like 
xerosis in these criteria.208

Williams et al. developed one of the most validated diagnostic approaches in 1994. 
The study was performed with 31 criteria, 13 historical and 18 clinical and physical 
criteria. They excluded the invasive tests like prick test or IgE plasma level measurement. 
They chose 120 cases with atopic dermatitis and 102 hospital-control with skin diseases 
other than atopic dermatitis and also population-controls with complaints unrelated to 
skin complexities. Their observers were blinded for the primary diagnosis. At the end of 
the study, six criteria were the best discriminators for atopic dermatitis diagnosis from 
other skin diseases, including the history of flexural involvement, onset under the age 
of 2, history of an itchy rash, personal history of asthma, history of dry skin, and visible 
flexural dermatitis.207 All the criteria except for flexural dermatitis were historical fea-
tures. This emphasizes the role of historical features in atopic dermatitis, as the physical 
clinical features may be heterogeneous among atopic dermatitis patients.

There are several guidelines developed for atopic dermatitis diagnosis, mostly in 
children. From the most widely used guidelines, we can mention “Atopic eczema in 
under 12: diagnosis and management” by the national institute for health and care 
excellence published in 2007,209 and the American Academy of Dermatology guideline 
published in 2013.210 These guidelines try to discriminate against other similar skin con-
ditions such as Allergic contact dermatitis or seborrheic dermatitis, which are prevalent 
skin diseases, especially in infants, and may even overlap with atopic dermatitis in these 
patients.

Differential diagnosis of atopic dermatitis
Atopic dermatitis is a common skin condition. However, the diverse morphology of 
the clinical manifestation may pose a challenge to the diagnosis of atopic dermatitis. 
Psoriasis, allergic contact dermatitis, molluscum dermatitis, tinea corporis, mycosis fun-
goides, dermatomyositis, pityriasis lichenoides chronica, Langerhans cell histiocytosis, 
polymorphous light eruption, actinic prurigo, and nutritional deficiency are among the 
skin conditions that should be differentially diagnosed from atopic dermatitis.211
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Treatment of atopic dermatitis
As the skin barrier defects are one of the significant factors in atopic dermatitis inci-
dence, the first step in efficient atopic dermatitis management is proper skin hydration 
and bathing practice. Bathing in lukewarm water may hydrate the skin and decrease the 
irritants and germ on the skin surface. However, applying moisturizers, emollients, or 
other topical medications is crucial to avoid trans-epidermal water loss after bathing. A 
meta-analysis study investigating the efficacy of non-pharmacological moisturizers in 
atopic dermatitis treatment has shown a higher efficacy in moisturizers, which contain 
two or more active agents rather than single-agent moisturizers, and also glycyrrhetinic 
acid, vitis vinifera, hyaluronic acid, telmesteine, and shea butter were beneficial sub-
stances in moisturizers for atopic dermatitis treatment.212 Emollient therapy is suggested 
to have a protective role in preventing atopic dermatitis. In a study, the full-body emol-
lient application from 3 weeks to 6 months after birth reduced the relative risk of atopic 
dermatitis by 50 percent.213

Topical corticosteroids are the first-line therapy for acute flares and exacerbations. 
They are also usually prescribed for patients with refractory atopic dermatitis after basic 
skincare and are more efficient than moisturizers in treating atopic dermatitis.214 They 
are available in different strengths, from low potency (class 7 is the least potent) to high 
potency (class 1 is the most potent). Low and medium potency topical corticosteroids 
are prescribed for mild and moderate-severe acute flares.215 Wet Wrap Therapy (WWT) 
is also used besides topical corticosteroid therapy to boost corticosteroids’ effect in 
refractory moderate-severe cases.216 The topical corticosteroids are administered, fol-
lowed by wrapping two-layer of cotton clothing or bandages (the first layer is wet with 
warm water, and the outside layer is dry). WWT facilitates the penetration of topical 
medication into the skin layers and subsequently increases medications’ efficacy by a 
very low cost.217 However, applying mid-higher potency topical corticosteroid therapy 
with WWT should be considered, as the facilitated penetration may increase the risk 
of topical corticosteroid therapy adverse events such as skin atrophy, hypopigmentation, 
telangiectasia, acneiform lesions, striae, and perioral dermatitis.218

Other approved drug group for atopic dermatitis is calcineurin inhibitors. 
Calcineurin is a highly conserved eukaryotic Ca-calmodulin dependent serine/threo-
nine phosphatase.219 Calcineurin plays an important role in lymphocyte activation and 
cytokine secretion by activating the NFAT family transcription factors. Calcineurin 
inhibitors are immunosuppressive drugs that inhibit the cytokine secretion either by 
inhibiting calcineurin function or its interactions with NFAT.220 Two topical calcineu-
rin inhibitors, tacrolimus ointment, and pimecrolimus cream, are approved for atopic 
dermatitis treatment. In children, the efficacy of tacrolimus 0.03 percent or 0.1 percent 
and also pimecrolimus 1 percent for treating atopic dermatitis was shown to be better 
than vehicles and other conventional therapies, and with no significant difference in the 
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adverse events.221,222 There is a fear of using corticosteroids due to the concerns about 
their adverse events, so caregivers and patients refuse to continue their treatment with 
topical corticosteroids for a longer period. Studies show that therapy with calcineurin 
inhibitor significantly reduces the need for topical corticosteroid therapy in the case of 
acute flares.222,223 Moreover, calcineurin inhibitors’ efficacy is reported to be the same as 
topical corticosteroids in atopic dermatitis treatment.223 Also, another anti-inflammatory 
agent, crisaborole 2 percent topical ointment, which is a phosphodiesterase- 4 inhibitor, 
is approved for atopic dermatitis treatment in children older than two years with mild 
to moderate atopic dermatitis.224,225

The therapeutic advantage of human umbilical cord blood-derived mesenchymal 
stem cells (hUCB-MSCs) in moderate-severe atopic dermatitis treatment has been 
investigated in both preclinical and clinical studies.226,227 It is shown that nucleotide-
binding oligomerization domain 2 (NOD2)-activated hUCB- MSCs can inhibit both 
the migration and degranulation of mast cells by NOD2-cyclooxygenase-2 signaling 
pathway, higher PGE2 production, and IL-4 induced TGF-β1 production.226 The clini-
cal study also showed a dose-dependent improvement in atopic dermatitis manifesta-
tions after hUCB-MSCs infusion. The IgE plasma level and eosinophil counts were 
also decreased, and no severe adverse event was observed.227 These data may suggest 
hUCB-MSCs subcutaneous infusion as a safe and efficient therapy for atopic derma-
titis patients.

In the refractory or unresponsive cases to topical corticosteroids and other conven-
tional therapies, ultraviolet phototherapy and immunosuppressive agents can be applied. 
Short-term phototherapy with narrow-band ultraviolet B is reported to have not only 
immunosuppressive effects but also it can have anti-bacterial effects and improve skin 
integrity.215 Nonspecific immunosuppressive agents such as cyclosporine, azathioprine, 
methotrexate, and mycophenolate mofetil are administered off-label (except for cyclo-
sporine) for the treatment of refractory or persistent cases of severe atopic dermatitis. 
These drugs are mostly used for short-time treatment because of causing potential 
toxicities and side effects. Cyclosporine is the only approved and also is the most effi-
cient immunosuppressor agent that has been used as second-line therapy for short-term 
treatment of patients with atopic dermatitis. However, its long-term administration is 
restricted because of adverse events.196 Also, the usage of dupilumab as a biologic agent 
was approved in 2017 as a treatment for chronic moderate-severe atopic dermatitis. 
Dupilumab is a humanized monoclonal antibody against the IL-4 receptor on the cells 
of the immune system. It inhibits the function of IL-4 and IL-13, which further results 
in the inhibition of Th2 differentiation and IgE production. Biological agents are more 
targeted than other non-specific immuno-suppressants. Understanding specific immu-
nological mechanisms underlying atopic dermatitis can help explore new biological 
targets and find efficient therapeutic agents.196,228
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In conclusion, avoiding irritants (such as soaps, detergents, scratchy clothing), proper 
skincare (i.e., emollients, moisturizers) and regular bathing, topical corticosteroid, 
anti-calcineurin therapy, and adjunctive therapies, like WWT, ultraviolet phototherapy, 
immunosuppressive agents and monoclonal antibodies such as dupilumab can help 
patients to control and reduce the frequency of severe flares.

Definition of allergic contact dermatitis
Allergic contact dermatitis is a relatively common inflammatory skin condition. Clinical 
manifestations of allergic contact dermatitis are pruritus, erythema, vesicles, itching, and 
scales, which can be an acute, subacute, or chronic disorder. It accounts for 20 percent 
of contact dermatitis cases (the remaining 80 percent is mostly irritant contact derma-
titis). The morphological manifestations of the irritant and allergic contact dermatitis 
are similar. However, they are different in etiology and pathophysiology. Irritant contact 
dermatitis is a result of direct damage to the skin without an immune-mediated reac-
tion. However, allergic contact dermatitis is a type 4-mediated hypersensitivity response 
of the immune system to a specific allergen about 48 h after allergen exposure. The 
most important allergens are metal (nickel, cobalt, and gold), antibiotics (such as neomy-
cin and bacitracin), topical medications (such as estrogen and testosterone transdermal 
therapeutic systems and local anesthetics),229 food preservatives, cosmetics, and personal 
care products (Fig. 2.5).230 Contact dermatitis is the fifth most prevalent and eighth skin 
disease with most costs in the United States.231

Fig. 2.5 Allergic contact dermatitis caused by temple tip.379
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Epidemiology of allergic contact dermatitis
Allergic contact dermatitis has about 20 percent average prevalence in all age groups 
and a two-fold prevalence in women compared to men.232 The higher prevalence can be 
because of the difference in exposure to certain allergens, such as cosmetics. For exam-
ple, in the case of nickel allergy, women are more exposed to the allergen because of 
wearing jewelry. The prevalence of allergic contact dermatitis is lower among children 
and young adults (16.5 percent).233 It has been reported that allergic contact dermatitis, 
along with irritant contact dermatitis, is among the most prevalent occupational skin 
disorders and can highly affect the performance of workers.230

Pathogenesis of allergic contact dermatitis
As said before, allergic contact dermatitis is a type4-mediated hypersensitivity reaction 
resulting from the allergen-specific T cells reaction to the allergen exposure. In the first 
stage, which is sensitization, the allergen that is mostly a hapten (a low-weight molecule 
that is conjugated with a larger molecule such as a protein and can induce an immune 
response) is recognized as a foreign antigen and engulfed by epidermal or dermal den-
dritic cells and Langerhans cells. The antigen-presenting cells (APCs) then migrate to 
the skin lymph nodes to evoke the naïve T cells priming. The naïve T cells can recog-
nize the newly introduced antigen, differentiate, expand, proliferate, and form colonies 
of effector and memory allergen-specific T cells. Then, in the next episode of allergen 
re-exposure, the allergen-specific T cell colonies proliferate and are recruited to the skin. 
There, the APCs such as Langerhans cells, dendritic cells, and probably keratinocytes 
activate the T cells by presenting the allergen through their major histocompatibility 
complex (MHC) II. The APCs also release cytokines that can downregulate the inhibi-
tory signal of Tregs and polarize the T cells to differentiate into helper 1, 2, or 17 or 
CD8+ cytotoxic T cells. The allergen-specific T cells then elicit an immune response, 
which results in the clinical signs and symptoms of allergic contact dermatitis.230

Studies showed that in non-allergic patients compared to patients with allergic con-
tact dermatitis, the allergen-specific T cells’ proliferation is inhibited by Tregs through 
secretion of immune-inhibitory cytokines such as IL-10. Also, in patients with allergic 
contact dermatitis to nickel, both nickel hapten-specific CD4+, and CD8+ T cells 
were present while in the non-allergic patients, only nickel hapten-specific CD4+ 
T cells were found, which secreted higher IL-10 and lower IFN-γ compared to nickel 
hapten-specific CD4+ T cells in patients with allergic contact dermatitis to nickel.234 
Later, another study suggested that both hapten-specific naïve and effector CD4+ cells 
are inhibited by regulatory CD4+ CD25+ T cells in non-allergic people. The T cells 
expressing cutaneous lymphocyte-associated Ag (CLA) had a stronger inhibitory effect 
on effector T cells and inhibit them in a cell-to-cell manner rather than by cytokine 
production, and in the absence of these Tregs, the hapten-specific T cells could prolifer-
ate.235 In another study, the level of TGF-β produced by Tregs in patients with allergic 
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contact dermatitis was significantly lower than controls. However, the number of CD4+ 
CD25+ and CD4+ CD25 high Tregs was elevated in patients. The development of 
allergic contact dermatitis despite the increased number of Tregs may suggest the asso-
ciation of defected Tregs with allergic contact dermatitis pathogenesis.236

Clinical features of allergic contact dermatitis
There are different phases of skin lesions in allergic contact dermatitis. The first phase 
is the erythematous phase characterized by erythema and edema, and then the madi-
dans phase with papules, several vesicles, erosions, and moistening. Crusts characterize 
the next stage, and then in the squamous stage, a horny layer of skin appears after skin 
repair. Blistering and swelling may also happen in severe cases. The most perceptible 
symptom of allergic contact dermatitis is the itching. Skin lesions are initially limited to 
the contact site with well-defined edges but, they may spread symmetrically in the next 
stages as one of the most important signs to differentiate the irritant contact dermatitis 
from allergic contact dermatitis is the allergic contact dermatitis lesions’ more spreading 
from the contact area. Also, the onset of the irritant contact dermatitis is more rapid than 
the allergic contact dermatitis, as the lesions in acute allergic contact dermatitis appear 
about 24–48 h after contact with the hapten.237

The allergic contact dermatitis skin lesions may persist and develop into chronic 
allergic contact dermatitis. The clinical features of chronic allergic contact dermatitis 
are lichenification, fissures, pigmentation, pruritus, and skin lesions with a symmetric 
pattern, distant spread, and less sharp borders.237,238

Diagnosis of allergic contact dermatitis
For diagnosis of allergic contact dermatitis, history taking, complete physical exami-
nation, and diagnostic tests are required. A clinician should ask questions regarding 
chronology of the symptoms, personal and family history of atopic diseases, allergies, or 
other skin conditions. Also, occupation and hobbies, usage of cosmetics, skincare prod-
ucts, or any suspicious agent, and intake of topic and systemic medications should be 
inquired.239 In physical examination, the identification of the type and also the distribu-
tion of skin lesions can be helpful. For example, the distribution of lesions on the eyelid, 
face, neck, or hands may suggest cosmetics or skincare products as the culprit agents.230

Patch testing is the gold-standard test for the diagnosis of allergic contact dermati-
tis. A base-line list of relevant allergens, with their suitable vehicle and concentration, 
should be tested in any patient with acute or chronic allergic contact dermatitis and also 
in patients with atopic dermatitis, especially those who are unresponsive to treatments 
and suspected to developing allergic contact dermatitis.240 In some cases, in which the 
result for patch testing is negative despite a suggestive primary diagnosis, repeated open 
application tests could be performed. In this test, the suspected allergens are applied 
daily for about 2 weeks until a positive result is yielded.239
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Treatment of allergic contact dermatitis
The most important step in allergic contact dermatitis treatment is to identify the offend-
ing allergen and avoid them. As many allergic contact dermatitis causing allergens are 
present in the chemical nomenclature of daily products, the avoidance might be difficult 
for the patients. There are some digital tools such as SkinSAFE (www. SkinSafeProducts.
com, HER Inc./Mayo Clinic) and CAMP (Contact Allergen Management Program, 
www. ContactDerm.org) that provide the patients and health providers a list of safe to 
use products. Also, surveillance on the ingredients and potentially allergic agents in the 
products besides population-based epidemiological studies can result in some efficient 
regulatory interventions such as the ban of preservative methyldibromo glutaronitrile 
(MDGN) from cosmetics in European Union countries.241

Topical corticosteroids can be used as a treatment for allergic contact dermatitis. 
However, degradation products of corticosteroids can cause allergic contact derma-
titis themselves, and it should be considered in the cases of no-response or worsened 
manifestation after topical corticosteroid therapy.229 The delayed allergic contact der-
matitis due to corticosteroid therapy is mostly mediated by betamethasone-17-valerate, 
tixocortol pivalate, dexamethasone 21 phosphate disodium, triamcinolone acetonide, 
budesonide, and alclomethasone dipropionate.242

Food allergy and gastrointestinal syndromes
Definition
Food allergies are one of the most prevalent non-communicable diseases, especially 
among children, which are caused by specific immunologic reactions to food.243 In 
guidelines by the United States National Institutes of Allergy and Infectious Diseases 
(NIAID), food allergy is defined as ‘‘adverse health effect arising from a specific immune 
response that occurs reproducibly on exposure to a given food”.244 The immune 
response can be IgE mediated or non-IgE mediated or the combination of both. Food 
allergy is different from the term “food intolerances”, which result in non-immune 
related adverse events.

IgE mediated food allergy is associated with the onset of acute symptoms after about 
minutes to 2 h after allergen exposure.245 Despite the efforts to prevent allergic reactions 
via eliminating the food allergens from the diet of affected patients, unintended expo-
sure to allergens still can cause severe allergic reactions and anaphylaxis. Hence, some 
consistent rules in the food industry are needed to label allergens in the products to 
reduce the disease burden. The accidental exposure to the allergen and the subsequent 
limitation in patients’ and their families’ social life are among the factors affecting the 
patients’ health-related quality of life.246

In IgE mediated food allergy, there is an initial step IgE sensitization, in which the 
allergen-specific B cells differentiate and proliferate into IgE producing plasma cells. 
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The IgE antibodies are then localized on the surface of mast cells and blood basophils. 
In some cases, sensitization occurs without signs and symptoms of food allergy in the 
exposure to that specific food allergen. Therefore, it is important to consider that the 
sensitization of the immune system alone cannot define the food allergy. Food allergy 
symptoms occur after sensitization, where the re-exposure of the food allergen to the 
immune system, and engagement of the allergen with its membrane-bound IgEs on 
mast cells and basophils, results in the excessive release of histamine and other allergic 
mediators.244

Enterocolitis, proctocolitis, and enteropathy are among the syndromes of non-IgE 
mediated food allergy, which is mainly cell-mediated. Although most of the food allergy 
reactions are IgE mediated, non-IgE mediated food allergies are usually because of 
immunological reactions without IgE production, such as eosinophilic inflammation 
of the gastrointestinal tract.244 It primarily affects infants with symptoms like vomiting, 
diarrhea, abdominal cramps, and occasionally blood in the stool and poor weight gain. 
Eosinophilic esophagitis and atopic dermatitis are among the food allergies with mixed 
etiologies, both IgE and non-IgE mediated food allergies.245

Food allergens are mostly proteins with a 5–100 kDa molecular weight,247 but rarely 
they are chemical haptens.244 Most of the food allergens can elicit an immune response 
in cooked or raw, or even digested form, but the allergens that are primarily in the fruits 
and vegetables usually cannot cause the reaction in the cooked form. Additionally, most 
of the food allergen proteins can lead to an allergic reaction even when they are inhaled. 
The cross-reactivity between food and inhalant allergens can also happen and cause var-
ious mild to severe symptoms.248 Cross-reactivity is a circumstance when the antibodies 
can react with not only their specified antigen but also the similar antigens and initiate 
an immune response.244 There is cross-reactivity between allergens in different foods, 
for example, between chicken and fish parvalbumins249 or among crustaceans.250 One 
of the syndromes, which is caused by the cross-reactivity between the allergens in pol-
lens and the allergens in raw fruits, vegetables, or nuts, is the “oral allergy syndrome” or 
“pollen-food allergy syndrome”. The reaction happens while eating fresh fruit because 
of prior sensitization to an inhalant pollen allergen. It is usually associated with mild 
and transient pruritus and/or angioedema limited to the oral cavity and oropharynx.251

The most common food allergens are found in egg, milk, peanut, tree nuts, fish, 
crustacean and molluscan shellfish, wheat, soy, celery, mustard, sesame, and lupine in the 
United States and Europe.244,247 Food oils can have less allergenicity if the proteins are 
removed in food processing.244

Epidemiology and risk factors
There are many challenges to determine the prevalence of food allergy because of the 
variations in food allergy definition, inconsistent study designs, and an over-estimation 
in patients’ self-report studies. Moreover, with more than 170 foods reported to cause 
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an allergy, studies only focus on a limited number of allergic foods.244 The prevalence 
of food allergy in the United States is estimated to be 5 percent in adults and 8 percent 
in children, and it is reported to be increased in the last years.252 Another American 
study showed the prevalence of food allergy in children to be 6.53 percent. It was a 
self-report population-based survey (the National Health and Nutrition Examination 
Survey [NHANES]), so the slightly higher reported prevalence maybe because of the 
self-report. Milk (1.94 percent), peanut (1.16 percent), and shellfish (0.87 percent) were 
the most allergic foods in this study.253 In other developed countries, the food allergy 
prevalence was reported to be similar to United States estimates.253

There are many risk factors for food allergy. The family history of atopic diseases is 
an important risk factor, as the history of atopic disease in an immediate family member 
enhance the risk of food allergy by 40 percent, and the history in 2 immediate family 
members increases its risk by 80 percent compared to children without atopic disease 
family history. Ethnicity and sex are also associated with the increased risk of develop-
ing food allergy as it has been demonstrated that Asians and non-Hispanic ethnicities 
and male sex in children are at higher risk. Additionally, environmental factors, such as 
having older siblings or pets, can decrease the risk of food allergy.253,254

Etiology and pathogenesis
In IgE mediated food allergy, the OX40L+ dendritic cells in the presence of inflam-
matory cytokines such as IL-25, IL-33, and TSLP recognize the food allergen as an 
invading pathogen. Then, they migrate to the lymph nodes and stimulate the release 
of inflammatory cytokines. By presenting the allergen through their MHC II complex 
and the cross-talk of OX40L on the dendritic cells and OX40 on the naïve T cells, the 
differentiation of naïve T cells into food-specific Th2 T cells are promoted.255 The Th2 
sensitization results in the B cells’ stimulation to produce allergen-specific IgEs, which 
then will be attached to the FCε receptors of mast cells and basophils. After the sensi-
tization to the food allergen, the re-exposure to the allergen results in the binding of 
the IgE to its FCε receptors on the surface of mast cells and basophils and the rapid 
onset of allergic reactions through excessive release of allergic mediators such as his-
tamine, proteases like tryptase, platelet-activating factor, PGs, leukotrienes, TNF-α and 
proteoglycans, which can cause vasodilation, increased vascular permeability, recruit-
ment of allergic inflammatory cells, and enhancement of inflammatory cytokine release. 
Histamine has a key role in the allergic reaction and can lead to vasodilation, an increase 
in vascular permeability and cardiac output, and glandular secretion. It also induces the 
most severe symptom of food allergy that is anaphylaxis, through its H1 and H2 recep-
tors. Platelet-activating factor is another important mediator of anaphylaxis, which is a 
bronchoconstrictor and can increase vascular permeability.256,257

Besides dendritic cells and Th2 cells, type 2 innate lymphoid cells are reported to 
have a crucial role in the allergic state by secreting inflammatory cytokines, suppressing 
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Tregs, and promoting the function of mast cells.258 Th2 cells secrete IL-5 and IL-13, 
which promote the differentiation of the inflammatory effector cells: eosinophils and 
basophils, and IL-4, which promotes B cells’ production of the IgE. There is also a sug-
gested role for Th9 cells to promote growth, survival, and accumulation of the mast cells 
during the allergic reaction.259

The integrity of the epithelial membrane plays an important role in the patho-
genesis of food allergy. Allergens or other antigens can normally cross the membranes 
with facilitated mechanisms such as active transport via epithelial cells, para-cellular 
transport, villous microfold cells (M cells), trans-epithelial dendrite (a subset of special-
ized dendritic cells), and goblet cells.260 The latter has shown to play an important role 
in transporting soluble low-weight antigens to the underlying lamina properia. The 
preferential antigen delivery and the exposure of luminal antigens to the tolerogenic 
dendritic cells through goblet cells can lead to food tolerance.261,262 The term “food 
tolerance” is defined as when “an individual is symptom-free after consumption of 
the food or upon oral food challenge weeks, months, or even years after the cessation 
of treatment”.244 The mechanism underlying food tolerance is poorly investigated. 
However, there is a potential role for tolerogenic CD103+ dendritic cells in the 
non-activated state, which present and process the allergen.263 CX3CR1+ macro-
phages can also engulf the antigen and produce IL-10 that is an anti-inflammatory 
cytokine.264 There is evidence of increased intestinal inflammation in the goblet cell 
deficiency,265 which can partially be because of the impaired antigen delivery to tolero-
genic CD103+ dendritic cells. The CD103+ dendritic cells migrate and transport the 
antigen to the nearest lymph node. There, in the presence of secreted TGF-β, IL-10, 
and retinoic acid, the dendritic cells promote the differentiation and proliferation of 
the Foxp3+ Tregs, which further migrate to the lamina properia of the intestine and, 
via its inhibitory receptors, prevent the function of effector Th2 T cells, eosinophils, 
basophils, and mast cells, and consequently a decrease in IgE production and histamine 
release.266 It has been reported that in the presence of anti-inflammatory cytokines (i.e., 
IL-10 and TGF-β), the B cells are switched to produce IgA rather than IgE. The food 
allergen-specific IgA level has been associated with food tolerance and desensitization 
to a food allergen.267

There are many proposed models for the etiology of food allergy and other allergic 
syndromes, including hygiene hypothesis, dual allergen exposure hypothesis, and vita-
min D hypothesis, which are the most widely accepted ones. The hygiene hypothesis 
claims that the presence of persistent infections in childhood can lead to induction and 
activation of regulatory and anti-inflammatory pathways that further reduces the risk of 
allergies. The hypothesis is backed by the evidence of the increased prevalence of aller-
gies in recent years, especially in the developed world. There are other ideas supporting 
this hypothesis, such as the early bacterial and viral infections before the maturation of 
the immune system push toward a dominant Th1 based immune response and not a 
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Th2 response. However, some early Th2 inducing infection, such as helminth infection, 
is also negatively associated with allergy.268

The dual-allergen (or early) exposure hypothesis claims that avoiding a specific 
allergic food from childhood cannot prevent sensitization and further allergic reactions 
as the infant is still exposed to similar respiratory or cutaneous allergens in the environ-
ment. It is based on the observation of a higher incidence of food allergy among infants 
with atopic dermatitis. Additionally, this hypothesis proposes that early oral exposure to 
food allergens can induce immune tolerance.269 The vitamin D hypothesis was proposed 
in 1999 when scientists identified a correlation between vitamin D level and allergic 
symptoms. It was first claimed that higher vitamin D plasma level is associated with a 
higher prevalence of allergy in developed countries. However, sufficient data rejected 
this idea, and conversely implied a negative correlation between vitamin D level and 
particularly maternal vitamin D intake during pregnancy and lactation, and allergy 
prevalence.270-274

Clinical features
The onset of symptoms in IgE mediated food allergy is rapid, diverse, and can involve 
almost all of the body systems, but mostly affecting the skin, respiratory, gastrointestinal, 
cardiovascular, and neurological systems. The diversity of clinical manifestations reflects 
the complexity of several reactions between the food protein, immune system, gastro-
intestinal tract, and other involved organs. One of the most severe symptoms of food 
allergy is anaphylaxis, which is a severe allergic reaction. It mostly has a rapid onset and 
is the most frequent cause of death in food allergy.275

Skin is the most frequently affected organ in the food allergy, which is present in 
about 70–80 percent of patients with positive oral food challenges.276-278 Urticaria, 
angioedema, flushing, pruritus, and erythematous morbilliform rash are among the IgE 
mediated skin manifestations, and contact dermatitis, and dermatitis herpetiformis are 
among the cell-mediated reactions. Atopic dermatitis is a manifestation mediated by 
both IgE and cellular reactions.279 Urticaria and angioedema are supposed to be some 
of the most frequent symptoms and skin manifestations in the food allergy. However, the 
prevalence may occasionally differ according to the region or the type of food. Acute 
urticaria is more associated with the IgE-mediated immune response to food than 
chronic urticaria. It may happen by the entrance of the food through the gastrointestinal 
route or the topical contact with the food allergen. The latter is named contact urticaria. 
The contact urticaria occurs rather instantly, while the acute urticaria resulting from the 
gastrointestinal entrance of the food protein usually occurs within 2 h.279

Ocular symptoms of food allergy, including conjunctivitis, itching, lacrimation, red-
ness, and periorbital edema, could be present. The respiratory manifestations of the food 
allergy can range from mild to severe and also can involve both the upper and lower 
respiratory systems. They are mostly followed by other systematic reactions, but they 
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can happen solely, too.280 Rubbing, or sniffing of the nose, nasal congestion, rhinorrhea, 
throat tightness, throat pain, increased occurrence of dry cough, hoarseness, expiratory 
or inspiratory wheezing, and in severe forms stridor followed by complete obstruction 
of the airway are among the potential respiratory symptoms. There is a higher probabil-
ity of asthmatic reactions in the exposure to steam or vapor of cooking foods or inhala-
tion of food allergens. Also, asthmatic symptoms of food allergy should be suspected in 
cases with a history of refractory asthma, atopic dermatitis, gastroesophageal reflux, and 
food allergy.280,281

The IgE mediated gastrointestinal manifestations are itchiness in the oropharynx and 
oral cavity, nausea, vomiting, diarrhea, and abdominal cramps. The symptoms may occur 
within 2 h, as other IgE mediated food allergy symptoms. Other more serious, lower 
gastrointestinal tract symptoms such as bloody stool, weight loss, and failure to thrive, 
and constipation are mostly because of non-IgE mediated food allergy.280

Cardiovascular and also neurological manifestations have the most severe conse-
quences. Hypotension, vascular collapse, tachycardia and arrhythmia, dizziness, uncon-
sciousness, and changes in mental status are the most frequent cardiovascular and 
neurological symptoms. They mostly happen alongside the other skin or respiratory 
manifestations.280,281

Diagnosis
Diagnosis of IgE mediated food allergy includes investigating a history of classic allergic 
symptoms, physical exam, elimination diets, and the evidence of food-specific IgE by a 
skin-prick or a serum IgE testing.282

The oral food challenge is currently the gold standard for the diagnosis of food 
allergy. When the results of skin-prick or serum IgE tests are negative during the elimi-
nation diet, or there are discrepancies between the results, an oral food challenge can 
help with the diagnosis.281 Moreover, the initiation or continuation of a food elimina-
tion diet should not be determined only by the serum IgE results but also by the oral 
food challenge results, especially in children with atopic dermatitis.278

There are some cases with positive test results in serum IgE or skin prick tests that 
have food tolerance, or there are some patients with food allergy whose test results are 
negative. Therefore, in order to avoid misdiagnosis, it is better to use a combination of 
diagnostic tests in a specific order. For instance, the history leading to test operation and 
the test results leading to the decision of whether an oral food challenge is needed or 
not.282 In a study with 100 allergic and 100 tolerant infants to peanut, only 26 percent 
of allergic infants had a positive serum IgE test result (15 kUA/L or greater), and 65 
percent needed a positive oral food challenge to confirm the diagnosis. In the skin prick 
test, only 57 percent of patients had a confirmed diagnosis (8 mm or greater), and 35 
percent needed a further oral food challenge for the diagnosis confirmation. This study 
suggested a combinatory approach of Ara h2 (a dominant allergen in peanut) IgE test, 
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which has the same specificity as the whole peanut plasma serum IgE but a higher 
sensitivity (60 percent vs. 26 percent), after the whole peanut plasma serum IgE test to 
reduce the number of needed oral food challenge by almost two-third (95 vs. 32). Ara 
h2 serum IgE test in the infants with 3 to 7 mm of skin prick test also reduced the 
number of needed oral food challenge test by more than a half.283

Molecular or component-resolved diagnostics (CRD) tests and the basophil activa-
tion test have also shown promising results for diagnosing patients with food allergy. 
Intradermal tests, atopy patch tests, measurement of the total plasma IgE level, IgG4 
testing, and applied kinesiology are among the diagnostic tests that are not currently 
recommended for routine cases of food allergy.282

Although the sensitivity and specificity of tests and the threshold values are assessed 
for tests like serum IgE or skin prick test, it is important to consider that the values may 
be different according to age,284 race, geographical region,285 and even method of the 
test operation.286

Treatment
The pillar of food allergy treatment is to avoid the allergen in the diet. In breastfed 
infants, the maternal elimination diet may be necessary. In infants who are not exclu-
sively breastfed, extensively hydrolyzed, amino acid-based, or other specific formulas 
can be included in the diet.287 However, the treatment reliance on dietary elimination 
may impair the growth and weight gaining of infants. For example, in cow milk allergy, 
the intact proteins of cow milk should be eliminated, and in the case of inadequate diet 
substitution, the infants would face severe growth problems.288

An adequately supplemented elimination diet, with counseling of a physician and 
dietary specialist, would not only affect children’s growth and weight gaining289 but also 
it can improve growth indices, stool consistency, regurgitation, and other symptoms 
related to food allergy.290

The whey or casein-based extensively hydrolyzed formula (EHF) is used regularly 
to treat cow milk allergy patients. In these formulas, the intact cow milk proteins are 
hydrolyzed into smaller peptides (MW below 1500 Da) through enzymatic reactions. 
There is a diversity in the composition of different EHFs. Therefore, they may differ in 
hypoallergenicity, adverse events, nutritional value, and taste.291 Usually, infants with cow 
milk allergy can tolerate lactose. However, in some infants, enteropathy and intestinal 
damage from allergic reactions may result in secondary lactose intolerance. Moreover, 
the lactose from cow milk might be contaminated with residual cow milk protein aller-
gens and cause allergy in some hypersensitive infants.287 These groups of allergic infants 
may benefit from a lactose-free or low-lactose EHF. However, in infants with normal 
digestive and absorption functions, lactose might even act as a prebiotic agent and 
improve the healthy microbiota and metabolites.292 It has been reported that the admin-
istration of probiotic Lactobacillus rhamnosus GG (LGG) added to a casein-based EHF 
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in children with cow milk allergy can reduce the risk of development of other allergic 
manifestations in life and also can decrease the functional gastrointestinal disorders.293 
The combination therapy can also increase the tolerability rate in these children.294 The 
trace amount of allergens in EHF may trigger an allergic reaction, but it can also induce 
food tolerance. The latter data suggest that the administration of probiotic LGG added 
to casein-based EHF can promote tolerability rather than allergic reactions.

For most of the infants with cow milk allergy, EHF can lead to the complete reso-
lution of the symptoms. However, in cases of hypersensitive or severe food allergy or 
malabsorptive enteropathy, amino acid-based formula (AAF) administration is suggested. 
AAF provides amino acids instead of intact proteins or small peptides.287 Hence, as pro-
tein allergens are completely absent in AAF, it cannot induce food tolerance.295 Meyer 
et al. provided a practical guideline of the situations in which amino acid-based formula 
can benefit the cow milk allergy patients or is necessary for their treatment. The sug-
gested conditions are incomplete symptoms’ resolution on EHF, growth deficiency or 
inadequate weight gain, several food groups eliminated from the diet, severe complex 
gastrointestinal food allergies, eosinophilic esophagitis, food protein-induced enteroco-
litis syndrome, severe eczema, and symptoms occurrence in breast-fed infants.296

Food allergy can tremendously affect patients and their family lifestyles in many 
aspects. Besides the fact that providing a special diet for allergy patients can be expen-
sive, patients need dietary counseling to select suitable manufactured food products 
and also need to be educated to read the food labels. Since 2006, the Food Allergen 
Labeling and Consumer Protection Act (FALCPA) set a rule that food manufacturing 
companies have to put precautionary statements regarding the presence of the eight 
major allergens: milk, egg, soy, wheat, tree nuts, peanut, crustacean shellfish, and fish on 
their products. Although labeling would be helpful to guide the patients in selecting the 
suitable product, educating them regarding the statements on the labels is necessary as 
some statements may lead to misunderstanding.281

Eating out in restaurants and also in schools can be a big challenge for food allergy 
patients. Strategies to raise awareness and information of restaurant managers and work-
ers regarding food allergy and its restrictions can help them provide and recommend 
safe food products to their allergic customers. A study showed that about 10 percent 
of food workers had this misunderstanding about food allergies that a small amount of 
allergen cannot provoke an allergic reaction in patients. This lack of information can 
be potentially dangerous. Also, strategies in schools to provide allergen-free Tables can 
reduce the risk of food allergy reactions in schools and affect allergic children’s quality 
of life as children spend most hours of the day in school.281,297

Another therapeutic option for food allergy patients is introducing trace amounts of 
allergen and stepwise up-dosing through a specific period of time. The antigen can be 
delivered through oral, sublingual, or epicutaneous routes, named Oral immunotherapy 
(OIT), sublingual immunotherapy (SLIT), and Epicutaneous immunotherapy (EPIT), 
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respectively. OIT is reported to be more effective in increasing the threshold of tolerable 
dosing and desensitization. However, the rate of systematic and local adverse reactions 
is also higher in OIT compared to EPIT and SLIT.298 Currently, combination therapy 
of OIT and omalizumab, which is an anti-IgE monoclonal antibody, is suggested to 
enhance the efficacy of the treatment.299 Omalizumab attaches to the IgE and inhibits 
IgE binding to its FcεRI receptor on the mast cells and basophils.300 Another potential 
therapeutic approach uses omalizumab-IgE complexes to neutralize the circulating 
allergens in blood and inhibit their engagement with membrane-bound IgEs on mast 
cells and basophils.301

Managing anaphylaxis, as the most severe clinical manifestation of food allergy, 
should be highly considered in patients with food allergy. Intramuscular epinephrine 
administration is efficient in improving the symptoms promptly. Epinephrine main-
tains the blood pressure by its vasoconstricting effect and dilates the respiratory tract 
to improve respiration. Carrying epinephrine auto-injectors for patients with a posi-
tive test for food allergen-specific IgE and a history of a previous anaphylactic reac-
tion is suggested, as delayed epinephrine injection increases the rate of hospitalization 
and also the risk of death due to anaphylaxis.281,282 Also, as the second-line treatment, 
H1-antihistamines alone, or with H2-antihistamines, and also glucocorticoids can be 
administered to improve the blood pressure and heart rate in an anaphylactic reaction.281

Prevention
As there is an increasing trend in the prevalence of food allergy, many studies priori-
tize effective approaches to prevent food allergy by reducing exposure to risk factors 
or other methods. The methods are mostly based on the etiologic hypotheses of food 
allergy, including hygiene hypothesis, dual allergen exposure hypothesis, and vitamin 
D hypothesis. The primary prevention methods seek to reduce the probability of an 
infant’s sensitization and antibody production against a certain antigen, while the sec-
ondary prevention methods focus on reducing the incidence of allergic reactions in 
already sensitized infants and/or infants with other atopic disorders.291

Breastfeeding plays an important role in the prevention of food allergy. It provides 
the required energy, essential nutrients, maternal antibodies, and growth factors for the 
infant. In a meta-analysis studying the effect of breastfeeding in infants with or without 
a family history of atopic disorders, exclusive breastfeeding during the first 3 months 
of infancy was shown to be a protective factor for atopic dermatitis in children with a 
positive family history, but not in children without the family history.302 Other stud-
ies also implied the association of exclusive breastfeeding in early infancy with a lower 
incidence of allergic asthma and allergic rhinitis during childhood.303,304 Although 
exclusive breastfeeding has been known as a protective factor against allergic disorders 
in childhood, its effect is still controversial, and some studies failed to prove its role as a 
protective factor.305
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The earlier prevention approaches were mostly based on the avoidance of allergic 
food and exclusive breastfeeding in the primary months after birth and late introduction 
of potentially allergic foods, such as the introduction of any complementary solid food 
after 6 months, dairy products after 1 year, egg after 2 years and peanut, nuts, and sea-
food after three years.306 However, recent studies suggest that the early introduction of 
solid foods within 4–6 months after birth can reduce the incidence of allergic reactions 
in childhood, especially in high-risk groups such as infants with a positive family his-
tory.307,308 A study on more than 2000 infants in Australia showed that early introduction 
of the cooked egg within 4–6 months was associated with a lower risk of developing egg 
allergy compared to the introduction in 10–12 months and after 12 months. The study 
also failed to imply an association between breastfeeding duration and the time of other 
solid food introduction with the probability of developing egg allergy.309 The results of 
this study declared that avoiding early exposure to food antigens may be the reason for 
the growing incidence of food allergy in the past decades. Another study demonstrated 
that early oral exposure to egg might lower the risk of development of egg allergy in 
infants with eczema.310 Additionally, the early peanut introduction to high-risk infants is 
proposed as a validated preventive approach to prevent peanut allergy in infants with a 
high risk of allergy development. In a study of 4–11 months-old infants with allergy to 
egg, severe eczema, or both, the avoidance of peanut significantly increased the risk of 
developing peanut allergy both in the sensitized and non-sensitized groups.311 Another 
randomized control trial showed a significantly negative association of rates of develop-
ing the allergy to peanut and egg within the age of 1 to 3 years (in the per-protocol 
analysis but not in the intention-to-treat analysis), with the early introduction (6 months 
old) of these foods. However, the early introduction of cow’s milk, sesame, whitefish, and 
wheat had not a crucial effect on allergy development.312 It should be considered that 
there is a need for more backing data regarding the early introduction of allergens. The 
dosing, introduction of multiple food antigens, and the safety of this approach should 
be thoroughly investigated.

The composition of intestinal microbial flora and also the early exposure to bacterial, 
viral, and parasite pathogens have a pivotal role in the maturation of the immune system 
and its deviation toward a Th2 response.268,313,314 The primary composition of intestinal 
microbiota in the neonatal and infant periods can tremendously affect childhood health 
by competitive colonization, immune system modulation, uptake and distribution of 
resources, or by influencing physiological development in these primary periods.315 
There is evidence of differences in the early intestinal microbial flora and metabolites 
composition in allergic and non-allergic infants.316 Infants with atopic disorders usually 
have less diversity in their bacterial flora compared to non-allergic infants. So, these 
evidences propose that modifying the bacterial flora and increasing its diversity, for 
example, by administrating probiotics or prebiotics, can be implemented as preventive 
and also therapeutic approaches. In the study of Wopereis et al., a partially hydrolyzed 
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protein formula supplemented with nondigestible oligosaccharides (prebiotics) could 
improve the intestinal microbiota in the taxa diversity, pH, and metabolites in the high-
risk infants for allergy and consequently prevent atopic dermatitis in this group.316 In 
another study, the 6-month supplementation of oral LGG improved the diversity and 
metabolites composition of the intestinal microbiome in the high-risk infants for allergy. 
There were also fatty acids in their fecal sample, which induced the Tregs ex vivo. 
However, 6 months after supplementation cessation, the metabolic profile was changed, 
and the level of LGG in the microbiota was decreased, suggesting that the remodeling 
was not permanent.315 The mother’s gut microbiota and breast milk microbiota can also 
highly affect the infant’s microbiota composition. Breastfeeding can improve the com-
bination of microbial flora in the intestine by inducing the growth of Bifidobacteria.317 
The Bifidobacteria can further improve the mucosal homeostasis and increase the toler-
ance in the intestinal mucosa via interaction with Tregs and TLRs.313

Among other preventing approaches is vitamin uptake during pregnancy and lacta-
tion. Vitamin D deficiency is getting more prevalent around the world as its concentra-
tion is so low in the food. It is an important immunomodulatory agent in the human 
body, and an optimal >50nmol/L plasma level of 25-hydroxyvitamin D is needed in 
infants, children, adults, and during pregnancy and lactation.318 Low levels of vitamin 
D in children and adolescents have been associated with atopic disorders.319 Studies 
show that increased uptake of vitamin D in pregnant mothers can lower the risk of 
allergic rhinitis, asthma, and wheezing in their children.271,272,274 However, another study 
reported that a high level of vitamin D in maternal and cord blood increases the risk 
of sensitization and food allergy within the first two years of life. They also observed a 
negative correlation between high vitamin D levels in cord blood and the number of 
Tregs.320 The role of vitamin D in preventing or inducing food allergy and other allergic 
disorders has remained unresolved. However, it is proposed that vitamin D may play 
a dual-dose dependent role in preventing food allergy, with both low and high levels 
increasing the risk of allergy development.321 Therefore, further studies are needed to 
identify the adequate dose of vitamin D to prevent food allergy in different individuals 
regarding sex, atopic history, etc.

Drug allergy
Definition
Side effects or adverse drug reactions can happen after the administration of almost all 
drug types. However, the frequency of these adverse reactions may differ for different 
drug types. For example, antibiotics and antiepileptics can cause drug allergies frequent-
ly.322 The drug-induced adverse reactions are classified into two A and B types due to 
their underlying etiology. Type A drug reactions are associated with predictable, almost 
common, dose-dependent reactions, which are related to the pharmacologic action 
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of the drug. On the other hand, type B (or off-target) drug reactions are unpredictable, 
uncommon, not dose-dependent, and mostly mediated by immunologic or allergic 
adverse reactions.322,323 Drug allergy or drug hypersensitivity is categorized as a type B 
adverse drug reaction. The clinical manifestations of drug allergies can range from mild 
symptoms such as skin rash to much more severe symptoms such as severe cutaneous 
adverse reactions and anaphylaxis.

Epidemiology and risk factors
Adverse drug reactions are the chief complaint of about 3 percent to 6 percent of all 
hospital admissions, and 10 percent−15 percent of hospitalized patients experience 
it. Most of these adverse reactions (80 percent) are identified as “type A” reactions. 
Therefore, drug allergies and other non-immune mediated adverse drug reactions 
(pseudo-allergic reactions) account for 15 percent−20 percent of these adverse reac-
tions. Cutaneous manifestations are reported as the most prevalent symptom in hospital-
based studies.324 Also, drug-induced anaphylaxis as the most severe manifestation of drug 
allergy has an estimated incidence of 0.04 percent to 3.1 percent and a mortality rate 
of 0.65 percent.325 Severe cutaneous adverse drug reactions are rare symptoms of drug 
allergy with an incidence of 2–7/million every year for Stevens-Johnson syndrome (SJS) 
and toxic epidermal necrolysis (TEN). However, the mortality rates for these manifesta-
tions are significantly high (5 percent−10 percent for SJS, 30 percent for SJS/TEN, and 
50 percent for TEN).326

Several factors related to the patients’ characteristics, or the drug itself, may cause 
drug allergy. The drug’s chemical structure and ability to trigger immune system reac-
tions, the drug administration route, the dosage regimen, and the frequency of exposure 
are considered drug-related risk factors. There is a higher probability of causing a drug 
allergy by drugs with a higher molecular weight like insulin or drugs that can act as a 
hapten (i.e., small molecules that can bind to certain proteins in the body and act as 
an allergen) such as Penicillin. These drugs can trigger the immune system and cause 
an allergic adverse reaction. Drug administration through intravenous, intramuscular, or 
topical routes may cause a higher risk of drug allergy compared to oral administration. 
Moreover, the patients who take a certain number of doses over a prolonged period of 
time are at a higher risk of developing drug allergy compared to patients who receive 
an equal amount at a single dose.327

The other risk factors which are mostly host-related are gender, age, comorbidities 
and viral infections, and genetics. Women are reported to be more affected by allergic 
reactions to drugs.327,328 Also, drug allergies are less reported in children compared to 
adults. However, this could be as a result of higher usage and predisposition to drugs in 
adults, and subsequently higher rates of drug sensitization and allergy in the adults, and 
it is still unclear that adults are more vulnerable to the development of drug allergy than 
children.324 Patients with chronic viral infections such as human immunodeficiency virus 
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(HIV), Epstein-Barr virus (EBV), or herpes simplex virus (HSV) infections may have higher 
rates of drug allergy.327 Recent studies sought to find some genetic biomarkers of drug 
allergy in patients. For example, certain Human Leukocyte Antigen (HLA) class I alleles 
(HLA-B*15:02, HLA-A*31:01, and HLA- A*24:02) are reported to increase the risk of 
cutaneous adverse drug reactions caused by Aromatic antiepileptic drugs.329 Also, some 
other specific HLA alleles (HLA-B*27:05, HLA-B*38:02, and HLA-DRB1 × 08:03) are 
reported to be associated with agranulocytosis induced by some anti-thyroid drugs.330 
Thus, screening for these alleles is recommended in some populations with a higher 
frequency of these alleles. Identifying certain allergy biomarkers would help physicians 
prescribe appropriate medications and reduce the economic and clinical disease burden 
of drug allergy and hypersensitivity by rendering the “unpredictable” type B drug reac-
tions predictable.

Etiology and pathogenesis
Drugs can cause drug allergy via different mechanisms. These immune-mediated aller-
gic reactions are categorized into 4 types according to Gell and Coombs classification. 
IgE mediated drug hypersensitivity (type I), IgG and IgM mediated cytotoxicity (type 
II), complex immune reaction (type III), and T-cell mediated drug hypersensitivity (type 
IV) are defined as the main mechanisms underlying drug allergy.331 Type I, II, and III are 
antibody-mediated, leading to acute symptoms, while type IV cell-mediated reactions 
lead to delayed adverse reactions. Type I and IV reactions are more common than type 
II and III.332

Most of the drugs have a low molecular weight. Thus, they are not immunogen per 
se. However, they can act as haptens, or their metabolites can act as haptens (which, in 
this case, the drug is called prohapten). Haptens are small molecules (<1000 Da) that 
can covalently bind to proteins and cause unwanted immunogenicity. Another proposed 
mechanism is that drugs may reversibly bind to immune receptors such as T cell recep-
tor (TCR) or HLA molecules on immune cells and trigger an immune reaction.322,332

The early studies on hypersensitive reactions induced by β-lactam antibiotics led to 
the introduction of the hapten concept in drug allergy. A study to identify the pattern 
of flucloxacillin (a synthetic penicillin) conjugation to the albumin protein by mass 
spectrometry showed that flucloxacillin only binds to 10 specific Lysine residues, two of 
them (Lys 190 and Lys212) were the most reactive and bound promptly to flucloxacillin 
in vivo. However, the in vitro experiments have shown that flucloxacillin could bind to 
both N-acetyl lysine and N-acetyl cysteine methyl esters.333 The restricted, dose- and 
time-dependent pattern of albumin and flucloxacillin conjugation provides specific tar-
gets to study the allergenicity of hapten-protein conjugation in hypersensitive patients.

After the first exposure to hapten-protein complexes, complexes are engulfed by 
APCs. The APCs then migrate to relevant lymph nodes and present the allergens 
through their HLA to the naïve T cells. Then the antigen-specific T cells recognize 
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the presented complex and proliferate to antigen-specific effector and memory T cells. 
These antigen-specific T cells are then transported to the tissues and can initiate an 
adaptive immune response following the re-exposure to the hapten-protein complex. 
The activated Th2 cells can also stimulate B cell differentiation to produce IgE, while 
Th1 cells enhance IgG and IgM production.332 Also, sensitization can happen as a result 
of cross-reactivity between similar antigens. For example, IgEs specific for galactose-
α−1,3-galactose, which is found in cetuximab (a chimeric mouse-human IgG1 mono-
clonal antibody) and also ABO blood group, were present in the pretreatment samples 
of 68 percent of patients with cetuximab induced allergic reaction. The study results 
suggest that in more than half of these patients, the sensitization to cetuximab results 
from cross-reactivity. However, in 1 out of 51 patients without an allergic reaction to 
cetuximab, the antibodies were present, suggesting that, in some cases, sensitization may 
not lead to allergy.334 The presence of IgE against galactose-α−1,3-galactose can be used 
as a predictive biomarker of anaphylaxis in patients. Weiss et al.335 screened 60 patients 
for this antibody before starting medication with cetuximab. The negative predictive 
value was 100 percent, and no patient with a negative result for the screening test went 
through anaphylaxis.

Two pathways have been proposed in forming an immune-mediated allergic 
response: activation of T cells through antigen recognition by their TCR, and detecting 
a “maturation signal” by antigen detecting dendritic cells and further formation of a co-
stimulatory signal, which further stimulate the T cells activation.322 Dendritic cells can 
detect the drug-related oxidative stress, and also some “stress sensor” proteins’ modifica-
tion, namely maturation signals. Thus, dendritic cells can produce a stress response and 
activate other innate immune response elements before inducing the allergen-specific 
T cells activation. The dendritic cells’ maturation occurs in a hapten dose-dependent 
manner. In lower levels of hapten exposure, dendritic cells are partially activated, and 
when dendritic cells are exposed to higher levels of hapten, the drug-induced death 
of other cells in the tissue leads to complete activation of dendritic cells. Concomitant 
diseases such as HIV infection and cystic fibrosis might accelerate this step.322

The intact chemical structure of some drugs cannot act as haptens, but the normal 
metabolic processing and bio-activation in the cells through drug-metabolizing enzymes 
can result in metabolites, which can haptenate proteins. These drugs are called prohap-
tens. For example, in Jenkins et al. study, not only flucloxacillin but also its metabolite 
5-hydroxymethyl flucloxacillin could covalently bind and modify the serum albumins 
on the same Lysine residues and causes more severe adverse reactions.333

Sulfamethoxazole is another example of prohapten drugs. The parent drug (sulfa-
methoxazole) cannot bind to the serum proteins and cause allergy by itself. However, it 
can be “bio-activated” to a hapten through two steps. Sulfamethoxazole is first metabo-
lized to sulfamethoxazole hydroxylamine in the liver. Sulfamethoxazole hydroxylamine 
can then be oxidized into nitroso of sulfamethoxazole. Both metabolite intermediates 
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can bind to a range of serum and also membrane-bound proteins and produce several 
different hapten-protein conjugate allergens.336

Most drugs are formulated to bind to a certain protein receptor or enzyme and 
alter its function. The term pharmacophore is defined as “an ensemble of steric and 
electronic features that is necessary to ensure the optimal supramolecular interactions 
with a specific biological target and to trigger (or block) its biological response.” by 
the International Union of Pure and Applied Chemistry (IUPAC).337 Although drugs’ 
pharmacophore is specified to bind to a certain target molecule in the body, some 
immune receptors may have ligand binding sites similar to the target protein of a drug. 
The diversity and heterogeneity of protein receptors on the T cells may increase the 
risk of drugs’ cross-interaction with TCRs and, subsequently, activation of T cells. This 
mechanism of T cell activation by direct interaction of drug molecules with immune 
receptors is called the p-i concept (pharmacologic interactions of drugs with immune 
receptors).338 As the non-covalent interactions are more labile compared to covalent 
conjugation in the hapten-protein complexes, this mechanism may only stimulate a 
response in pre-activated T cells. Similar to hapten induced responses, chronic viral 
infections, oxidative stress pathways, or drug-induced death of other cells in the tissue 
can reinforce the T cells response.322

Clinical features
The IgE-mediated reactions occur promptly after drug administration, and symptoms 
appear in seconds (in parental administration) or minutes (in oral administration) after 
taking the medication. The primary symptoms are usually rashes, eruptions, and itch-
ing in hands, foot, axial and genital area, and also redness in the face and thorax. These 
initial symptoms may not be serious by themselves. However, they can indicate upcom-
ing severe symptoms such as anaphylaxis. Thus, they should be taken seriously. The 
following symptoms are generalized urticaria within 10–15 min, swelling in tongue 
and larynx, acute bronchospasm with dyspnea and chest tightness, and periorbital and 
perioral edema.338

The T cell-mediated (type IV immune reactions) symptoms occur mostly in the 
skin. The rashes may appear between 6 h to 10 days after drug administration, so they 
are usually called delayed allergic reactions.338 The skin manifestations of delayed drug 
adverse reactions can range from milder involvements such as maculopapular exanthema 
(MPE), acute generalized exanthematous pustulosis (AGEP), fixed drug eruption (FDE), 
and to more severe and life-threatening conditions such as SJS, TEN, and drug-induced 
hypersensitivity syndrome (DIHS)/drug reaction with eosinophilia and systemic symp-
toms (DRESS) which have a low prevalence in the population but, they cause a high 
disease burden and mortality rate.326 In severe conditions, delayed allergic reactions can 
also affect the liver, kidney, lung, and pancreas338 or cause systematic symptoms such as 
fever, lymphadenopathy, and eosinophilia.331
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Diagnosis
The diagnosis of drug allergy mostly relies on the patient’s clinical history of allergic 
reactions and also, examining clinical signs and symptoms. As the skin is usually the 
most affected organ in drug allergy, a thorough examination of the skin is necessary.323 
In the next stages, diagnostic tests such as skin prick test or intradermal test might be 
necessary. History taking is the pillar of drug allergy diagnosis and guides the physi-
cians to select suitable laboratory or diagnostic tests and stop the usage of the suspected 
drugs. Detailed questions regarding the current and previous medications, the onset of 
symptoms, characteristics and location of the symptoms, previous occurrence of similar 
symptoms, concurrent medications, the indication of drug usage, and other comorbidi-
ties or underlying clinical conditions should be inquired.339

For the diagnosis of anaphylaxis, serum total mast cell neutral serine protease tryptase 
of the plasma can be measured. Almost 30 min after the onset of anaphylaxis, the serum 
tryptase level starts to increase and remains increased for up to 6 to 8 h.340 Hence, it 
has been suggested to measure the plasma level of tryptase 1–2 h after the onset of ana-
phylaxis.341,342 Platelet activation factor (PAF), chymase, carboxypeptidase A3, dipeptidyl 
peptidase I (DPPI), basogranulin, and C─C chemokine ligand (CCL)−2 are also the 
emerging diagnostic biomarkers of anaphylaxis. However, tryptase measurement is still 
considered the gold standard for anaphylaxis diagnosis.342

For the diagnosis of IgE-mediated drug allergy, the level of allergen-specific IgE 
levels in the plasma should be measured. The positive results indicate that the patient is 
sensitized to that specific allergen. However, sensitization does not lead to allergic reac-
tions in all cases. Skin tests can also be used to assess the presence of allergen-specific 
antibodies and the possibility of an allergic reaction after drug intake. For assessing the 
risk of immediate reactions, skin prick test, and intradermal test are used. However, 
the negative predictive value of these tests is not reassuring for most of the antibiot-
ics (except for penicillin). Therefore, the positive results may indicate a high risk of 
allergic reactions, but the negative results do not definitely rule out the risk.331 Due 
to the low negative predictive value, combinatory diagnostic approaches are suggested. 
For example, besides skin diagnostic tests, oral challenge tests are usually performed to 
determine the cause of the allergy. In the skin prick test, a small amount of drug in liq-
uid or powder is applied to a small area of the forearm, and then the skin is perforated 
by a lancet. Also, 0.9 percent serum saline and histamine are used as negative and positive 
controls, respectively, and the result is compared to these controls. Positive results usually 
appear within 20 min. However, the symptoms that appear within 24 to 48 h may be 
considered as delayed positive results.343

Skin patch testing and delayed intradermal testing are used for the diagnosis of 
delayed drug reactions. Delayed intradermal testing is shown to be more sensitive than 
patch testing. In these tests, the drug preparations are usually applied via petrolatum 
or other vehicles to a small area of skin for 48 h, and then the occurrence of delayed 
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symptoms is investigated for the next 48 to 96 h.331 The delayed skin tests should be 
performed at least 4 weeks after discontinuation of corticosteroids and other immuno-
suppressant agents and 4–6 weeks after the occurrence of acute symptoms to reduce the 
risk of false-positive, false-negative, or systemic reactions.343

Specific drugs
Non-Steroidal anti-inflammatory drugs (NSAIDs)
Allergy to NSAIDs is the second most prevalent allergy after antibiotics. About 1.9 
percent of adults have experienced an allergic reaction to this drug type, and about 
29 percent of drug allergy complaints are because of NSAIDs.344 Also, by causing 48.7 
percent−57.8 percent of drug-induced anaphylaxis, they are the most frequent cause 
of this phenomenon. The incidence of anaphylaxis is usually accompanied by asthma, 
rhinosinusitis, and nasal polyps in adults.325

The reactions of NAISD-induced allergy are classified into 5 groups. The most 
common type is Aspirin-exacerbated respiratory disease (AERD). It is an acquired 
syndrome which its symptoms, including persistent nasal congestion, nasal polyposis, 
and rhinitis, mostly begin during early adulthood, and it is continued by other mani-
festations, which include asthma and hypersensitivity to COX-1 inhibitors. AERD is 
mostly accompanied by acute respiratory manifestations such as rhinorrhea, acute nasal 
congestion, bronchoconstriction, chest tightness, and ocular erythema. It affects both the 
upper and lower respiratory tract within 30 to 120 min after drug intake. Also, some 
other non-respiratory symptoms, such as abdominal cramps and diarrhea, nausea, and 
skin eruptions, may happen in some of the patients.344

Multiple NSAID-exacerbated urticaria/angioedema occurs in 12 percent− 
30  percent of patients with chronic urticaria, followed by COX-1 inhibitors intake. The 
symptoms are mostly cutaneous and appear within minutes after drug administration. 
The reaction is not considered as IgE-mediated. It seems that the underlying immune 
defect in patients with chronic urticaria triggers the degranulation of mast cells and 
subsequent allergic reaction.344 In multiple NSAID-induced urticaria/angioedema in 
otherwise asymptomatic patients, patients with no history of urticaria or angioedema 
develop cutaneous symptoms within 1–6 h of the intake of any COX-1 inhibitor drug. 
Single NSAID-induced anaphylactic reactions happen without cross-reactivity between 
different COX-1 inhibitor drugs. It may cause urticaria, angioedema, and/or anaphy-
laxis within a short period of time. All four reaction types were acute. However, in some 
cases, NSAIDs can lead to delayed reactions, such as fixed drug eruptions, SJS/TEN, 
MPE, AGEP, DRESS, and contact dermatitis (by topical NSAIDs).344

β-Lactam antibiotics
β-Lactam antibiotics, including penicillins and cephalosporins, are widely used antibiot-
ics. About 8 percent and 1 percent of adults in the United States population have once 
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had an allergic reaction to penicillins and cephalosporins, respectively.345 After NSAIDs, 
β-Lactam antibiotics are the most frequent cause of anaphylaxis and are the culprit drug 
in 75 percent of deaths because of anaphylaxis.325

Acute allergic reactions are mediated by IgE antibodies, which are present in the 
body as a result of previous sensitization, and IgG mediates delayed reactions within 
7–10 days after the first exposure to the drug and 1–2 days after the re-exposure.346 
Patients with β-Lactam antibiotics-induced allergy could experience the immediate 
type of immune reaction, and usually, more than one system is affected, and only a slight 
percentage of the patients develops urticaria and/or angioedema alone. Delayed type of 
immune response can also happen, which can lead to MPE, AGEP, DRESS, FDE, SJS, 
TEN, and serum sickness-like symptoms.347 In the diagnosis of β-Lactam antibiotics-
induced allergic reaction, history taking plays an important role. Diagnostic tests and 
desensitization should not be performed in patients with a history of severe cutaneous 
adverse drug reactions and other delayed systemic symptoms. The oral challenge test is 
the gold standard for diagnosing IgE-mediated and acute symptoms of penicillin allergy. 
However, skin diagnostic tests are also performed to confirm tolerance or hypersensitiv-
ity to this drug class.345

Cross-reactivity is a relatively common phenomenon between penicillins, cephalo-
sporins, and carbapenems. They all share a β-Lactam ring in their chemical structure. 
However, cross-reactivity may be due to similar side chains in penicillins and espe-
cially first-generation cephalosporins. So, cephalosporin administration is applicable in 
patients with penicillin allergy as long as the side chains are not similar. It is reported 
that patients with an allergy to penicillin develop a higher risk of allergy even to other 
drug types. Thus, medications should be prescribed with more caution in this group of 
patients.348

Angiotensin-converting enzyme inhibitors (ACE-I)
Angiotensin-converting enzyme inhibitors (ACE-I) is widely used as an anti-hypertensive 
drug. However, 0.1 percent−0.7 percent of patients taking ACE-I develop ACE-I-
induced angioedema. The inhibition of ACE stops the degradation of bradykinin and 
subsequently increases its plasma level. Bradykinin then causes vasodilation, increased 
vascular permeability, and further development of angioedema. Patients with a history 
of ACE-I-induced angioedema should not be tested or challenged for these drugs, as 
severe symptoms in this high-risk group of patients may happen.349

Radiocontrast media (RCM)
Radiocontrast Media (RCM) are substances used to enhance the contrast of X-ray-
based imaging. The prevalence of allergic reactions to RCM is reported to range 
between 0.7 percent−3 percent for non-ionic RCM and 3.8 percent to 12.7 per-
cent for monomeric ionic RCM.350 By introducing the non-ionic RCMs, the rate 
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of anaphylaxis and other severe adverse reactions has tremendously decreased from 
12.1 percent to about 0.04 percent.325 Older age, previous allergic reaction to RCM, 
previous frequent exposure to RCM, and history of atopy and asthma have been associ-
ated with higher risks of developing allergic reactions.325,351 The reactions are classified as 
immediate and delayed forms. The immediate reactions can be mediated by sensitization 
and subsequent IgE production, or mediated by tryptase, bradykinin, or other vasoactive 
agents’ secretion via the direct effect of RCM on mast cells, and causing anaphylaxis-like 
symptoms. The delayed reactions are mostly manifested by MPE and are triggered by 
T cell-mediated response.351

Biological drugs
The use of biological immune modulators to treat cancer and inflammatory diseases 
is getting more and more widespread. These biological drugs, also called biological 
agents or biological modifiers, are mostly cytokines, monoclonal antibodies, or soluble 
receptors that affect the function of the immune system. These agents are proteins with 
higher molecular weights than conventional drugs, thus they may have more immu-
nogenicity and their metabolism pathways are different. Because of the structural and 
functional differences of biological drugs, allergy mechanisms to this type of drugs are 
often distinct from Gell and Coombs classification. Uncontrolled doses of cytokines or 
other regulatory molecules can lead to high-dose reactions such as capillary leak syn-
drome, immunodeficiency, autoimmunity, or allergic reactions. Also, cross-reaction can 
happen when a molecule affects off-target cells. The adverse reactions can be both cell 
or antibody-mediated. Moreover, these agents can cause non-immunological effects like 
depression.339

Treatment
The first step of drug allergy treatment is to stop the intake of culprit medications and 
treat the symptoms. For mild rashes and eruptions, the administration of antihistamines 
may relieve itching. Systemic steroid therapy is necessary for those patients with a pro-
gressive rash with other severe or prolonged symptoms such as fever, nausea, and arthral-
gia. The patients with severe cutaneous adverse drug reactions may need a prolonged 
period of systemic steroid therapy.331 Administration of epinephrine as first-line therapy 
and β2-agonists and glucocorticoids as second-line therapy should be considered for the 
treatment of patients with anaphylaxis.325

When a certain medication is necessary, and there is a high risk of allergy to that cer-
tain drug, desensitization approaches may be applicable. A temporary clinical tolerance 
may be achieved when increasing doses of a culprit drug are administered at specific 
intervals. The desensitization approach is not attempted in all patients with a history of 
severe cutaneous adverse reactions, except for patients with mild and uncomplicated 
exanthems and fixed drug eruptions. Due to the high risk of adverse reactions, the 
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procedure must be done under strict precautions and when there is no effective alter-
native for the culprit drug. Thus, the pros and cons of applying desensitization therapy 
should be thoroughly examined before starting the treatment.331,352

Anaphylaxis
Definition
Second National Institute of Allergy and Infectious Diseases (NIAID)/Food Allergy 
and Anaphylaxis Network (FAAN) symposium in 2005 defined anaphylaxis as a 
severe, potentially life-threatening, hyperacute systemic allergic response to an aller-
gen.353 Other definitions of anaphylaxis by other entities such as the World Health 
Organization (WHO) are either derived from or more or less similar to the one men-
tioned, all emphasizing its sudden onset, seriousness, and its capacity to be fatal.354 In the 
clinical setting, anaphylaxis is defined and identified by a set of signs and symptoms,353,355 
which will be discussed later.

Anaphylactic reactions could be divided into uniphasic (most common), biphasic, 
and protracted (persistent) types. In a patient with uniphasic anaphylaxis, symptoms 
appear and resolve quickly and do not recur afterward. On the other hand, in a biphasic 
reaction, the patient experiences a second wave of symptoms several hours after the first, 
even though there has been no external trigger. Persistent anaphylaxis is rare and might 
even take weeks to disappear.356-358

Epidemiology and risk factors
It is estimated that 0.05 percent to 2 percent of people experience an anaphylactic reac-
tion at least once in their lifetime,359 and it seems to be more common among children 
and adolescents.359 According to a survey in the United States, 1.6 percent to 5.1 percent 
of adults reported a “probable” or “very likely” history of anaphylaxis.360

Foods, medication, and insects are the most common causes of anaphylaxis.361 In 
the last 20 years, food anaphylaxis has become two times more frequent than it was 
before. Some genetic studies have indicated that this phenomenon is, to some degree, 
due to newly emerged allergens consequent to novel processing methods used in the 
food industry.362,363

With current treatment options, fatal anaphylaxis is very rare, with a prevalence of 
0.69 per million people in the United States.364 The most frequent known types of 
anaphylaxis causing death are medication (contributing to over 50 percent of the cases), 
venom, and food anaphylaxes.364 However, in outpatient settings, food anaphylaxis death 
is more common than any other type.364

The most important risk factor for anaphylaxis development is atopy. Furthermore, 
numerous elements result in a greater risk of serious complications in a patient experi-
encing an anaphylactic reaction, such as age, medications, and comorbid diseases (e.g., 
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asthma and other pulmonary diseases).365 Additionally, the use of drugs that reduce 
blood pressure, such as β-blockers, ACE-Is, and diuretics, leads to a higher chance of 
hypotension or shock during an anaphylactic reaction. β-blockers can also increase the 
risk of bronchospasm.362

Pathogenesis
Like most other allergic reactions, anaphylaxis follows a type 1 IgE and Th2-mediated 
hypersensitivity pathway. When an antigen that the patient is sensitive to is detected by 
the immune system (mainly Th2 cells and B lymphocytes), plasma cells start producing 
vast amounts of antigen-specific IgE. These Igs attach to the surface of basophils and 
mast cells and capture the antigens upon reentry, precipitating degranulation of mast 
cells and basophils.356,362 However, in some cases, the release of substances from basophils 
and mast cells is not IgE dependent but rather affected by other factors such as IgG 
immune complexes, drugs, or radiocontrast agents.356

Basophils and mast cells release several types of mediators upon degranulation, such 
as leukotrienes, cytokines (e.g., TNF-α, IL-4, IL-5), histamine, and growth factors. These 
substances cause the recruitment of immune cells, resulting in the continuation of the 
inflammatory cascade,356,366 as well as smooth muscle contraction and increased vascular 
permeability, leading to hypotensive shock and bronchoconstriction.362

In some cases, cardiogenic, hypovolemic, and distributive shock mechanisms come 
together and cause a severe hypotensive state (i.e., anaphylactic shock). Increased per-
meability of capillaries and vasodilation caused by cytokines and substances released 
through the inflammatory cascade, increase third space fluid accumulation and reduce 
venous return and consequently preload and cardiac output, especially in an upright 
position (i.e., empty heart syndrome). While in some less severe cases, the heart might 
be able to compensate for the loss of blood pressure to some degree by increasing 
pulse rate (i.e., tachycardia), in others, hypotension persists, and no improvement is 
observed.356

Clinical features
Anaphylaxis has the potential to involve almost any system in the human body.356 Life-
threatening complications arise from cardiovascular and pulmonary systems involve-
ment (i.e., shock and obstruction of airways).356

The involvement of the skin and mucosal surfaces is present in 80 percent−90 per-
cent of anaphylaxis cases. Manifestations may include urticaria, angioedema in airways, 
which might lead to obstruction of airways, pruritus, and flushing.356

60 percent to 70 percent of patients experience respiratory complications such as 
laryngeal edema presenting as vocal changes, wheezing, coughing, rhinitis, dyspnea, and 
chest tightness. If not appropriately treated, hypoxia, respiratory failure, and death might 
occur in severe cases.356,362
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Cardiovascular involvement, an extremely serious and fatal consequence of anaphy-
laxis, has an incidence of 40 percent−50 percent. Vasodilation and myocardial damage 
may cause hypotension or shock, urinary or fecal incontinence, reduced cardiac output, 
myocardial ischemia, arrhythmia, and cardiac arrest.356

The involvement of the gastrointestinal system, which is seen in 40 percent−50 per-
cent of cases, might result in nausea, vomiting, diarrhea, and intestinal edema, causing 
dehydration, hypovolemia, or abdominal pain.356

In less than 15 percent of cases, anaphylaxis precipitates neurological injuries such 
as dizziness, confusion, headaches, or even more serious events such as syncope and 
seizure.356

It is especially important in infants to recognize all signs and symptoms of an ana-
phylactic reaction, as some clinical features of anaphylaxis are quite common in the 
everyday life of an infant, such as flushing, dysphonia, and spitting after nutrition.362,367

Diagnosis
The diagnosis of anaphylaxis is mainly symptomatic and must be performed promptly. 
A diagnosis of anaphylaxis is highly likely in either of these scenarios: 1) acute muco-
cutaneous manifestations + acute respiratory symptoms, or hypotension or end-organ 
damage 2) development of two or more of the following symptoms immediately after 
exposure to a likely allergen: mucocutaneous symptoms, acute respiratory symptoms, 
persistent gastrointestinal symptoms, hypotension or end-organ damage, 3) hypotension 
(systolic blood pressure < 90 mmHg or reduced more than 30 percent from baseline) 
after exposure to a known allergen.353,361

Measuring plasma tryptase and histamine levels (two of the mediators released dur-
ing the inflammatory process) might reveal an anaphylactic reaction if measured within 
minutes (for histamine) or hours (for tryptase) of symptom onset. However, laboratory 
confirmation is unnecessary for clinical diagnosis and initiation of treatment, and serol-
ogy tests are generally used for retrospective verification of the diagnosis.356,368,369

Differential diagnosis
Many conditions could be considered as differential diagnoses of anaphylaxis include 
asthma, flushing syndromes, syncope, anxiety attack, and vocal cord dysfunction. Severe 
asthma exacerbations present symptoms similar to those of anaphylaxis, such as wheez-
ing and dyspnea. However, skin symptoms and serious cardiovascular events are uncom-
mon in asthma. Isolated angioedema (not associated with urticaria) might resemble 
anaphylaxis, involves a bradykinin-mediated mechanism, and is usually a result of the 
use of drugs such as ACE-Is and dipeptidyl peptidase 4 (DPP4) inhibitors, hereditary 
angioedema, lymphoproliferative diseases, or monoclonal gammopathy of unknown sig-
nificance.361,370,371 Screening of bradykinin-mediated angioedema is done by measuring 
the C4 and C1-INH levels.361

(c) ketabton.com: The Digital Library



Asthma and Allergy 105

Treatment
Intramuscular epinephrine shot in the anterolateral surface of the thigh is the treatment 
of choice for anaphylaxis and must be administered as soon as possible. Epinephrine 
acts on sympathetic receptors, causing vasoconstriction and bronchodilation, therefore 
restoring blood pressure and airflow. Injections could be performed either by commer-
cial syringes with autoinjectors or by manually drawing up from an epinephrine vial.361 
If needed, injections could be repeated every 3 to 5 min.367 Intramuscular injection is 
preferred to intravenous injection, as the latter carries the risk of several side effects (e.g., 
arrhythmia) and dosing errors,361 except for cases who do not respond to intramuscular 
epinephrine and fluid replacement.353 No contradictions have been declared for epi-
nephrine administration in anaphylaxis.

Antihistamines cannot be used instead of epinephrine in the treatment of anaphy-
laxis due to their slow onset of action, although they can be advantageous in relieving 
dramatic symptoms such as pruritus and urticaria.353

Once primary results have been obtained from epinephrine injection, adjunctive 
recovery measures must be taken into action to reduce the sequela, most notably adverse 
effects of hypotension and respiratory malfunction.367 Supine leg raise, which increases 
venous return and preload, along with intravenous fluid resuscitation, and in selected 
cases, vasopressor administration, mitigate hypotension in patients.372 Oxygen therapy 
must be applied conservatively (to reduce the chance of hyperoxia-induced paradoxical 
tissue hypoxia) in patients with respiratory symptoms or hypoxia.373 In patients with an 
oropharyngeal obstruction or laryngeal edema, intubation is recommended.356,361 Short-
acting β agonists might be administered for patients with dyspnea, wheeze, or hypoxia, 
with or without short-acting muscarinic receptor antagonists.361 Corticosteroids may 
reduce the chance of a biphasic reaction, although their effects are yet to be proven 
statistically.361 In cases with refractory anaphylaxis, epinephrine infusion might be nec-
essary. Patients with refractory anaphylaxis who are also taking β-blocker medications, 
may benefit from glucagon therapy, which could help with chronotropy and inotro-
py.374,375 All patients are required to have epinephrine autoinjector pens at their disposal, 
preferably at all times, after being discharged from the hospital. Additionally, patients 
must be referred to an allergist for further workup and examinations.361
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Introduction

The diverse immune system developed to fulfill the primary goal of protecting hosts 
against external threats to the organism. There are, nevertheless, two major areas in 
which aberrations from this initial function of the immune system leads to pathol-
ogy, immune deficiency syndromes in which the inability of the components of the 
immune system to respond in a protective fashion to pathogen results in pathology, 
and autoimmune diseases, characterized by the activation of the immune system in the 
absence of an external threat. This host of diseases can be either characterized as those 
displaying the activation of the adaptive immune response with T and B lymphocytes 
responding to self-antigens in the absence of any detectable microbial assault or tumor 
invasion, which constitute the vast majority of diseases regarded to be of autoimmune 
origin, or those presenting with the activation of the innate immune system and an 
excess of inflammatory mediators with no evidence of an antigen-specific immune 
response. Hence, inflammation and tissue damage are known to appear in the absence 
of infection, toxin exposure, trauma or tumor growth in this category of diseases.1 It is 
important to state that in some circumstances the immune activation may be triggered 
by infection but then persists in the absence of any detectable microbial antigen.1,2 
Notwithstanding the fact that self-reactivity is noted in many diseases of autoimmune 
nature, the evidence that the reactivity to self is directly responsible for tissue damage 
may still be lacking.

Over 80 distinct autoimmune diseases with an increasing incidence have been defined 
thus far.3,4 This group of diseases comprises some organ-specific diseases and some other 
reflecting a variety of immunological dysfunctions involving multiple organs.5 Although 
each autoimmune disease individually is thought of as being relatively uncommon, the 
prevalence of all autoimmune diseases is approximately 5 percent−7 percent, imposing 
significant effects on patients’ mortality and morbidity,6-9 with autoimmune thyroid 
disease and type I diabetes known as the most common of these conditions. The facts 
that autoreactivity is an aspect of every normal immune system and that it is a crucial 
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component of immune homeostasis, are important in understanding the high incidence 
of these diseases. Actually, the repertoire of immunocompetent lymphocytes playing role 
in protective immunity is chosen based on autoreactivity, as circulating B cells need to 
weakly interact with autoantigens in order to receive survival signals, while T cells can 
survive the initial steps of T cell selection as a result of the recognition of self-antigen 
within the antigen-binding cleft of MHC.10-12 Furthermore, in order for the immune 
system not to demonstrate pathogenic autoreactivity associated with tissue damage, an 
active process demanding constant vigilance is required to regulate physiologic autore-
activity, as it is well understood that an overexuberant response leads to potential auto-
reactivity, whereas too little response can potentially lead to neglect of danger.

Autoimmune diseases can be initiated at any age with different diseases having their 
characteristic age of onset. There is generally an increased frequency of autoimmune 
diseases in women, with a female-to-male ratio mostly ranging from 10: 1 to 1: 1 in 
different conditions. Considering the role of genetic susceptibility and environmental 
factors as the key risk factors leading to loss of tolerance,13 different incidence and prev-
alence of autoimmune diseases between geographical regions could be partly explained. 
The geoepidemiology becomes even more complex when variations in gender, ethnic-
ity, age and other demographic factors are taken into account. Patients with one auto-
immune disease are more susceptible to a second autoimmune disease.6,8,14 In addition, 
there is a genetic predisposition to autoimmunity with the prevalence of autoimmune 
diseases being increased in first-degree relatives and monozygotic twins in almost all 
patients.15 Given the possibility that the genetic traits have been selected for organisms’ 
capacity to protect against invading pathogens,16,17 aspects of the genetic predisposi-
tion may be shared by many different autoimmune diseases.18,19 Moreover, it is of note 
that the genetic factors affecting autoreactivity have been suggested to be distinct from 
those involved in determining the severity of tissue damage20 or specific organ vulner-
ability16,17; therefore, despite the similar pathways promoting autoreactivity in different 
individuals, they present with different autoimmune diseases.18,21 In spite of significant 
advances in the diagnosis, disease classification, as well as the treatment of autoimmune 
diseases over the past decade, there is still a paucity of data on the etiological events 
leading to various incidence and prevalence amongst the autoimmune diseases.

Immune cells and immune responses

The immunological basis of the autoimmunity has been discussed in detail in chapter 1. 
Herein, we shall try to provide a quick fresh look at the key concepts and mechanisms 
underlying the development of autoimmune disorders.

Innate immune activation
The innate immune system is the host’s immediate line of defense protecting against 
invading pathogens. Specific cell populations of the innate immune system are critical 
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in bridging the gap between innate and adaptive immunity.22 While the function of 
certain innate immune cells is to attack infected cells directly, others are specialized 
to activate the adaptive immune system and to trigger effector functions to eliminate 
the microorganism. The activation of the innate immune response may be the pri-
mary event involved in promoting the disease process in many, if not all, autoimmune 
diseases.23 Innate immune responses exhibit broad specificity through recognition of 
pathogen-associated molecular patterns (PAMPs) and damage-associated molecular pat-
terns (DAMPs) using pattern recognition receptors (PRRs)24,25 and by binding to Fc 
receptors of opsonized antigens coated with complement or antibody and complement 
receptors. Along with the molecular mimicry of certain infectious agents associated 
with autoimmune diseases, containing cross-reactive antigens to a host antigen, less 
specific means of activation of the innate immune response can induce autoimmune 
disease, as well. Different mechanisms of interaction between the innate immune system 
with autoimmune processes, either of which or a combination of all can be involved 
in autoimmune diseases, have been describe:d1 Antigen-presenting cells activated by 
the infectious agent, could present autoantigens in the lymph nodes or spleen and this 
might prime autoreactive T cells instead of inducing toleranc;e2 Replication of infec-
tious agents in a peripheral non-lymphoid organ promotes inflammation with the 
recruitment of peripheral ignorant T cells, resulting in activating priming of periph-
eral ignorant auto-reactive T cell;s3 Following priming of auto-reactive T cells, innate 
immune response can enhance the effector phase against a target organ; and4 Activation 
of the innate immune system can directly lead to host organ damage even without the 
involvement of adaptive immune cells. Several organ-specific and clinically important 
autoimmune diseases demonstrate these multiple steps, not necessarily occurring at the 
same time, that might lead to organ destruction and manifest autoimmune disease.26

Besides the primary role of the innate immune system in the etiopathogenesis of 
autoimmune diseases, it should be kept in mind that the innate immune system can be 
also activated secondarily in autoimmune disease. Tissue injury can result in the activa-
tion of innate immune cell networks27,28 and this can lead to an autoimmune response. 
Extensive tissue injury culminates in the posttranslational alteration of self-antigen 
such that it becomes immunogenic,29 or the presentation of normally sequestered self-
antigen in a proinflammatory setting, enhanced by apoptosis of cells following tissue 
damage.30-32 The release of soluble mediators (DAMPs) such as defensins, cathelicidins, 
HMGB1, and heat shock proteins following tissue injury can stimulate TLRs and other 
proinflammatory receptors to further potentiate immune activation pathways.33 The 
involvement of both the innate and the adaptive immune systems in the process of 
autoimmune induced tissue injury is regarded as a fact.

The amplification of the inflammatory pathways can take place following the activa-
tion of dendritic cells (DCs) and other myeloid cells by immune complexes containing 
endogenous Toll-like receptor (TLR) ligands, such as citrullinated proteins, RNA, or 
DNA.34,35 As previously suggested by murine models of diabetes, rheumatoid arthritis, 
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systemic lupus, IBD, and more, TLR signaling, both in myeloid cells and lymphocytes, 
stands as a major feature of such autoimmune diseases.36-39 Animal models have also 
depicted that the blockade of pathways of the innate immune system might lead to the 
amelioration of many autoimmune diseases and that a low threshold for the triggering 
of myeloid cells and differentiation of monocytes to DCs renders those models more 
susceptible for autoimmune disease. Additionally, some DNA and RNA sensors along 
with their associated adaptors and downstream signaling molecules can help regulate 
autoimmune responses to nucleic acids during the course of a protective immune 
response to viral pathogens. However, multiple functions of some of the signaling 
molecules involved in innate immunity make it difficult to target them for therapeutic 
purposes.40,41

Different environmental factors might also nonspecifically initiate and accelerate 
autoimmunity by activating the innate immune system leading to the secretion of pro-
inflammatory cytokines, such as type I interferons that have been shown to be respon-
sible for the initiation of lupus and the Koebner phenomenon in psoriasis.42

Other examples of the involvement of the innate immune system in autoimmune 
diseases are an excess accumulation of proinflammatory apoptotic debris as a result of 
complement deficiencies in systemic lupus erythematosus,43-45 increased levels of type 
1 interferon in first degree relatives of some patients with systemic lupus erythemato-
sus,46 the production of pathogenic oxidized DNA after exposure to TLR containing 
immune complexes as a result of atypical neutrophil cell death by NETosis in lupus,47-51 
increased inflammatory response to intestinal flora in inflammatory bowel disease (IBD) 
as a consequence of genetic alterations in bacterial sensing, autophagy, and endoplasmic 
reticulum (ER) stress pathways of the innate immune system,52,53 and much more.

Central and peripheral tolerance
The concept of immune tolerance is regarded as an ability of the immune system to 
prevent immune recognition of self.54 The development of self-tolerance incorporates 
both central and peripheral mechanisms to eliminate self-reactive lymphocytes, thereby 
preventing the immune system from targeting self-molecules, cells or tissues. There 
should be a lack of stringency in the suppression of autoreactive cells for autoimmunity 
to develop. B and T cells normally undergo a selection process during their maturation 
in primary lymphoid organs, the bone marrow and thymus, respectively, so as to elimi-
nate autoreactive cells and preserve self-tolerance.11,55-58 Given that somatic mutation 
of immunoglobulin genes routinely generates autoreactivity, a second process of selec-
tion also takes place for B cells following this process.58-62 This process, termed central 
tolerance, plays a crucial role in shaping immune system homeostasis. Central tolerance 
befalls during fetal life. After entering the thymus from the bone marrow, developing 
lymphocytes undergo positive selection in the thymic cortex before maturing and 
entering the circulation. In addition, lymphocytes with potential reactivity against 
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self-peptides are negatively selected and removed in the thymic medulla. Similarly, 
B cells undergo a process of negative selection in the bone marrow and in the spleen 
where B cells migrate as transitional cells after exiting the bone marrow, prior to achiev-
ing immunocompetence. Immature B cells expressing surface IgM that recognizes self-
antigens encountered during early maturation are deleted by a process known as clonal 
deletion or clonal anergy. The threshold for this negative selection is different for each 
individual.63,64 Autoreactive B cells might escape elimination by receptor editing. It is 
still unclear whether positive selection on self-antigen is required for B cells’ survival 
and if they need to display some degree of autoreactivity.

The process of negative selection of T and B cells mediated by engagement of the 
TCR or BCR in a noninflammatory setting, that occurs in the periphery as well as in 
primary lymphoid organs in order to eliminate autoreactive cells that do not encoun-
ter autoantigen in the thymus or bone marrow, is termed peripheral tolerance.58,63,65,66 
Despite some differences in antigen receptor signaling pathways, expression of costimu-
latory molecules and coreceptors, that exist between immature T or B cells and their 
mature counterparts, engagement of the antigen receptor is key to both central and 
peripheral tolerance. Mouse models of autoimmunity suggest that susceptibility to 
autoimmune diseases might result from a general lack of stringency in B or T-cell toler-
ance, while some cases might exhibit stage-specific defects.67-70 This distinction could 
help establish more tailored treatment strategies based on their tolerance impairment 
mechanism in different subsets of patients.

Even under the strict vigilance of central and peripheral tolerance explained above, 
small numbers of potential self-reactive T and/or B lymphocytes can still leak out into 
the periphery, and this could culminate in either transient physiological autoimmunity 
without evidence of clinical disease or classical/pathological autoimmunity which leads 
to tissue damage.71-74 Key concepts of the immune tolerance, comprising central toler-
ance, peripheral anergy, T regulatory cells (Tregs) and the homeostasis produced by che-
mokines and cytokines and their cognate receptors are discussed in detail in chapter 1.

Adaptive immune activation and regulatory lymphocytes
The stimulation of T and B cells in the periphery requires reception of two signals, one 
via ligation of the antigen receptor and the other by employing a costimulatory recep-
tor. When the critical antigen-presenting cells in primary immune response, namely, 
DCs, capture and present microbial antigens that bind to pattern-recognition receptors 
or TLRs, they transiently upregulate costimulatory molecules CD80 (B7.1) and CD86 
(B7.2) and are transformed from tolerogenic to immunogenic. T cells identifying micro-
bial peptides in either major histocompatibility complex (MHC) class I or II molecules 
on the immunogenic DCs will be activated. These expressed ligands activate CD28 and 
dramatically enhance TCR activation of phosphatidylinositol-3-kinase (PI3K)/protein 
kinase AKT and the transcription factor nuclear factor kappa B (NF-κB).75,76 While still 
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a naïve cell, T cells require a high-affinity interaction with the TCR to be activated; 
however, as a result of epigenetic transformations and changes in the structure of lipid 
rafts in the membrane facilitating rapid receptor cross-linking and less requirement for 
costimulatory signals, memory T cells can be activated by lower-affinity interactions. 
Hence, the threshold is set higher for the activation of naïve T cells by a self-peptide 
self-MHC complex as compared with memory T cells.77 There is emerging evidence 
that the balance of transcriptional regulators expressed in each T cell and the epigenetic 
changes are responsible for the determination and reinforcement of T cell phenotypes, 
respectively. Inflammation or infection can affect T-cell function, converting T cells phe-
notype from protective to those intensifying inflammation, through T-cell reprogram-
ming triggered by signals from the innate immune system.78 The activated T cells also 
provide costimulatory signals to B cells facing microbial antigen.

The molecular mimicry is the state in which both a microbial peptide and a self-
peptide are recognized by T cells and this could be a mechanism by which autoimmu-
nity can be provoked by infection.79 Mouse models of autoimmunity have suggested 
that the lower the stringency in the negative selection of naïve T cells, the more pres-
ence of T cells activated by foreign antigens and displaying pathogenic autoreactivity at 
the same time, and this phenomenon stands as a major contributor to autoimmunity. 
On the other hand, the cross-reactive B cells which bind both microbial antigen and 
self-antigen can present novel epitopes of self-antigen following their ingestion and 
processing and as these presented epitopes are often different from what presented by 
DCs, they can activate T cells with novel auto-specificities.80-83 Therefore, the resultant 
expanded activated repertoire of T cells critically contribute to a cascade of autoreactiv-
ity.84 There are data suggesting that both the molecular mimicry following activation 
by microbial antigen and the self-antigen can drive autoreactivity.79,85 According to the 
systemic lupus erythematosus studies, an excess of apoptotic debris, modifications in the 
antigens they present, or altered forms of nucleic acids can activate endosomal TLRs and 
transform DCs from tolerogenic into an immunogenic state, activate B cells and hence 
lead to a lupus-like serology with antichromatin reactivity.47,86-89

Exhausted T cell is a CD8 T-cell phenotype characterized by programmed death 
(PD1) expression, which exhibits altered metabolic profile, including glucose depen-
dence, high persistent mTOR, and increased mitochondrial depolarization and can 
recognize antigens but not initiate effector functions.90 This T cell phenotype is associ-
ated with cancer, infectious disease and autoimmunity and arise as the immune response 
progresses from the acute phase to the chronic phase as the costimulation from CD4 
T cells and antigen level wane.91 The molecular profile of exhaustion is linked to can-
cer progression and the inability to clear chronic infections but it represents a better 
prognosis in some autoimmune diseases.92 The administration of immune checkpoint 
inhibitors that antagonize key coinhibitory molecules such as CTLA4 and PD1 and 
activate exhausted cells as part of cancer chemotherapy has been shown to induce a 
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broad spectrum of autoimmune diseases in a substantial number of patients. These side 
effects are more frequent when a combination of CTLA4 and PD1 directed therapies 
are used, followed by the sole administration of anti-CTLA4 and then anti-PD1 therapy. 
This whole situation demonstrates the trade-off between immunocompetence and 
autoimmunity.93,94

The mechanisms of action of regulatory T and B cells are another area of research 
interest. CD4+ Tregs represent a Th cell subset that arises either early during thymic 
development in a manner dependent on CD28 and IL-2 in response to TCR encoun-
ter with self-antigens with an avidity lower than that needed for negative selection, 
or later after antigen exposure in the periphery in a manner dependent on IL-2 and 
TGF-β and augmented by the vitamin A metabolite retinoic acid, and helps to maintain 
self- tolerance and controlling immune responses.95-97 These cells exert their regulatory 
function in different ways, including induction of apoptosis of effector lymphocytes, 
inhibition of DC function, depriving effector T cells of cytokines or essential amino 
acids culminating in apoptosis, or production of inhibitory cytokines. CD4+CD25+ 
Tregs, critical cells for sustaining peripheral self-tolerance, express Foxp3, the lineage-
defining transcription factor for Tregs,98 the expression of which is stabilized by epi-
genetic modifications of DNA, enhancing transcriptional availability of inhibitory 
cytokines while hindering access of transcription factors to DNA-encoding inflamma-
tory cytokines,99,100 with spontaneous mutations known to result in the development of 
severe, multiorgan autoimmunity in both mice and humans.101-103 This finding supports 
the notion that Tregs are pivotal actors in restricting potentially autoreactive Th cells 
and that defective Treg function may underlie the development of certain autoimmune 
diseases. In vitro studies have demonstrated that Tregs regulate effector T-cell activation 
and expansion both by acting directly on the responding effector T cell, through direct 
granzyme mediated cytolysis, restricting the bioavailability of IL-2 either by decreas-
ing IL-2 transcription or its consumption, and secretion of inhibitory cytokines IL-10 
and TGF-β,104-107 as well as indirectly, by modifying APC function, either by preventing 
APC maturation or by downregulating the expression of B7-1 or B7-2,108-110 which is 
dependent upon Treg expression of CTLA-4, which physically removes B7-1 and B7-2 
from the APC via transendocytosis following binding them.111,112

Type 1 regulatory T (Tr1) cells are a Th subset exerting a regulatory function mainly 
via the expression of expressing immunosuppressive cytokines such as TGF-β or IL-10 
in the absence of Foxp3 expression113 and can be induced by IL-27.114-116 IL-27 activates 
the pivotal factors for Tr1 cell differentiation, including STAT1 and STAT3,117 and in 
its exogenous form, it induces transcription of IL-21, c-Maf and inducible costimula-
tor (ICOS), which altogether cooperate in the amplification of Tr1 cells.113,117-119 AHR, 
HIF1α, IRF1, and BATF are also amongst other transcription factors involved in Tr1 
cell differentiation.120,121 Once activated, Tr1 cells facilitate suppression through both 
restraining cytokine production and contact-mediated lysis of effector cells. IFNγ and 

(c) ketabton.com: The Digital Library



Clinical immunology130

galectin 1, as suggested by recent studies, might stimulate DCs to produce IL-27, sug-
gesting a potential way for therapeutic activation of Tr1 cells.122

There are also several checkpoints, including receptor editing, clonal deletion, 
anergy and prevention of the production of inflammatory cytokines and autoreac-
tive responses by Bregs and Tregs in the periphery, to prevent autoimmunity through 
curtailment of the escape of autoreactive B cells to the periphery and their activation. 
IgM antibodies with low-affinity autoreactivity can induce opsonization of apoptotic 
material and noninflammatory clearance and hence, suppress immune responses.123 
Regulatory B cells (Bregs), a subset of B cells with regulatory functions, can produce 
potent antiinflammatory cytokines IL-10 and TGF-β, restraining the excessive inflam-
mation associated with autoimmunity and playing an important role in the maintenance 
of tolerance.124 Animal models have shown that B cell-derived IL-10 could dampen the 
severity of inflammation in multiple autoimmune diseases.125,126 Bregs contribute to the 
maintenance of peripheral tolerance by the production of the antiinflammatory cyto-
kines IL-10 and/or TGFβ, either directly by preventing the differentiation of Th1, Th17, 
and CD81 T cells or indirectly by transforming targeted effector T cells to Tregs.125 It 
has been suggested that an increase in IL-10 production by Bregs follows exposure to an 
autoantigen and this leads to an enhanced ability to suppress autoimmune responses.127 
Cytokines including IL-1, IL-6, IL-21, and IL-35 and CD40 engagement are known 
as other signals inducing IL-10-producing Bregs.128-130 Isolated Bregs fail to increase 
the production of IL-10 in response to CD40 ligation and to suppress the production 
of proinflammatory cytokines by T cells in lupus patients.131 Interestingly, a successful 
B cell depleting anti-CD20 monoclonal antibody for treating some autoimmune con-
ditions, namely, rituximab, might act through both depleting autoantibody-producing 
B cells and changing the balance between pathogenic and Bregs following B cell 
repopulation.132,133 Please see Chapter 1 for a more in-depth discussion on the adaptive 
immune system and regulatory cells.

Defective suppression of immune activation
In order to restore immune homeostasis following the stimulation of an immune 
response, a great proportion of the cells that have undergone clonal expansion should 
be eliminated and a defect in this process act as a risk factor for autoimmune diseases. 
Downregulation of the immune response is critical to normal homeostasis of the 
immune system and is mediated by different inhibitory pathways. The elimination of 
T and B cells usually takes place soon after their activation. Cross-linking of the BCR 
and FcRIIB by antigen-antibody complexes eventually leads to the downmodulation of 
B cell response. This can be exemplified by the FcRIIB deficiency on B cells in lupus 
cases, resulting in poor control of the autoantibody production.134,135 For the T cell, this 
occurs, in part, by the interaction between multiple coinhibitory molecules expressed 
on activated T cells, such as PD1 and CTLA4, with their receptors either within lym-
phoid organs or in the peripheral site of inflammation.136 Either the mutation in these 
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molecules or their pharmacologic inhibition is associated with autoimmunity.137-139 In 
some cases, defective activation-induced cell death of B and T cells modulated by Fas-
Fas ligand interactions can lead to autoimmunity.140,141

Tissue damage
Various effector pathways are known to be involved in tissue destruction, depending 
on the autoimmune disease. It is also noteworthy to mention that the mechanisms 
promoting autoimmune disease might differ from those propagating tissue damage. The 
promiscuous nature of the immune system and the commonly orchestrated immune 
responses implementing multiple cell populations could make the treatment of some 
autoimmune diseases, such as SLE, very challenging.

The autoantibodies, a common feature of autoimmune diseases,142 not only are 
key components in their diagnosis and classification, but may also be involved in tis-
sue destruction through a variety of mechanisms, including the cytotoxic destruction 
of cells by cell surface binding and lysis by complement activation and/or antibody-
dependent cell-mediated cytotoxicity (ADCC) as the most common pathways of 
destruction,143 interaction with cell surface receptors, which can both activate and 
block selective pathways as it happens at the level of antithyroid-stimulating hormone 
and anti-acetylcholine receptor for Graves’ disease and myasthenia gravis, respectively, 
and binding to extracellular molecules, such as in the antiphospholipid antibody syn-
drome.144 Autoreactive cytotoxic T cells also recognize target cells following binding of 
the appropriate combination of MHC I and autoantigen-derived peptides to the TCR, 
resulting in direct destruction of target cells through1 activation of Fas-Fas ligand, which 
incites apoptosi;s2 secretion of cytokines causing tissue injury; and3 secretion of cyto-
toxic granules disintegrating cell membrane and triggering apoptosis.2

A body of evidence has suggested that the microenvironment and the cytokine pro-
file of the autoreactive B and T cells and the effector cells differ between their initial site 
of activation, namely, secondary lymphoid organs, and the target organs in which tissue 
fibrosis is eventually observed.145-147 Certain cytokines capable of inducing autoreactiv-
ity in certain occasions might preclude tissue damage in some other contexts, and vice 
versa, hence, there is no clear-cut distinction between their proinflammatory and anti-
inflammatory properties. Considering the differential effects of the cytokines and other 
mediators in the immune activation and tissue destruction processes, it seems possible 
to therapeutically revert immune-mediated tissue destruction, even as autoreactivity 
goes on uninhibitedly.148,149 Examples of such differential effects are IL-10, which exerts 
anti-inflammatory effects through inhibition of APCs, but act as T-cell proliferation, 
immunoglobulin class switching, and antibody production driver later in the disease 
process150,151; proinflammatory interferon-γ that can antagonize the differentiation of 
IL-17-producing T cells and hence shows anti-inflammatory features in the early stages 
of some autoimmune diseases152-154; and the TGF-β, inhibiting the initiation of autore-
activity, but accelerating tissue fibrosis later on.155
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A major concern in autoimmune diseases is tissue fibrosis, characterized by the 
deposition of collagen and extracellular matrix due to the prolonged induction of 
myofibroblasts and failed resolution and repair, that can be triggered by several differ-
ent factors, including the activation of coagulation pathways, excessive cell death, ER 
stress, cytokines and other immune mediators, such as TGF-β, conversion of which by 
either mechanical stress or chemical danger signals from a latent form to an activated 
profibrotic form, leading to fibroblast differentiation.156-159 Infection, local tissue hypoxia 
and ongoing tissue damage with an accumulation of toxic metabolites are amongst the 
factors impairing the resolution of fibrosis.157

There are also conspicuous roles for innate immune cells in tissue damage. 
Neutrophils, eosinophils and mast cells can propagate tissue fibrosis. Macrophages, either 
recruited to the site of the lesion or being intrinsically present at the target organs, act 
as critical players in both the initial inflammatory process and the dead tissue clearance 
and tissue repair stage.160,161

Initiation and facilitation of autoimmunity
Noninfectious environmental triggers
Environmental exposures or changes in the internal environment are important triggers 
for the expression of autoimmunity. Accumulating evidence suggests that autoimmune 
diseases result from environmental exposures in genetically predisposed individu-
als.162-166 Environmental agents might also have an impact on epigenetic modifications, 
modulated by heritable but potentially adjustable changes in chromatin structure or 
DNA methylation.167,168 Autoimmune diseases, in the same manner as cancers, could be 
considered as multifactorial entities in which a multitude of genetic and environmental 
factors must interact and may need to do so in the correct order, perhaps preceding the 
development of the clinical disease by months to years. While certain environmental 
factors play a role in disease pathogenesis, some other factors seem to have a role in dis-
ease progression, severity and clinical presentation or might serve as protective factors.169 
Although the mechanisms at work in noninfectious environmental factors associated 
with autoimmune diseases remain poorly uncovered, it has been suggested that different 
pathogenic mechanisms are likely involved in the development of different syndromes.

Physical activity
Lack of exercise is associated with aggravated forms of certain autoimmune conditions 
in humans, including scleroderma, systemic lupus erythematosus and myositis.170,171 
Animal models have also shown that the adoption of an exercise regimen might dampen 
autoimmune disease activity.172 Although the role of physical activity in autoimmunity 
had gained much attention, Further studies are still required for a better understanding 
of its impact on autoimmune diseases.
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Vitamin D
Besides the known role of vitamin D in the modulation of calcium metabolism, cellular 
growth, proliferation and apoptosis,173 it has been found to have many impacts on the 
immune system as a natural immune modulator.174 Decreased vitamin D levels have 
been confirmed in multiple autoimmune diseases, including multiple sclerosis, psoriasis, 
systemic lupus erythematosus, rheumatoid arthritis and vitiligo,175-177 however, it is still 
not clear whether vitamin D deficiency is a cause or consequence of autoimmunity.

Smoking
Tobacco smoke is a well-recognized risk factor for seropositive rheumatoid arthritis, 
Crohn’s disease as well as for all combined autoimmune thyroid disease,178,179 while 
the results of the studies of smoking and multiple sclerosis, Hashimoto’s thyroiditis and 
systemic lupus erythematosus have been inconclusive.163,180 Several pathways might 
be implicated in disease development. Cigarette smoke may elicit an innate immune 
response employing different TLR stimulating compounds it contains. Smoking can 
also promote the development of rheumatoid arthritis by modifying gene expression in 
the joint181 and interacting with the HLA haplotype.182 Smoking has also been associ-
ated with primary biliary cholangitis, Sjogren’s syndrome and certain phenotypes of the 
idiopathic inflammatory myopathies.183-185 On the contrary, a negative association has 
been demonstrated between smoking and the development of ulcerative colitis, indicat-
ing different roles of the chemicals in tobacco in various contexts.

Pharmaceutical agents
The appearance of autoimmune diseases following exposure to drugs is of great inter-
est and extensively reviewed, however, few drugs have been assessed in epidemiologic 
investigations and the underlying interaction of drugs with genetic and other risk fac-
tors is yet to be deciphered. Drug-related autoimmune diseases, in many circumstances, 
might differ from nondrug-linked diseases in terms of genetic, clinical or serologic fea-
tures. Amongst more than 80 autoimmune diseases reported anecdotally to be associated 
with drugs, lupus-like syndromes are the most commonly recognized, characterized by 
autoantibodies to single-stranded DNA and histones. Drug-linked lupus differs from the 
non-drug-related form in the presence of autoantibodies to single-stranded DNA ver-
sus double-stranded DNA, genetic background, frequency of arthritis, neurologic and 
renal involvement.186 Although such lupus-like syndromes might reverse when drugs are 
discontinued, there remains the likelihood that the disease persists in some cases.

Stress
Stressful life events have been shown to predispose to the development of many auto-
immune diseases. Empowering immune responses by induction of TNF-alpha, IL-1, 
and IL-8, and inhibition of transforming growth factor-beta production, have been 
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suggested as possible mechanisms of how stress plays a role in autoimmune diseases.187 
There is evidence for an association between stress and Graves’ disease, celiac disease, 
alopecia areata, lupus, type 1 diabetes, vitiligo and juvenile idiopathic arthritis.188-191

Vaccines
Vaccination is a long-established public health measure, which might lead to immune-
mediated adverse events, but this should not prevent the use of vaccination.192 There 
are rare instances of autoimmune reactions and autoimmune disease that have been 
developed after vaccination in genetically predisposed individuals, however, only a few 
have been deemed to be associated with a disease, such as thrombocytopenic purpura 
after the measles vaccine and chronic arthritis after rubella virus vaccine, likely via the 
mechanisms of molecular mimicry.193 Less is known whether vaccines can aggravate 
autoimmune diseases.

Diet and gut microbiome
The role of the microbiome is being studied intensively for its impact on the regula-
tion of immune responses and autoimmune diseases.194-197 Being affected by genetic 
background, age, gender, antibiotics, dietary components, such as consumption of pro-
cessed foods, intake of dietary fiber, and exposure to beneficial microbes,198-200 diverse 
bacteria are identified at epithelial barriers including the skin and the gut, whereby they 
play a crucial role in digestion and production of essential vitamins and metabolites. 
Disruption of the beneficial gut commensal flora has been propounded as the driver of 
certain inflammatory diseases.201,202

Evidence has emerged suggesting a role for an altered, dysbiosis-related microbiota 
composition in the pathogenesis of both autoimmune and nonautoimmune inflamma-
tory diseases, including Sjogren’s syndrome, Behcet’s disease, scleroderma,203 multiple 
sclerosis,204 rheumatoid arthritis,205-207 type 1 diabetes,208-211 Crohn’s disease and ulcerative 
colitis,212,213 celiac disease,214 lupus, and others.215 It is assumed that a combination of the 
absence of protective commensal species and the presence of certain bacterial species pro-
mote disease. Short-chain fatty acids (SCFAs), which are the major metabolites produced 
by gut commensal bacteria, as well as the omega-3 fatty acids and tryptophan catabolites 
are currently regarded as the leading metabolites that likely play protective roles for auto-
immune and other inflammatory diseases, contributing to gut and immune homeostasis. 
Bacterial metabolites exert their protective, anti-inflammatory, protolerogenic actions via 
well-characterized receptors, transcription factors, and epigenetic mechanisms. The less 
dietary fiber ingested, the lower the production of SCFAs, which are probably the most 
important metabolites in gut homeostasis and this might underlie the development of 
certain autoimmune diseases as well as, allergies, asthma, Alzheimer’s disease and cardio-
vascular disease.216,217 Although the gut has been considered as the main site where the 
dietary metabolites acted on the mucosal immunity and epithelial integrity, for instance, 
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it has been suggested that systemically distributed metabolites, such as SCFAs, might play 
a role in the course of macrophage/dendritic cell (DC) differentiation in the bone mar-
row, inflammatory responses, and lung responses.218,219

Apart from the profound effect of diet on the composition of gut microbiota, certain 
diets may take a part in the development of some autoimmune diseases.220 Celiac disease, 
characterized by an immune response to ingested wheat gluten and related proteins of 
rye and barley, with autoantibodies acting against transglutaminase leading to intestinal 
inflammation, crypt hyperplasia and villous atrophy, is an example of a food-associated 
autoimmune disease, for which dietary intervention with a gluten-free diet stands as the 
main treatment modality.221

Infectious triggers
Inherent genetic susceptibility and infection are equally important factors in the 
extremely complex and multimechanistic pathogenesis of autoimmune diseases. 
Microbial antigens have the potential to trigger or amplify autoreactivity through 
molecular mimicry, bystander activation of autoreactive cells, epitope spreading and 
infection-induced enhancement and maintenance of autoreactive T cells and APC sig-
naling.222,223 It is noteworthy that more than one possible microbial trigger might be 
present for some autoimmune diseases. The causal relation between microbial infection, 
the antimicrobial response, and autoimmune disease have been clearly verified in auto-
immune conditions such as Guillain Barre´ syndrome, where antibody cross-reactivity 
between human gangliosides and lipopolysaccharides of C. jejuni has been depiceted, 
and rheumatic fever, initiated by streptococcal infection and mediated by cross-reactivity 
between streptococcal and cardiac myosin.85,224-228 T cell or antibody cross-reactivity 
with both self and microbial antigen or microbial infection is known to precede some 
other autoimmune disease.223,229,230 Epitope spreading, frequently via B cell-mediated 
antigen presentation, to other epitopes on the same protein or associated proteins fol-
lowing the initiation of response to self-antigen could be the mechanism involved in the 
pathogenesis of autoimmune diseases, as well.231 Several questions are still left unresolved 
regarding how pathogenic challenges may interrupt immune regulation and precipitate 
autoimmunity.

Genetics and epigenetics
Almost all autoimmune diseases are complex genetic traits, resulting from a combina-
tion of environmental, genetic and stochastic risk factors, each contributing a fairly 
small degree of risk. As genotypes at more than one different loci contribute to disease 
vulnerability in an indistinguishable manner, the disease phenotype is a weak predictor 
of the presence of a susceptibility gene. A few autoimmune diseases have been identi-
fied as monogenic in nature.232,233 An example of a monogenic autoimmune disease 
is autoimmune polyendocrinopathy-candidiasis ectodermal dystrophy, a disease of 
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multiple endocrine organs often initiated in childhood or teenage years, presenting 
with chronic Candida infection, autoimmune hypoparathyroidism and Addison’s disease, 
which is a consequence of a deletion in the autoimmune regulator (AIRE) gene.234-237 
Even though the absence of the AIRE gene, which encodes a protein promoting the 
expression of tissue-specific genes in medullary epithelial cells in the thymus which 
then affects negative selection in the thymus and thus self-antigen presentation,67,238 
seems sufficient for autoimmunity, the phenotype of the consequent disease can be 
quite variable even within a single family. Autoimmune lymphoproliferative syndrome 
(ALPS), characterized by the accumulation of a polyclonal population of double-
negative T cells (CD3+TCRαß+CD4−CD8−), B cells and by autoantibody production, 
is another monogenic autoimmune disease resulting from a defect in the Fas gene.239-242 
The engagement of Fas protein, expressed on activated lymphocytes, by Fas ligand, 
accelerates the death of the Fas-expressing cells and hence downregulates the immune 
response. Immunodysregulation polyendocrinopathy enteropathy X-linked syndrome 
(IPEX), resulting from defective Foxp3 gene localized to Xp11.23243 and IL2Rα defi-
ciency, consequence of a deletion of the CD25 gene, both harboring mutations that 
modify the functional development of CD4+CD25+ Tregs and culminate in the loss of 
peripheral tolerance,244 are other examples of monogenic autoimmune diseases affecting 
the bowel and endocrine organs.

The majority of autoimmune diseases are not monogenic, but rather have multiple 
genetic factors that play a role. For most autoimmune diseases, multiple genetic factors 
contribute to the disease phenotype and a summation of susceptibility and resistance 
loci play a role in individuals’ risk of developing an autoimmune disease. Despite the 
identification of a number of autoimmunity associated genetic variants, mostly in non-
coding regions of genes,245-247 genome-wide association studies (GWAS) have revealed 
the major histocompatibility complex (MHC) locus as the polymorphic locus most 
closely associated with autoimmune diseases,19 however, these results have failed to have 
major predictive strength. Specific HLA alleles strongly associated with autoimmune 
diseases have been identified in systemic lupus erythematosus (HLA class II: DR3, DR2 
and DR8; HLA class III: SCIVaL, CFB, RDBP, DOM3Z, STK19C4A and C4B), type 
1 diabetes (HLA class II: DQ2 and DQ8; HLA class I: HLA-A and DQB1 × 0602), 
autoimmune thyroid disease (HLA class II: DR3 and DR4), rheumatoid arthritis (HLA 
class II: DR4; HLA class III: TNF), celiac disease (HLA class II: DQ2 and DQ8) and 
psoriasis (HLA class I: Cw*0602, Cw1203, and HCP5).248 GWAS have also identified 
genetic risk loci other than MHC, confers a modest risk for autoimmunity.19,249

GWAS have described several uncommon loci, associated with gene products 
involved in both innate and adaptive immune responses, demonstrating the occur-
rence of multiple autoimmune diseases within one individual and the predisposition to 
autoimmunity within families.18,250 This concept is exemplified by the polymorphisms 
of cytotoxic T-lymphocyte associated protein 4 (CTLA4), an inhibitory costimulatory 
molecule present on activated T cells, which confers risk for Graves’ disease, type 1 
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diabetes, and autoimmune hemolytic anemia,251 as well as interferon regulatory factor 5 
and transportin 3 encoding IRF5-TNPO3, which contributes to the accumulation of 
lymphocytes within lymphoid organs, failure of autoreactive native T cells elimination, 
TLR signaling, mediation of apoptosis triggered by the TNF-related apoptosis-induced 
ligand, development of dendritic cells, polarization of inflammatory macrophage and 
Th1–Th17 responses. IRF5-TNPO3 conveys risk for lupus, rheumatoid arthritis, ulcer-
ative colitis, primary biliary cholangitis, and Sjogren’s syndrome.252 Similarly, CARD15 
(NOD-2) gene plays a role in both inflammatory bowel disease and psoriasis,253-256 and 
polymorphisms in tyrosine phosphatase nonreceptor type 22 (PTPN22), having a dual 
role and involved in the modulation of lymphocyte receptor signaling, is associated with 
type 1 diabetes, SLE, RA, and Graves’ disease and Crohn’s disease.257 Some other gene 
variants shared by multiple autoimmune diseases comprise BTB and CNC homolog 2 
(BACH2), chemokine C─C motif receptor 6 (CCR6), suppressor of cytokine signaling 
1 (SOCS1), pseudouridylate synthase 10 (PUS10), mitogen-activated protein kinase 1 
(MAPK1), RNA-binding motif protein 17 (RBM17), signal transducer and activator 
of transcription 4 (STAT4), thymocyte selection associated (THEMIS), intercellular 
adhesion molecule 3 (ICAM3), runt-related transcription factor 1 (RUNX1), IKAROS 
family zinc finger 3 (IKZF3), tyrosine kinase 2 (TYK2), CD80, tumor necrosis fac-
tor receptor superfamily member 14 (TNFRSF14), interleukin-12 receptor, beta 2 
(IL-12RB2), RAD51 paralog B (RAD51B) and IL-12B249,258 It should be emphasized 
that as the GWAS method distinguishes only prevailing polymorphisms with frequen-
cies of between 1 percent and 5 percent within the population, the genetic risk variants 
recognized by this method account for only a small proportion of the overall contribut-
ing heritable risk factors of the disease.19,245 Longitudinal cohorts are being assessed to 
identify Combinations of genes, predictive of the risk of disease.259-262

The concordance rate of 12–67  percent of autoimmune disease in monozygotic 
twins indicate a contribution from stochastic and environmental factors and the 
complementary mechanisms involved in gene regulation.263,264 According to the stud-
ies performed, gene expression based on changes in DNA sequence or mutations is 
not sufficient to ultimately result in various disease phenotypes and that epigenetic 
deregulation affects the severity of these diseases.265 It is also becoming evident that 
environmental changes can modify gene expression patterns, hence, epigenetic altera-
tions, which might have an impact on the immune system function by changing the 
access of DNA regions to the transcriptional machinery through histone acetylation, 
DNA methylation, modifications that preclude transcription through inhibitor miR-
NAs, and ubiquitination or citrullination associated alterations in the intracellular pro-
tein longevity or processing, can have a potential role in the interactions between the 
environment and genes.266-268 Epigenetic events are associated with loss of tolerance in 
certain autoimmune conditions, including hypomethylation of peptidylarginine deami-
nase 2 (PAD2)269 and Src homology region 2 domain-containing phosphatase-1270 in 
multiple sclerosis, histone deacetylase inhibitors in rheumatoid arthritis,271 insulin DNA 
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hypermethylation in type 1 diabetes,272 acetylation of histone H4 in aquaporin 5 gene 
promoter in Sjogren’s syndrome,273 methylation of the CD40L promoter in primary 
biliary cholangitis,274 microRNA signaling in type 1 diabetes, lupus, ulcerative colitis, 
multiple sclerosis, psoriasis and Sjogren’s syndrome275-277 and histone acetylation in active 
CD4+ T cells in lupus.278

Multisystem autoimmune diseases
Systemic lupus erythematosus
Definition and Epidemiology
Systemic lupus erythematosus (SLE) is a systemic autoimmune disease with protean 
clinical manifestations and complex pathogenesis, more prevalent in the women of 
child-bearing age, resulting in significant morbidity and mortality worldwide. SLE is 
typically associated with antinuclear antibodies (ANA), in particular anti-double-stranded 
DNA (anti-dsDNA) antibodies, forming immune complexes and activating different 
cell types in genetically susceptible individuals, leading to multiorgan damage. Incidence 
rates of between almost 2 and 8 per 100,000 have been reported with differences partly 
due to genetics and the design of the study.279,280 Several studies have confirmed the 
higher incidence and prevalence in African American, Hispanic and South Asian and 
Caribbean populations.281-284

Pathogenesis
SLE is a classical polygenic disease, with multiple genetic variants that contribute to 
disease susceptibility,285-291 although it can be monogenic in nature, predominantly in 
younger patients. There is a high sibling recurrence ratio in SLE.292 Early twin studies 
reported a monozygotic concordance rate of up to 69 percent, however, overreporting 
bias is suspected.293 Deficiencies in early complement proteins from the classical path-
way, such as C1q and C4, and mutations in TREX1, a DNA exonuclease,294,295 genes 
involved in type I interferon production, nucleic acid sensing, clearance of self-antigen, 
apoptosis, and tolerance render individuals susceptible to SLE.296 GWAS showed at 
least 62 loci associated with SLE, including PTPN22, STAT4, IRF5, FCRG2A, HLA-
DRB1, ETS1, WDFY1, IKZF1, BLK, BANK1, and ITGAM-ITGAX.246,297-301

Over 100 autoantibodies have been illustrated in SLE.302 Almost all SLE patients are 
positive for ANA, a diverse group of autoantibodies targeting DNA, DNA-binding pro-
teins, histones, RNA, RNA-associated proteins, autoantibodies associated with phos-
pholipids or cell membrane proteins, some associated with organ-specific manifestations, 
which present with a nuclear homogenous, nuclear centromeric, nuclear fine-speckled 
or nuclear coarse speckled patterns.303 Anti-dsDNA, the most widely assayed autoanti-
body in SLE, as well as anti-Sm are the most specific for SLE. Free DNA, released from 
dying cells via apoptosis, necrosis and the development of neutrophil extracellular traps 
(NETosis),304 and dsDNA antibodies combine to shape antigen-antibody complexes, 

(c) ketabton.com: The Digital Library



Autoimmune diseases 139

deposited in organs as in the kidney and skin and eventually result in end-organ damage 
by complement activation and antibody-dependent cellular cytotoxicity. Dysregulation 
of the innate immune system and the adaptive immune system are involved in the 
pathogenesis of SLE.305 Different immune cells, such as autoreactive B and T cells, 
dendritic cells, neutrophils, innate lymphoid cells, natural killer cells, stromal cells and 
tissue-resident lymphocytes are suggested to be implicated in pathogenesis. Defects in 
central tolerance, anergy, and peripheral tolerance in SLE occurs many years before the 
onset of clinical disease.306-308

Clinical features
Various and sometimes poorly defined clinical manifestations and lupus subsets make 
the precise disease delineation in SLE difficult. Constitutional symptoms such as fever, 
weight loss, lymphadenopathy and fatigue may precede clinical diagnosis and the overt 
mucocutaneous, musculoskeletal, cardiac, vascular, pulmonary, renal, hematologic and 
neuropsychiatric manifestations and can sometimes be the most troubling and intrac-
table for patients. Given the fact that a diagnosis can be made on the basis of three 
forms of mucocutaneous disease and a positive ANA, a cautious inspection of the mucus 
and cutaneous membranes are necessary. This group of manifestations consists of malar 
rash, the classical feature of lupus which can be photosensitive, bullous lupus, epidermal 
necrolysis, livedo reticularis, and a maculopapular lupus rash, subacute psoriaform and 
occasionally depigmented and telangiectatic rashes, chronic discoid rash, lupus pannicu-
litis, chilblain lupus, oral ulcers of the tongue, palate, and buccal area, nasal ulceration, 
hair loss and fragile hair. Myocardial and endocardial inflammation, such as LibmanSacks 
endocarditis, accelerated atherosclerosis, pericarditis and pericardial effusion account for 
lupus cardiac manifestations with the two latter as the commonest cardiac presenta-
tions. Twenty percent of SLE patients present with Raynaud’s phenomenon and may 
need management with nifedipine or iloprost, or sildenafil and bosentan in the case of 
digital ulceration. Medium-to-high titer of IgA, IgG, or IgM antiphospholipid anti-
body, lupus anticoagulant or positive IgA, IgG, or IgM anti-β2 glycoprotein antibody 
are defined as antiphospholipid syndrome and might eventually lead to thrombosis and 
recurrent miscarriage. Leucopenia, hemolytic anemia, thrombocytopenia, pleuritis and 
exudative pleural effusion are other features of SLE, which can be challenging to man-
age. Interstitial fibrosis and interstitial pneumonitis are amongst other SLE pulmonary 
manifestations. Neurological manifestations of SLE encompass a wide group including 
peripheral neuropathies, seizures, stroke and transient ischemic attacks, cranial nerve 
palsies, acute confusional states and psychosis. Musculoskeletal manifestations of SLE 
range from synovitis and tenderness of joints with early morning stiffness, Jaccoud’s 
arthropathy, avascular necrosis as a complication of steroid therapy, commonly affecting 
the hip and tibial plateau, myalgia that may be related to medications such as statins to 
myositis as an uncommon feature. Lupus nephritis remains one of the most important 
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SLE manifestations present in up to 35 percent of patients, which can progress to end-
stage renal failure in 10 percent−20 percent of patients.309-314

Treatment
Anchor drugs in the treatment of SLE during the acute and quiescent phase are disease-
modifying agents, particularly chloroquine and hydroxychloroquine (HCQ), which 
has demonstrated survival benefit and protection against thrombosis.315,316 HCQ level 
optimization does not seem to convey added benefit.317 Considering the risk of retinal 
toxicity especially in those with concomitant risk factors, including higher HCQ dose, 
the use of tamoxifen, longer duration of use and preexisting renal or retinal disease, a 
maximum daily HCQ dose of less than 5.0 mg/kg real weight has been suggested.318 
Other disease-modifying drugs, such as azathioprine, generally administered as a ste-
roid-sparing agent, particularly in patients with renal involvement,319 mycophenolate 
mofetil (MMF), used as effective induction therapy in lupus nephritis,320,321 calcineu-
rin Inhibitors, namely cyclosporin A, tacrolimus and voclosporin, exerting side effects 
such as hypertension, hirsutism and gingival hyperplasia, although being complicated 
to monitor, shown to be useful when significant leucopenia or other toxicities occur 
with mycophenolate, azathioprine, or cyclophosphamide,322 intravenous steroids, and 
cyclophosphamide, which has been used as a mainstay of treatment in acute lupus 
nephritis.323 Biologic agents with beneficial roles in SLE comprise rituximab, a chime-
ric monoclonal antibody against CD20, depleting B cells but not plasma cells, useful 
in renal and extrarenal SLE,324 belimumab, reducing CD20-positive B cells, and anti-
dsDNA autoantibodies, and short-lived plasmablasts through inhibition of upregulated 
BLyS, a key B-cell survival factor,325 and atacicept, which is a fusion protein of the trans-
membrane activator and calcium modulator and cyclophilin ligand interactor (TACI) 
receptor with human IgG.326 Research is underway to assess other potential agents and 
treatment measures such as mesenchymal stem-cell transplant,327 plasma exchange,328 
autologous hematopoietic stem-cell transplantation (HSCT),329 ustekinumab, a mono-
clonal antibody against the p40 subunit of IL-12 and IL-23,330 janus kinase (JAK) inhibi-
tors such as tofacitinib, epratuzumab, a monoclonal antibody targeting CD22 on B 
cells,331 sifalimumab, a human monoclonal antibody binding to IFN-α,332 rontalizumab, 
a human monoclonal antibody targeting all subtypes of IFN-α,333 anifrolumab, a type I 
IFN receptor antagonist,334 and bortezomib, a proteasome inhibitor.335

Rheumatoid arthritis
Definition and Epidemiology
Rheumatoid arthritis (RA) is the prototypic autoimmune joint disease, affecting 
0.5–1 percent of the populations in the industrialized world and a higher frequency in 
women than men (23:1),336-338 that might eventually impair quality of life and enormous 
consequences of the burden of the disease to the individual and society. It has been 
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suggested that both genetic and environmental factors, such as adverse socioeconomic 
conditions,339-341 smoking, associated with increased tumor necrosis factor and autoanti-
body production,339,342-344 hormonal factors,336 and the microbiome as an important reg-
ulator of autoimmunity,345-347 might play an important role in the development of RA.

Genetics and autoimmune characteristics
Various genetic associations have been found in RA, many of them in or near the genes 
coding for cytokines and their receptors, signal transduction molecules and costimula-
tory molecules,348 mostly related to autoantibody-positive RA,343,349 including HLA-
DRB1-0401, −0404, −0405, −0408; HLA-DRB1-0101, −0102; HLA-DRB1-1001; 
and HLA-DRB1-1402 which together are present in about 80  percent of RA 
patients350; and non-MHC genes such as PTPN22,351 SNPs in the complement com-
ponent 5/TNF receptor-associated factor 1 (TRAF1) region at chromosome 9q33,352 
a variant allele of STAT4, located on chromosome 2q353 together with polymorphisms 
in the CD40 and the TNF, alpha-induced protein 3 genes.354 In addition, SNPs in the 
DCIR gene (a C-type lectin) and IRF5 are the genetic associations with seronegative 
RA.355,356

The presence of autoantibodies in the circulation and synovial fluid is the immuno-
logic hallmark of RA, the appearance of which prior to the onset of RA is indicative of 
the hypothesis that the activation of the autoimmune response takes place long before 
clinical manifestations become evident and that the development of the disease is a 
multistep process with an initial trigger provoking autoimmunity.357

Rheumatoid factor (RF) is a family of autoantibodies directed against the Fc por-
tion of immunoglobulin G that can be produced by B cells infiltrating the synovial 
membrane,358,359 possibly exerting physiologic roles such as elimination of modified IgG 
and enhancement of immune complex clearance by amplifying complement binding 
and increasing the size of immune complex,360,361 and was the first autoantibody ever 
described in RA,362 found in up to 80 percent of RA patients. RFs can be of different 
isotypes, including IgM-RF, associated with significant joint damage especially at high 
levels (> 50 IU/mL),363-365 IgG-RF, and IgA-RF, predictive for the development of RA 
and associated with worse prognosis.366,367 RFs are not specific for RA and can occur 
in some other autoimmune rheumatic diseases and infections368-371 and even in up to 
5 percent of healthy individuals, in whom an up to the 26-fold increased risk of devel-
oping RA exists,372 indicating the involvement of RF in the pathways to inflammation 
and joint destruction as a consequence of immune complex formation and succeeding 
Fc receptor binding, complement activation, and subsequent elevation of inflammatory 
cytokines levels.373-375 RF levels are known to alter rapidly with changes in disease activ-
ity and diminishes following effective therapy.376

Another important autoantibodies in RA, anticitrullinated-protein antibodies 
(ACPAs), have been suggested to be somewhat more specific than RF, associated with a 
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bad outcome, levels of which do not rapidly change with changes of disease activity or 
effective therapy, in contrast to RF.376,377 RF and ACPA overlap in more than 90 percent 
of RA, potentiating the proinflammatory properties of immune complexes on macro-
phages378 and resulting in erosive joint destruction in severe RA.367,379 A variety of other 
autoantibodies, comprising autoantibodies to heterogeneous nuclear ribonucleoprotein 
(hnRNP) A2 (anti-RA33), occurring in 30–40 percent of RA patients,365,380 and anti-
collagen antibodies,381,382 can also be found in RA, verifying the broad autoimmune 
nature of the disease. T cell-mediated autoimmunity has also been demonstrated for 
hnRNPA2 and collagen.383,384 Posttranslational modifications of antibodies are yet other 
mechanisms to modify their effector functions and shifting toward a more proinflam-
matory profile, for instance.385-387

Clinical features
As required by the 2010 ACR/EULAR classification criteria,388 the presence of clinical 
synovitis (synovial involvement leading to swelling), as the main clinical characteristics 
of RA, in at least one joint helps diagnosing RA with the more joints affected (swollen 
or painful), the easier the fulfillment of the criteria. Apart from some joints, such as the 
distal interphalangeal joints, that are generally spared, many other joints can be involved, 
especially those of the fingers, wrists, toes, and knees389 that can be painful upon motion 
and visibly swollen or upon clinical examination and tender to mild pressure and stiff 
for several hours after rest. Subchondral bone erosions, damage to cartilage and eventu-
ally completely destroyed joints can be the result of RA synovitis. The chronic inflam-
matory state of RA and insufficient treatment can be associated with extra-articular 
manifestations, including vasculitis, interstitial lung disease,390 secondary amyloidosis, 
lymphoma,391 cardiovascular disease392 and increased mortality.393

Treatment
The current treatment strategy for RA, based on a treat-to-target strategy, targeting 
remission or low disease activity, warrants cautious monitoring of the disease activity 
in order to promptly correct the approach when the target is not achieved. Disease-
modifying antirheumatic drugs (DMARDs) are able to disrupt the inflammatory pro-
cess. Combination of a conventional synthetic DMARD, methotrexate, with short-term, 
low dose glucocorticoids is able to achieve remission in almost 25 percent of patients at 
the early stages of RA.394 When an insufficient response is reached, targeted DMARDs, 
either biological, such as TNF inhibitors, including infliximab, adalimumab, certoli-
zumab pegol, etanercept, and golimumab; interleukin 6 receptor inhibitors, including 
tocilizumab and sarilumab; T-cell costimulation blocker, abatacept; and B-cell-directed 
monoclonal antibody, rituximab, or synthetic agents, such as tofacitinib, a pan-JAK 
inhibitor that interferes with signal transduction and cell activation triggered by IL-6, 
granulocyte-monocyte colony stimulating factor, interferons (type I and type II), and 
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common γ-chain cytokines (such as IL-2 or IL-15).144; JAK 1/2 inhibitor baricitinib, 
can be administered, usually combined with methotrexate.395

Juvenile idiopathic arthritis
Definition and Epidemiology
Juvenile idiopathic arthritis (JIA) heterogeneous group of chronic arthritides of unknown 
etiology, lasting more than 6 weeks with the age of onset of prior to 16 years,396,397 known 
as the most common chronic rheumatic condition in childhood with an incidence and 
prevalence varying considerably across the world according to geographic and ethnic 
differences. This group of diseases is characterized by the chronic inflammatory process 
primarily involving the synovial membrane, culminating in osteocartilaginous damage 
with subsequent physical functional disability. Although the debate surrounding classifi-
cation is yet to be resolved, the International League of Associations for Rheumatology 
(ILAR) criteria398 is currently being used to classify patients into either distinct or 
heterogeneous categories, including systemic JIA (sJIA), rheumatoid factor  (RF) posi-
tive polyarthritis, enthesitis-related arthritis, oligoarthritis, rheumatoid factor negative 
polyarthritis, juvenile psoriatic arthritis (JPsA) and undifferentiated arthritis, based on 
laboratory and clinical findings during the first 6 months of the disease.

Pathogenesis
Despite the heterogeneity of juvenile idiopathic arthritis, certain susceptibility genes 
have been identified, such as HLA class I (HLA A-2 and HLA B27) and HLA class 
II (HLADRB1 and HLA DP) alleles, as well as non-HLA candidate genes, includ-
ing various cytokine genes, PTPN22, MIF, SLC11A6, and WISP3.399-410 Considering 
the fact that joint inflammation in JIA is characterized by selective accumulation of 
activated memory T cells clustered around antigen-presenting dendritic cells in the 
synovium,411-413 it is known that the autoreactive immune response is initially induced 
by an adaptive response against a self-antigen and soon after that, almost all the immune 
system play role in the immune response.414-416 Both natural Tregs, directly derived from 
the thymus, and antigen-induced Tregs have been shown to be present in increased 
numbers in the synovial fluid and peripheral blood of patients with remitting forms of 
JIA, with heat shock proteins (heat shock proteins (hsp)60 and dnaJ) being the well-
defined antigens.417-421 T-helper 17 cells, characterized by the expression of transcription 
factor RORc and reciprocal relation with FOXP3-positive Tregs, have also been identi-
fied in the joints of JIA, playing role in the regulation of joint inflammation.422,423 sJIA is 
associated with an overproduction of the proinflammatory cytokine IL-6,424,425 a unique 
IL-1 signature,426-428 and abnormal expression of IL-18, a crucial factor for the activa-
tion of natural killer cells, which is subsequently compromised in sJIA patients because 
of an IL-18-receptor signaling defect.429,430 The phagocyte-specific S100 proteins, also 
known as myeloid-related proteins (MRPs), exerting proinflammatory effects on other 
immune cells and acting as endogenous activators of TLR, belong to a novel group of 
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damage associated molecular pattern molecules (DAMP) and are regarded as biomarkers 
for disease and treatment response in patients with sJIA.431-433 This can be exemplified by 
the increase in the serum concentration of MRP-8 (S100A8) and MRP-14 (S100A9) 
in patients with systemic disease, that can stand as biomarkers for the disease and as 
potential targets for immune treatment.434-436

Clinical features
As stated, based on clinical criteria, JIA encompasses different forms of chronic arthritis. 
sJIA accounts for 10–15 percent of JIA cases and is defined by generally symmetrical 
and polyarticular arthritis that might be absent at onset but could emerge during disease 
course and systemic manifestations, such as high-spiking fever, an evanescent salmon 
pink skin rash characteristically occurring at fever peaks, generalized lymphadenopathy, 
serositis, hepatosplenomegaly, myalgias, abdominal pain, leukocytosis with neutrophilia, 
thrombocytosis, high C-reactive protein level, microcytic anemia, high erythrocyte sedi-
mentation rate and dysregulated immune response involving the persistent activation of 
T lymphocytes and macrophages and resulting in cytokine storm, in about 5–8 percent 
of patients, known as macrophage activation syndrome (MAS),437 which is characterized 
by the sudden onset of sustained fever, pancytopenia, hepatosplenomegaly, neurological 
symptoms, liver insufficiency, coagulopathy with hemorrhagic manifestations, increases 
level of triglycerides, low sodium levels, elevated ferritin, soluble CD163 and soluble 
IL-2 receptor concentrations, that might eventually lead to the development of severe 
multisystem involvement, if not recognized and treated in a timely manner.438

RF positive polyarthritis is a chronic erosive disease with poor prognosis occurring 
in 5  percent of JIA patients usually in late childhood or adolescence with a female 
predominance, characterized by the involvement of five or more joints during affecting 
principally wrists and the small joints of the hands and feet usually in a symmetrical 
pattern during the first 6 months of the disease, positive RF, the presence of rheuma-
toid nodules in about a third of patients, low-grade fever, lymphadenopathy, weight 
loss, increased levels of acute phase reactants, moderate normochromic and normocytic 
anemia, and positive antibodies against cyclic citrullinated peptides.

Enthesitis-related arthritis, accounting for 5–10 percent of the JIA cases with a male 
gender predilection, primarily affects the larger joints of the lower extremities in HLA-
B27 positive patients, usually starts after the age of 6 and is generally accompanied by 
enthesitis, commonly at the calcaneal insertions of the Achilles tendon and of the plan-
tar fascia and the tarsal area, and some develop hip involvement or symptomatic acute 
uveitis.439,440

Oligoarthritis is the most frequent JIA category, defined as the involvement of four 
or fewer joints during the first 6 months of disease and further classified as either per-
sistent, affecting 4 or fewer joints throughout the disease course, or extended, affecting 
5 or more joints after 6 months from disease onset. Except for chronic anterior uve-
itis, occurring in about 20–30  percent of children with oligoarthritis, extra-articular 
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manifestations are infrequent. ANA positivity stands as a strong risk factor for develop-
ing uveitis.441,442

RF negative polyarthritis is the most heterogeneous JIA category, affecting 5 or more 
joints during the first 6 months of disease in the absence of IgM RF, with at least two 
distinct clinical phenotypes, one defined by overt symmetric arthritis of large and small 
joints initiated at school age with negative ANA, resembling adult-onset RF-negative 
RA; and the other is comparable to ANA positive early-onset oligoarthritis, except for 
the initial number of involved joints.443

JPsA, on the other hand, does not represent a clearly defined entity JIA category. 
This group is characterized by the concurrent presence of arthritis and psoriatic rash or, 
the presence of arthritis and two of the following: nail pitting or onycholysis, dactylitis 
and a family history of psoriasis in a first-degree relative, in the absence of the rash.444,445 
Patients not fulfilling the inclusion criteria of other categories are categorized as undif-
ferentiated arthritis group.

Treatment
With the improvement in JIA care and considering different therapeutic approaches 
according to the diverse JIA categories, remission has become an achievable target in 
a large proportion of patients.446,447 Intraarticular steroid injections have been shown 
to play an important role in preventing deformities. MTX could be administered 
in patients who do not respond adequately to nonsteroidal anti-inflammatory drugs 
(NSAIDs) and intraarticular steroid injections,448 and those with polyarticular JIA not 
responding properly to MTX could benefit from anti-TNF agents such as adalim-
umab (also useful in the case of JIA-associated uveitis449) and golimumab (humanized 
monoclonal antibodies to TNF-α) and etanercept (the soluble TNF-α receptor).450-452 
Patients with polyarthritis resistant to TNF-α-inhibitors can use CTLA-4 Ig, abatacept, 
as an approved therapeutic option.453 Tocilizumab, an IL-6 receptor inhibitor, has shown 
efficacy for the treatment of patients with polyarticular JIA.454 IL-1 and IL-6 inhibitors, 
including anakinra, canakinumab and tocilizumab, are the therapeutic options in steroid 
dependent sJIA patients.446 Although the consumption of corticosteroid has substantially 
decreased with the advent of biologic treatments, they are still the best choice in the 
case of myocarditis, serositis, anemia and MAS, with the treatment of the latter requiring 
high-dose steroids and cyclosporine.

Systemic sclerosis
Definition and Epidemiology
Systemic sclerosis (SSc), or so-called scleroderma, is an autoimmune connective tis-
sue disease with complex pathogenesis and diverse clinical manifestations, associated 
with substantially diminished quality of life and excess morbidity and mortality, with 
a pooled standardized mortality ratio (as compared with the gender and age-matched 
general population) of 3.53.455 SSC has a female predominance with female-to-male 
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ratios of between 3:1 and 9:1,456,457 an incidence and prevalence varying notably in dif-
ferent geographic regions, as well as varying age of onset based on ethnicity and gender 
with earlier age of onset in African American population. A combination of the genetic 
background, stochastic and environmental factors, such as occupational silica exposure 
particularly in male patients and viral exposures, namely Cytomegalovirus and Epstein 
Barr virus, are thought to be implicated in the etiopathogenesis of SSc.458 Along with 
indurated skin, showing marked patient-to-patient variability in pattern, as the distin-
guishing hallmark, SSc can virtually involve all organs.459 Diffuse cutaneous SSc (dcSSc), 
customarily having extensive, rapidly progressive, skin induration ascending from the 
distal fingers to proximal extremities and the trunk, sometimes concomitant with inter-
stitial lung disease and acute scleroderma renal crisis, and limited cutaneous SSc (lcSSc), 
characterized by Raynaud’s phenomenon preceding other disease manifestations, are 
two partially overlapping subsets of SSc with distinctive natural histories.

Pathogenesis
The complex pathogenesis of SSc reflects three interrelated processes, inflammation/
autoimmunity,460 microvascular disease,459 and fibrosis, elicited by myofibroblasts and 
fibroblasts activated as a consequence of autoimmunity, inflammation and microvascular 
damage, in multiple organs.461 SSc is a polygenic disease associated with multiple genetic 
susceptibility loci, although not sufficient alone for the development of the disease, but 
might establish a vulnerable host with autoantibody expression.462 While the strongest 
disease associations have been noted on chromosome 6 in the HLA class II region, the 
advent of GWAS and large-scale candidate gene studies have led to the identification of 
robustly validated SSc susceptibility loci outside the HLA region, the majority of which 
are likely implicated in immune regulation.463-468 SSc has been shown to be associated 
with the DRB1-11:04, DQA1-05:01, and DQB1-03:01 haplotypes and the DQB1 
allele, supporting the notion that HLA class II genes mainly contribute to SSc patho-
genesis through regulating autoantibody expression. Several other genetic loci shown 
to be associated with SSC susceptibility include TNFSF4 (OX40L), PTPN22, CD247, 
STAT4, BANK1, PRDM1, C8orf13/BLK, CCR6, BLK, all mainly contributing 
through adaptive immunity; TNFAIP3, IRAK1/MECP2 and NFKB, all acting through 
NFkB signaling; IRF5, IRF7, IRF8, contributing through both innate immunity and 
interferon pathway; IRF4, acting through interferon pathway; GRB10, acting through 
insulin-like growth factor; CAV1 and CSK, contributing through fibrosis; SOX5 and 
DNASE1L3, contributing through apoptosis; ATG5, contributing through autophagy; 
GSDMA, contributing through gene expression regulation, and IL12RB2, 1L12RB1 
and TYK2, contributing through IL-12 pathway. The functional characterization of the 
contribution of the above-mentioned disease-associated genetic variants to the molecu-
lar and cellular modifications underlying clinical manifestations remains a considerable 
challenge.
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SSc is associated with mutually exclusive and highly specific autoantibodies, stand-
ing as the best biomarkers predictive of specific organ presentations.469,470 Roughly 
96  percent of the SSc patients are ANA-positive, experiencing more vasculopathic 
complications, but are less likely to have GI manifestations.471 Antitopoisomerase I 
antibody (anti-Scl-70) is more prevalent in Black and Asian patients and is associated 
with diffuse cutaneous involvement, progressive interstitial lung disease and poorer 
survival.470,472-475 Anticetromere antibody, more frequent in whites, is associated with 
limited cutaneous involvement, cooccurrence of biliary cirrhosis, calcinosis and better 
survival rates.472,475-477 Anti-U3-RNP (antifibrillarin) antibody is more common among 
Black and Native North American patients and is associated with pulmonary arterial 
hypertension and poor survival rates.475,478,479 On the other hand, Anti-PM-Scl antibody 
is associated with limited cutaneous involvement, calcinosis, SSc overlap with other 
connective tissue diseases, and lower mortality rates.480,481 Anti-RNA polymerase III 
antibody is associated with diffuse cutaneous involvement, pulmonary arterial hyperten-
sion, scleroderma renal crisis, gastric antral vascular ectasia and the contemporaneous 
onset of malignancy.475,482-488

Microangiopathy, a common early event in SSc underlying various clinical manifes-
tations of SSc such as Raynaud’s phenomenon, ischemic digital ulcers, mucocutaneous 
telangiectasia, scleroderma renal crisis, watermelon stomach, myocardial involvement 
and pulmonary arterial hypertension,489 can be triggered by viruses, chemokines, 
thrombogenic microparticles, activation of the alternate complement pathways, circu-
lating cytotoxic factors and functional autoantibodies targeting endothelial cells and 
phospholipids. Endothelial injury culminates in impaired secretion of prostacyclin, nitric 
oxide and endothelin-1, elevated level of ICAM-1, increased vascular permeability 
and leukocyte diapedesis through the endothelium, activation of coagulation cascades, 
enhanced thrombin production, dysregulated fibrinolysis, and aggregation of platelets, 
which produce serotonin, platelet-derived growth factor (PDGF), and thromboxane, 
contributing to further vascular injury. A combination of the above-mentioned pro-
cesses, vascular medial hypertrophy, adventitial fibrosis, and impaired ability to repair 
damaged vessels, underpins progressive SSc vascular disease.

The presence of disease-specific autoantibodies, type I IFN gene signatures,490 
increased levels of IL-4, IL-6, IL-17, IL-33, CCL2, and CXCL4, familial clustering 
of SSc with other autoimmune diseases,469 presence of T and B cells with oligoclonal 
antigen receptors, and post immunoablative hematopoietic stem-cell therapy vascular 
regeneration and fibrosis resolution in some SSc cases, support the notion that autoim-
munity and inflammation are key players in SSc pathogenesis.

Clinical features
SSc can involve virtually any organ. Secondary Raynaud’s phenomenon is the most 
common extracutaneous manifestation of SSc, characterized by episodes of reversible 
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vasoconstriction in the fingers and toes, that can be triggered by cold temperature, 
emotional stress and vibration. Widened capillaries, decreased capillary density, and 
irregular angiogenesis can be observed in this phenomenon.460 The hallmark of SSC, 
distinguishing it from other connective tissue diseases, is bilateral symmetrical skin 
thickening. Starting in the distal extremities, skin involvement advances to proximal 
areas in an ascending fashion. Calcinosis cutis is common on the extremities, especially 
on the distal finger pads, palms, extensor surfaces of the forearms, and the olecranon 
and prepatellar bursae. The lesion can ulcerate, creating cutaneous ulcers on the tips 
of the fingers. The skin might have a salt and pepper sign due to the scarcity of pig-
ments in the perifollicular areas, more prominent on the scalp, chest and upper back. 
Telangiectasias are most frequently observed on the face, buccal mucosa, lips and hands, 
the number of which correlates with the severity of microvascular disease and pulmo-
nary arterial hypertension. Capillary abnormalities in the proximal nail fold of the hands 
are frequently noted in patients with systemic sclerosis. Microstomia, beaked nose and 
perioral furrows may also be detected on the face.491 Pulmonary complications of SSc 
encompass interstitial lung disease, pulmonary arterial hypertension, and less common 
manifestations such as recurrent aspiration complicating chronic GERD, pleural reac-
tions, chest wall fibrosis induced restrictive physiology, obliterative bronchiolitis, pul-
monary hemorrhage as a result of endobronchial telangiectasia, and spontaneous pneu-
mothorax.492,493 Involvement of other systems are also noted in SSC patients, including 
the musculoskeletal, presented as frequent arthralgias, tendon friction rubs and muscle 
weakness; gastrointestinal, manifesting with esophageal dysmotility with esophageal 
reflux and dysphagia; cardiac, such as congestive heart failure as the disabling complica-
tion of pulmonary arterial hypertension; and finally scleroderma renal crisis presenting 
as the sudden onset of malignant hypertension and if left untreated, as renal failure.494,495

Treatment
In light of the multisystemic nature of the SSc, treatment regimens typically include 
combinations of therapies affecting different aspects of the disease. Disease-modifying 
immunomodulatory agents such as glucocorticoids, oral and intravenously administered 
cyclophosphamides, mycophenolate mofetil, tocilizumab, rituximab, abatacept, extra-
corporeal photochemotherapy, high-dose chemotherapy followed by autologous hema-
topoietic stem-cell reconstitution, cyclosporine, azathioprine, plaquenil, thalidomide, 
and rapamycin, that are effective in other rheumatic and autoimmune diseases have 
generally shown only modest or no benefit in SSc.496-498 Pirfenidone and the multikinase 
inhibitor nintedanib show modest benefit in patients with idiopathic pulmonary fibro-
sis.499 Six to twelve months of treatment with cyclophosphamide, combined with low-
dose prednisone, or mycophenolate mofetil for up to 2 years, have been shown to slow 
lung function reduction and delineate respiratory symptoms in SSc-associated ILD.496 
Lung transplantation can be considered in patients showing continued progression of 
ILD despite maximum tolerable medical therapy. Dihydropyridine calcium channel 
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blockers, ACE inhibitors, angiotensin II receptor blockers, 5-phosphodiesterase inhibi-
tors (e.g., sildenafil), topical nitroglycerine, intermittent IV infusions of prostanoids such 
as treprostinil, low-dose aspirin, dipyridamole, endothelin-1 receptor antagonists, digi-
tal sympathectomy, intradigital injections of botulinum or nerve block, and empirical 
long-term therapy with statins and antioxidants are different agents targeting vascular 
injury in order to reduce the frequency, duration, and severity of vasospastic episodes, 
improve ischemic ulcer healing, preclude ischemic events, and hamper the progression 
of obliterative vasculopathy. Despite the poor prognosis of pulmonary arterial hyper-
tension, treatment with an oral endothelin-1 receptor antagonist such as bosentan, 
phosphodiesterase 5 inhibitors such as sildenafil, guanylate cyclase stimulator riociugat, 
selective prostacyclin receptor agonist selexipag, prostacyclin analogs such as epopros-
tenol or treprostinil, were shown to improve patients’ outcomes to various degrees. The 
outcome of the scleroderma renal crisis has shown an improvement, using short-acting 
ACE inhibitors such as captopril, in combination with angiotensin II receptor blockers, 
calcium channel blockers, prostacyclins, complement pathway inhibitors such as eculi-
zumab, endothelin-1 receptor blockers or direct renin inhibitors, in cases of persistent 
hypertension.

Spondyloarthropathies
Definition and Epidemiology
The spondyloarthritis (SpA) diseases comprise several related but phenotypically dis-
tinct disorders, including ankylosing spondylitis (AS), with an estimated prevalence 
of 0.2–0.9 percent and a male-to-female ratio of around 2:1 normally starting in the 
second decade of life, characterized by the presence of structural changes in the bone 
on X-rays, reactive arthritis (ReA), arthritis/spondylitis with inflammatory bowel dis-
ease (IBD), and arthritis/spondylitis with psoriasis. Associations with HLA-B27, shared 
clinical symptoms such as inflammatory back pain, and similar patterns of peripheral 
joint involvement with asymmetric arthritis mainly of the lower extremities, and the 
possibility of sacroiliitis, spondylitis, uveitis and enthesitis, are the main links between 
these categories.500

Genetics and autoimmune characteristics
The susceptibility to AS has been estimated to be more than 90 percent genetically 
determined. MHC is regarded as the major susceptibility locus, contributing approxi-
mately 36 percent to the overall genetic risk with HLAB27 as the most relevant single 
factor for the pathogenesis of SpA,501-503 and other MHC genes, such as HLA-B60 
and HLA-DR1, as associated genes of minor importance. Non-MHC genes, includ-
ing ERAP1, IL-23R, gene deserts 2p15 and 21q22, IL-1R2, ANTXR2, TNFSF15, 
TNFR1, STAT3, and TRADD have been suggested some other genetic associations of 
SpA.504-509
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As suggested by the persistence of microbial antigens at the sites of inflammatory 
arthritis in patients with ReA, exposure of the immune system to bacteria seems impor-
tant in triggering SpA.510 The persistence of bacterial antigens in the articular spaces 
might result in the pathological priming of T cells cross-reacting to the autologous 
antigens. A relative lack of Th1-cytokines, such as TNFα and IFNγ, which are crucial for 
the effective elimination of the ReA-associated bacteria, appears to be relevant for the 
occurrence and persistence of ReA, while Th2 cytokines, such as IL-4, or antiinflamma-
tory cytokines, such as IL-10, inhibiting effective elimination of ReA-associated bacteria 
possibly by down-regulation of the Th1-cytokines, were found relatively upregulated in 
ReA.511-513 The positive association between IBD and SpA514 could be partly explained 
by the hypothesis that leakage in the gut mucosa as a consequence of the related inflam-
mation presumably allows the interaction of the immune system with the normal gut 
bacteria, indicating a link between the gut and its microbiota and pathogenesis of axial 
SpA.515,516 The triggers and cellular sources of pathogenic cytokine secretion are poorly 
delineated in AS. An increased percentage of IL-17A+ cells, mostly of myeloid origin, 
demonstrated in the subchondral bone marrow of facet joints in patients with AS517 as 
well as the IL-17-expressing mononuclear and polymorphonuclear, synovial cell infil-
trates found in inflamed peripheral joints of SpA patients,518 suggest the contribution 
of innate immune cells towards pathogenic IL-17 production in AS. Increased numbers 
of IL-23+ cells were also shown within bone marrow cells, particularly cells of myeloid 
origin, in facet joints from AS patients.519 IL-23 is induced during the unfolded protein 
response triggered by protein misfolding. In addition, stimulation of innate cells with 
triggers of unfolded protein response leads to increased LPS-induced production of the 
inflammatory cytokines, specially IFNβ and IL-23.520

Clinical features
Axial SpA presents with inflammatory back pain characterized by morning stiffness as 
the leading clinical symptom, mostly starting with sacroiliitis and then proceeding to 
spondylitis, spondylodiscitis, arthritis of the small intervertebral joints, spinal ankylosis as 
a reaction to the inflammation, limiting spinal mobility, as well as extraspinal manifesta-
tions such as peripheral asymmetric arthritis predominantly of the lower limbs, enthesi-
tis and relapsing uveitis. Sacroiliitis, presenting with active inflammation and/or struc-
tural damage on MRI or X-ray, together with laboratory results, such as HLA-B27 and 
increased CRP also aids diagnosis of axial SpA.521,522 Clinical manifestations compatible 
with SpA, including oligoarthritis of the lower extremities and/or spinal inflammation, 
are present in up to 50 percent of the patients with psoriatic arthritis, and these show 
HLA-B27 positivity in about 25 percent to 60 percent of cases. Almost 10–20 percent of 
the patients with IBD manifest with arthritis, usually as transient peripheral arthritis of 
the lower limbs. ReA occurs after a few days up to 46 weeks of a preceding infection of 
the urogenital tract with Chlamydia trachomatis or of the gut with enterobacteria, such 
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as Campylobacter jejuni, Salmonella, Yersinia, or Shigella,523 manifesting as peripheral 
oligoarthritis, and less commonly polyarthritis, inflammatory back pain, enthesitis, or 
conjunctivitis/uveitis, and is usually positive for HLA-B27 in 30 percent to 60 percent 
of the cases. Laboratory evidence of the previous or present bacterial infections is also 
crucial for making a diagnosis.524

Treatment
Despite the limited effectiveness of disease-modifying antirheumatic drugs and corti-
costeroids only in patients with predominant peripheral arthritis, NSAIDs and phys-
iotherapy have been shown as effective modes of treatment over the last few decades. 
There is also supporting evidence suggesting the role of anti-TNFα blockers, including 
both monoclonal anti-TNFα antibody infliximab and soluble TNF-receptor construct 
etanercept, and the IL-17 inhibitor secukinumab in the treatment of patients with AS, 
however, these results are yet to be further investigated.525-530

Sjogren’s disease
Definition
Sjogren’s syndrome (SS) is the second most common autoimmune disease, after rheu-
matoid arthritis, with a great deal of clinical variability, and depending upon how this 
syndrome is defined, it might even turn out to be more prevalent than rheumatoid 
arthritis. SS, characterized by lymphocytic infiltration of the exocrine glands and other 
organs in association with the production of various autoantibodies, might occur either 
as a primary syndrome or as a secondary syndrome in association with other autoim-
mune diseases, such as SLE, myositis, RA, SSc, and primary biliary cirrhosis.531-533

Immune characteristics
A shift in Th1/Th2 cytokine balance in favor of Th1 responses,534 the expansion of 
IL-17 producing Th17 cells, the secretion of IL-22 by a subset of NK cells and Th17 
cells,535 induction of plasminogen activator system by IFNg,536 IL-7 and its recep-
tor (IL-7Ra),537 and the impaired balance between Th17/T regulatory cells with a 
predominance of Th17 cells are known to provoke local inflammation and injury in 
SS.538,539 Increased numbers of B-cell population CD21−/low, enriched in autoreactive 
clones, have been detected in and the presence of macrophages in the histopathological 
lesion has been shown in primary Sjogren’s syndrome patients complicated by lym-
phoma.540-542 Recruitment of type I IFN producing plasmacytoid dendritic cells and 
the activation of type I IFN/B-cell activating factor (BAFF) pathway have also been 
depicted in SS patients.543 Moreover, the epithelium, acting as antigen-presenting cells 
actively contributing towards the development of the inflammatory context by cytokine 
production and recruitment of various immunocytes, has been suggested as a chief com-
ponent of disease pathogenesis.544-546 In addition, persistent activation of NFkB pathways 
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due to impaired function of IkBa kinase and tumor necrosis factor-a induced protein-3 
(TNFAIP3) have been demonstrated in Sjogren’s syndrome.547,548

Clinical features
Dry eyes and dry mouth are defining features of SS. Apart from these two features, a 
typical SS case presents with tiredness, arthralgia, mild anemia, high erythrocyte sedi-
mentation rate, high IgG levels with positive ANA, Ro and/or La autoantibodies, and 
low levels of C4. Sicca symptoms include dry eyes, generally noted by patients as ocular 
discomfort, grittiness, contact lens intolerance and photosensitivity, red eyes, shallow ero-
sions of the conjunctiva, xerostomia, dysphagia, dry fissured or red atrophic tongue, oral 
candida, dry fissured or red atrophic tongue, dental caries, parotid and submandibular 
gland swelling,549 dry cough, dry nose, dry skin and vaginal dryness, causing dyspareu-
nia.550 Non-sicca (systemic) manifestations comprise fatigue, fibromyalgia, weight loss, 
anemia, fever, arthralgia, non-erosive and not deforming arthritis, myopathy, Raynaud’s 
phenomenon, purpura, vasculitic rashes, cognitive dysfunction, depression, periph-
eral nervous system involvement, particularly sensory neuropathies and less commonly, 
mononeuritis multiplex, cranial and autonomic neuropathies,551 upper respiratory tract 
and large and small airways disease, interstitial lung disease, interstitial nephritis, causing 
renal tubular acidosis, nephrogenic diabetes insipidus, symptomatic hypokalemia, inter-
stitial cystitis, myocardial disease, pericarditis, dysphagia, nausea, dyspepsia, and chronic 
atrophic gastritis. Sjögren’s syndrome is associated with autoimmune thyroid disease, 
celiac disease and lymphocytic interstitial pneumonitis.552 There is a 5–10 percent life-
time risk of lymphoma in patients with Sjögren’s syndrome, associated with risk factors 
such as lymphopenia, low C4 level, cryoglobulins, cutaneous vasculitis, persistent salivary 
gland enlargement, lymphadenopathy, and palpable purpura.550

Treatment
The treatment of patients with SS must be individualized to the existing manifestations. 
As there is still no definitive cure for the SS, currently available treatments aim at pal-
liation of symptoms, prevention of complications, treatment of extra-glandular manifes-
tations and selection of patients for immunosuppressive therapy based on the severity, 
activity and extent of disease. According to the treatment recommendations published 
by the Sjogren’s Foundation for the management of patients with SS,553 topical fluoride, 
masticatory stimulation, sugar free lozenges or gums, mannitol, xylitol, secretagogues 
(Pilocarpine and Cevimeline), chlorhexidine mouthwash and nonfluoride remineraliz-
ing agents are recommended for the management of oral problems; artificial tears, gels, 
ointments, topical steroids, topical cyclosporine, punctal plugs, Pilocarpine, Cevimeline, 
contact lenses, topical autologous serum, permanent punctal occlusion, eyelid surgery 
and systemic antiinflammatory therapy are encouraged for the management of eye 
problems, depending on the severity of disease; exercise and dehydroepiandrosterone 
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are strongly recommended to relieve fatigue; hydroxychloroquine, methotrexate and 
short and long term corticosteroids are recommended to manage musculoskeletal pain, 
depending on disease severity; rituximab is the only biological agent positively recom-
mended for pulmonary disease, vasculitis, inflammatory arthritis, cryoglobulinemia, 
peripheral neuropathy and severe parotid swelling.553

The use of certain biological agents in SS have been evaluated, such agents include 
a soluble lymphotoxin beta receptor IgG fusion protein precluding the actions of lym-
photoxin beta, Baminercept554; a monoclonal antibody blocking BAFF, Belimumab555; a 
soluble CTLA-4-Ig interrupting T-cell activation, Abatacept556; a monoclonal antibody 
to the IL-6 receptor to prevent the development of plasma cells; a monoclonal antibody 
to inducible T cell costimulator-ligand (ICOS-L) to prevent T follicular helper cells 
activation and subsequent secretion of high-affinity autoantibodies; a PI3K inhibitor to 
inhibit B- and T-cell activation; and a monoclonal antibody blocking CD 40 to prevent 
B-cell activation.553 The only one with significant positive results to warrant its use is 
rituximab.557-560

Autoimmune myopathies
Definition
The autoimmune myopathies are an uncommon heterogeneous family of diseases, 
occurring either as distinct diseases, namely, dermatomyositis (DM), polymyositis (PM), 
and immune-mediated necrotizing myopathy (IMNM) or as a manifestation of other 
systemic autoimmune diseases such as SLE or scleroderma, all unified by autoimmune 
damage of skeletal muscle as their primary target.561 Skin (in DM), cardiac muscle, lung 
and synovial joints are other tissues frequently affected.

Pathogenesis
The autoantibodies elaborated in autoimmune myositis identifies a family of auto-
antigens exerting prominent functions, including gene expression,562 DNA repair 
machinery,563-565 protein translation,566,567 posttranslational modification,568 nuclear body 
formation,569 and the exosome complex. Several autoantigens such as Ro52 and MDA5 
are also elicited by interferons.570,571 A striking association with disease subsets has been 
noted for myositis-specific autoantibodies. Antisynthetases (anti-Jo-1, PL-7, PL-12, EJ, 
OJ, KS, Ha, Zo) are frequently associated with the antisynthetase syndrome, a clinical 
syndrome with Raynaud’s phenomenon, relatively mild myositis, mechanic’s hands, 
inflammatory arthritis of the small joints of the hands, and ILD.572 Anti-Mi-2, anti-
melanoma differentiation-associated protein (anti-MDA5, anti-CADM140), antitran-
scription intermediary factor 1γ (anti-p155), antinuclear matrix protein 2 (anti-NXP2, 
anti-MJ), and anti-SAE1 are associated with DM. Anti-3-hydroxy-3-methylglutaryl 
coenzyme A (anti-HMGCR) and Anti-SRP are the autoantibodies associated with 
necrotizing myopathy.573-578 The majority of myositis autoantigens are susceptible to 
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cleavage by the cytotoxic lymphocyte granule protease, granzyme B (GrB).579 Moreover, 
several nonspecific myositis-associated antibodies seen in immune-mediated inflamma-
tory myopathies and other connective tissue diseases have been recognized, comprising 
antibodies to Ro52, observed in approximately 25 percent of patients with myositis580; 
anti-Ku antibodies, described in up to 55 percent of cases of myositis/systemic sclerosis 
overlap syndrome with frequent joint involvement, Raynaud syndrome, and increased 
risk of ILD581; Anti-PMScl antibodies, detected in patients with myositis/systemic scle-
rosis overlap syndrome and associated with lung and esophageal involvement582; anti-
U1 RNP antibodies, identified in patients with myositis, SLE, glomerulonephritis and 
scleroderma583; as well as antibodies against some other components of the ribonucleo-
protein complex (RNP, U2 RNP, U4/U6 RNP, and U5 RNP).

The combination of several immunogenetic risk factors, including class-2 HLA 
alleles and interferon-inducible genes as well as environmental factors, have been 
implicated in the pathogenesis of dermatomyositis.584,585 Given the fact that dermato-
myositis muscles contain abundant interferon-secreting plasmacytoid dendritic cells,586 
the interferon overproduction has been a proposed mechanism of the pathology seen 
in dermatomyositis, although how this leads to the loss of capillaries and perifascicular 
atrophy still remains unclear. Other studies have suggested immunogenetic risk factors, 
such as the class-2 HLA-allele DRB1 × 08:03 to play a role in anti-SRP myopathy,587 
and DRB1 × 11:01, found in 70 percent of patients with anti–HMG-CoA reductase 
antibodies, as a risk factor for anti–HMG-CoA reductase myopathy.587,588

Clinical features
The autoimmune myopathies can manifest by the subacute onset of painless weakness, 
principally involving proximal muscles in a symmetrical way589-591; involvement of stri-
ated muscle of the nasopharynx and upper esophagus resulting in tendency to aspira-
tion, difficulty in swallowing, nasal regurgitation, and weakness of phonation in some 
cases; weakness of the respiratory muscles in severe cases; increased levels of creatine 
kinase (CK), aspartyl transaminase, alaninyl transaminase and aldolase A; irritable myopa-
thy on electromyography; systemic inflammatory symptoms such as malaise and fever; 
skin involvement (in DM) characterized by the Gottron’s papules on the dorsal aspect 
of the metacarpophalangeal and proximal interphalangeal joints, a violaceous eruption 
affecting the shawl area, chest, flanks, and thighs, a heliotrope rash on the face around the 
eyelids, and skin ulcers and palmar papules574; rheumatoid arthritis-like inflammatory 
synovitis of the small joints of the hands; and interstitial lung disease in 20–65 percent 
of patients.592,593

Treatment
Treatment of this class of disorders currently focuses entirely on the modification of 
the immune side of the pathogenic cycle. Although clinical experience suggests efficacy 
with some immunosuppressive strategies, there is still little body of evidence on the 
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efficacy of specific agents. Early anticancer therapies might be of benefit in cases with 
cancer as the initial immune response drivers.

Antiphospholipid syndrome
Definition
The antiphospholipid syndrome (APS) is a systemic autoimmune disease usually diag-
nosed following obstetric or thrombotic morbidity in patients with persistent (more 
than 12 weeks), high-level antiphospholipid antibodies (aPL) seropositivity and signifi-
cant related morbidity and mortality.594,595 It should be emphasized that aPL may be 
detected in up to 1–5 percent of the general population, usually detected transiently 
at low levels in healthy individuals, more frequent in older cases and in association 
with malignancies, infections, exposure to certain drugs and vaccinations, and will not 
develop APS in most cases.595,596 APS can appear in systemic autoimmune diseases such 
as SLE, with a prevalence of 30–40 percent in SLE (secondary APS)596; though, it mostly 
occurs without other autoimmune manifestations (primary APS).

Pathogenesis
Several genes, both the HLA loci and some unrelated to the HLA system have been 
shown to be associated with APS, including DRB1-04, DR7, DRw53, DQB1-0301/4, 
DQB1-0604/5/6/7/9, DQA1-0102, and DQA1-0301/2,597 STAT 4,598 12q24.12,599 
and PTPN22600 and valine/leucine247 polymorphism of B2GPI.601

A plasma protein binding avidly to phospholipid surfaces, β2-glycoprotein I, is 
the main target of antiphospholipid antibodies,602 binding of which to antiphospho-
lipid antibodies enhances the expression of prothrombotic cellular adhesion molecules, 
including tissue factor and E-selectin, down-regulates the activity of the tissue fac-
tor pathway inhibitor,603 activates complement604,605 and suppresses activated protein 
C activity.606 Monocytes and monocyte-derived microparticles also express elevated 
levels of tissue factor in patients with APS.607 In addition, research demonstrates the 
critical role of platelets, expressing and synthesizing glycoprotein IIb/IIIa (the recep-
tor for fibrinogen),608 and thromboxane A2, hence playing a major role in the pro-
thrombotic interactions between antiphospholipid antibodies and endothelial cells.609 
Annexin A2, a tissue plasminogen activator receptor, p38 mitogen-activated protein 
kinase (p38 MAPK) and NFκB may act as important mediators in these processes.610-614 
Complement-mediated functional disruption of the endothelium and trophoblast con-
tributes to the antiphospholipid antibodies associated with microthrombosis and preg-
nancy complications.615 Moreover, the trophoblast damage might be partly a result of 
antiphospholipid antibodies triggered inflammatory response mediated by the TLR4/
MyD88 pathway.616 Neutrophil activation and subsequent expression of tissue factor 
and the secretion of neutrophil extracellular traps (NETosis) and IL-8 are also important 
factors in antiphospholipid antibody–associated thrombosis.617-619
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Clinical features
The wide spectrum of clinical presentations of APS is characterized by single vessel or 
multiple vascular venous and arterial thromboses, pregnancy complications and mod-
erate thrombocytopenia, induced by both thrombotic and immune-mediated mecha-
nisms.620,621 The clinical features of 1000 patients with APS, followed up for 10 years 
within the Euro-Phospholipid project include peripheral thrombosis (deep vein throm-
bosis, 38.9 percent, superficial thrombophlebitis in legs, 11.7 percent, arterial thrombosis 
in legs, 4.3 percent, venous thrombosis in arms, 3.4 percent, arterial thrombosis in arms, 
2.7 percent, subclavian vein thrombosis, 1.8 percent, jugular vein thrombosis, 0.9 per-
cent), neurologic manifestations (migraine, 20.2 percent, stroke, 19.8 percent, transient 
ischemic attack, 11.1 percent, epilepsy, 7.0 percent, multiinfarct dementia, 2.5 percent, 
chorea, 1.3  percent, acute encephalopathy, 1.1  percent), pulmonary manifestations 
(pulmonary embolism, 14.1 percent, pulmonary hypertension, 2.2 percent, pulmonary 
microthrombosis, 1.5  percent), cardiac manifestations (valve thickening/dysfunction, 
11.6  percent, myocardial infarction, 5.5  percent, angina, 2.7  percent, myocardiopa-
thy, 2.9  percent, vegetations, 2.7  percent, coronary bypass rethrombosis, 1.1  percent), 
intraabdominal manifestations (glomerular thrombosis, renal infarction, renal artery 
thrombosis, and renal vein thrombosis, 2.7 percent, esophageal or mesenteric ischemia, 
1.5 percent, splenic infarction, 1.1 percent), cutaneous manifestations (livedo reticularis, 
24.1 percent, ulcers, 5.5 percent, pseudovasculitis lesions, 3.9 percent, digital gangrene, 
3.3 percent, cutaneous necrosis, 2.1 percent), osteo-articular manifestations (arthralgia, 
38.7 percent, arthritis, 27.1 percent, avascular necrosis of bone, 2.4 percent), ophthal-
mologic manifestations (amaurosis fugax, 5.4 percent, retinal artery thrombosis, 1.5 per-
cent), E.N.T. manifestations (nasal septum perforation, 0.9  percent), hematological 
manifestations (thrombocytopenia (< 100,000 per µL), 29.6 percent, hemolytic anemia, 
9.7 percent), obstetric manifestations (preeclampsia, 9.5 percent, eclampsia, 4.4 percent, 
abruptio placentae, 2.0 percent), and fetal manifestations (early fetal losses (< 10 weeks), 
35.4 percent, late fetal losses (=> 10 weeks), 16.9 percent, live births, 47.4 percent, pre-
matures, 10.6 percent).622

Treatment
Considering subjects’ the benefits and risks of antithrombotic therapies against the risk 
of thrombosis, the management of APS is directed towards antithrombotic medications. 
Thromboprophylaxis with typical doses of low molecular weight heparin (LMWH) 
should be prescribed in high-risk situations, including prolonged immobilization, sur-
gery and puerperium period, in all aPL carriers. Individuals with persistent positivity of 
multiple and/or high titer aPL should consider the administration of low-dose aspirin 
(LDA, 75–100 mg/day).623 Oral anticoagulant therapy should be administered in cases of 
definite APS with a first venous thrombosis event (target INR of 2.0–3.0) and definite 
APS and arterial thrombosis and/or recurrent events (target INR of over 3.0). Indefinite 
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antithrombotic therapy is also endorsed in cases of definite APS and thrombosis.624 It has 
been shown that rivaroxaban, a direct anti-Xa inhibitor, might be an effective choice 
in APS with previous venous thromboembolism.625 Women without previous episodes 
of thrombosis are commonly prescribed LMWH at prophylactic doses, or therapeutic 
doses in case of previous thrombotic events.626,627 Immunosuppressive treatments might 
show beneficial effects in APS patients and aPL-positive cases. Examples are HCQ in 
SLE patients with or without aPL, primary arterial and venous thromboses preven-
tion in aPL-positive individuals,628 refractory APS cases629 and women with previous 
thrombosis and/or ischemic placenta-mediated complications630; and rituximab in 
difficult-to-treat APS patients, in patients with hematologic and microthrombotic/
microangiopathic manifestations,626 and refractory and accelerated forms of APS result-
ing in multiorgan failure (catastrophic APS).631 In the latter condition, catastrophic APS, 
an aggressive therapy, using anticoagulation, glucocorticoids, and plasma exchange and/
or intravenous immunoglobulins632,633 or the use of a humanized monoclonal antibody 
against complement protein C5, eculizumab, might be effective.624

Immunoglobulin G4-related disease
Definition and Epidemiology
Immunoglobulin G4-related disease (IgG4-RD) is a multiorgan immune-mediated 
condition, more commonly occurring in middle-aged to elderly men with a male 
to female ratio of approximately 3:2, which was first recognized in the pancreas.634-636 
The pancreas is only one of more than a dozen organs involved by IgG4-RD and the 
expanding knowledge of this disease has provided important insights into the associa-
tions of numerous conditions once considered single-organ diseases, including Riedel’s 
thyroiditis, autoimmune pancreatitis (AIP), Küttner’s tumor (bilateral submandibular 
gland enlargement), retroperitoneal fibrosis (RPF), and many more.637 Considering 
the observations of limited repertoires of plasmablasts and a particular CD4+cytotoxic 
T lymphocyte, IgG4-RD is regarded as an antigen-driven disease,638,639 likely triggered 
by multiple antigens such as galectin-3, recently identified as a candidate antigenic 
driver in approximately 30 percent of IgG4-RD patients in one study.640

Pathogenesis
Antigen-driven interactions among cells of the B lymphocyte lineage, including acti-
vated B cells and plasmablasts, at least two CD4+T lymphocytes, CD4+T follicular 
helper cells and a CD4+CTL, are involved in IgG4-RD.641 B cells and the cells of their 
lineage play a variety of roles in IgG4-RD,638,642 including the production of IgG4 
(mostly by short-lived plasmablasts and plasma cells) and antigen presentation to T cells. 
The most abundant cell observed within affected tissues is CD4+ T cell. Given the 
fact that CD4+CTLs undergo large clonal expansions, infiltrate tissues affected by the 
disease in large numbers, actively produce cytokines in these tissues, and diminish with 
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rituximab-induced disease remission,639,643 these cells have been suggested to be the as 
principal drivers of IgG4-RD. These cells express perforin and granzymes and demon-
strate cytolytic capacity. CD4+CTLs may contribute to fibrosis by multiple mechanisms, 
including profibrotic cytokine secretion, including interleukin IL-1β, TGF-β, and 
IFN-γ, and via the stimulation of apoptosis in targeted cells. It has been hypothesized 
that activated B cells might induce the activation of CD4+CTLs at the sites of disease 
through antigen presentation.641 Signaling lymphocytic activation molecule family 
(SLAMF7), an antigen expressed on cells of the B lymphocyte lineage and CD4+CTLs 
in IgG4-RD,644 acts via homotypic interactions between infiltrating B and T cells and 
thus plays a critical role in the IgG4-RD disease process.645

Clinical features
IgG4-RD can manifest with lymphadenopathy, either generalized or localized adjacent 
to an affected organ without any predilection for any particular set of lymph nodes; 
lacrimal gland enlargement (dacryoadenitis) as the most common feature of ophthalmic 
manifestations of IgG4-RD; proptosis; inflammation and thickening of the extraocu-
lar muscles; mild-to-moderate peripheral eosinophilia and serum IgE concentration 
elevations; allergic rhinitis; nasal polyps; chronic sinusitis; nasal obstruction; rhinorrhea; 
diffuse inflammation in the pharynx, hypopharynx, and Waldeyer’s ring; mass lesions 
in the sinuses; destructive lesions in the middle ear and facial bones; thickening of the 
bronchovascular bundle; pulmonary nodules; groundglass opacities; pleural thickening; 
interstitial lung disease; involvement of the brain parenchyma presenting as hypertrophic 
pachymeningitis; hypophysitis, leading to hormone deficiencies from both the anterior 
and posterior pituitary; peripheral nerve lesions in the area of the orbit with common 
involvement of the trigeminal and infraorbital nerves; tubulointerstitial nephritis (TIN), 
commonly accompanied by profound hypocomplementemia, that might result in sub-
nephrotic proteinuria, renal atrophy, advanced renal dysfunction and even end-stage 
renal disease; membranous glomerulonephropathy; Type 1 AIP, depicting the classic 
histopathological findings of lymphoplasmacytic sclerosing pancreatitis, that might lead 
to secondary diabetes mellitus or even exocrine pancreatic failure leading to massive 
weight loss; IgG4-related sclerosing cholangitis and cholecystitis; IgG4-related aortitis, 
that can culminate in aneurysms or dissections in the thoracic aorta; coronary artery 
lesions, sometimes associated with aneurysm formation; chronic periaortitis; retroperi-
toneal fibrosis; IgG4-RD of the thyroid gland, presenting with overwhelmingly fibrotic 
lesions, namely, Riedel’s thyroiditis; fibrosing mediastinitis; sclerosing mesenteritis; cuta-
neous manifestation such as erythematous papules typically affecting the head and neck; 
and prostatic enlargement as a result of IgG4-related prostate disease.637

Treatment
Glucocorticoids are currently the first-line treatment for IgG4-RD, resulting in symp-
tomatic response within 2 weeks and the elimination of clinical manifestations within 
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23 months; however, in many instances, disease relapse could follow the discontinuation 
of glucocorticoids.646 Other potential treatment approaches are anti-CD20-targeted 
therapy, such as rituximab as an alternative to glucocorticoids with clinical responses of 
variable durations647,648; costimulatory blockade using abatacept, a fusion protein com-
posed of the extracellular domain of CTL-associated protein 4 and the IgG1 constant 
domain, that can interfere with ligation to the costimulatory CD28 molecule on T cells 
after binding to CD80/86 on antigen-presenting cells, leading to disease amelioration; 
and elotuzumab, an immunostimulatory mAb directed against SLAMF7, which activates 
NK cells and leads to ADCC of the SLAMF7-expressing cellular target.637

System-specific autoimmune diseases

As an in-depth explanation of all human system-specific autoimmune diseases is beyond 
the capacity of this chapter, a few common diseases have been chosen to be covered in 
this section.

Nervous system
Multiple sclerosis
Definition and Epidemiology
Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous system 
(CNS) with a median age of 23–24 years at onset of symptoms, showing a female pre-
dominance with a 3:2 female-to-male ratio.649,650 MS is a complex disease with several 
genetic and environmental contributing factors heretofore identified. Several genes, 
amongst which various MHC alleles as well as non-MHC candidate genes such as 
TNFRSF6B, RPS6KB1, SOX8, CXCR5, NFKB1, were shown convey strong evidence 
of association, have been implicated in the pathogenesis of this complex disease.651,652 
Besides, well defined environmental factors, in particular vitamin D, ultraviolet B light 
(UVB) exposure, obesity, smoking, and Epstein–Barr virus (EBV) infection, have been 
demonstrated.653

Immune pathogenesis
Considering the observations of an increased proportion of T cells from MS patients 
expressing the characteristic Th1 chemokine receptor pattern, CXCR3/CCR5; MS 
plaques expressing increased levels of the corresponding chemokines654,655; a bias 
toward Th1 cytokines as depicted by the analysis of cytokine mRNA in CSF from MS 
patients656; the presence of the proinflammatory cytokines TNF-α and IL-12 in the MS 
plaques657,658; and secretion of cytokines more consistent with Th1-mediated response 
by the MBP-reactive T cells derived from patients with MS,659 support the hypothesis 
that Th1 cells may be pathogenic in MS. Besides that, Th17 cells have been suggested 
to have a putative role in establishing the MS phenotype. It has been shown that patho-
genic Th17 cells are capable of gaining early access to the CNS.660,661 It is hypothesized 
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that peripherally activated Th17 cells might migrate across the blood-CSF barrier and 
gain access to circulating CSF through binding to adhesion molecules and chemokine 
receptors expressed on the choroid plexus, and can then access perivascular tissue and 
trigger a cascade of proinflammatory events.662,663 Th17 cells might also increase blood-
brain barrier permeability by producing IL-17 and IL-22, which subsequently leads to 
the facilitation of the influx of immune cells, including autoreactive Th17 cells, IFN-γ 
secreting Th1, γδ T cells, cytotoxic CD8+ cells, B cells, and immunoglobulin-secreting 
plasma cells,664 and thus creating an inflammatory environment containing infiltrates 
of cells that cause downstream damage of the CNS.665 Moreover, it has been postu-
lated that the suppressive ability of Tregs is compromised and substantially reduced 
in response to autoreactive T cells in patients with MS.666 No single antigen has been 
demarcated in the pathogenesis of MS. However, autoantigen-specific T cells have been 
implicated both in healthy individuals and in patients with MS, which can contribute to 
myelin destruction and axonal damage in addition to secondary inflammation following 
activation by local APCs following their entrance into the inflamed CNS environment 
as described above.

Given the marked presence of oligoclonal bands and elevated intrathecal synthesis 
of IgG within the CSF of MS patients; increased incidence of EBV infection and its 
potential to prime the immune system in patients with MS; the evidence showing 
B-cell clones populating the meninges, which might be related to the B-cell infiltrates 
in MS lesions667; the presence of ectopic lymphoid follicles, containing proliferating B 
cells, plasma cells, T cells, and dendritic cells, resembling germinal centers in the menin-
ges of SPMS patients with the corresponding diffuse meningeal inflammation668; and 
the production of proinflammatory cytokines, such as IL-6, by B cells in EAE mice,669 
B-cell involvement has been postulated to play an imperative role in MS pathogenesis.

Clinical features
Demyelinating lesions of MS and accompanying edema, inflammation, gliosis, and 
axonal loss may involve any site along myelinated CNS white matter tracts, resulting 
in variable signs and symptoms depending on the pathways involved. MS can present 
with alteration or absence of sensation as a result of the involvement of spinothalamic 
or posterior column fibers; visual loss due to optic neuritis; limb weakness and spasticity 
resulting from disruption of corticospinal tracts; tremors and incoordination of gait or 
limbs secondary to cerebellar or spinocerebellar fiber involvement; abnormalities of cra-
nial nerve function as a consequence of brainstem lesions670; and less commonly, bowel, 
bladder, and sexual dysfunction mainly related to disruption in spinal cord pathways671; 
as well as fatigue, depression, and cognitive changes possibly due to axonal loss.672-674 
MS can be categorized into subtypes, including radiologically isolated syndrome (RIS), 
commonly recognized incidentally on MRI of the brain in the absence of signs or 
symptoms which might develop the clinical symptoms in case of CNS inflammation, a 
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high lesion burden, with positive oligoclonal bands (OCBs) or elevated IgG index in the 
cerebrospinal fluid (CSF); clinically isolated syndrome (CIS), usually occurring in young 
adults, characterized by the presentation of the initial episode of demyelination, typi-
cally in the form of an optic neuritis, cerebellar, or brainstem syndrome, during which 
neurological symptoms develop over hours to several days, last for at least 24 h to several 
weeks, and steadily vanish with no more than 30 days between attacks675,676; relapsing-
remitting MS (RRMS), in patients developing further clinical episodes followed by 
relapses, usually presenting with complete recovery from relapses early in the course of 
disease and diminished recovery from relapses as the disease progresses, 40–50 percent 
of whom, if untreated, will stop experiencing attacks and develop a neurodegenerative 
progressive disease secondary to the chronic CNS inflammation, termed as second-
ary progressive MS (SPMS),677 associated with markedly fewer gadolinium-enhancing 
lesions and decreased brain parenchymal volume678-680; and primary progressive MS 
(PPMS), occurring in approximately 15 percent of the patients, characterized by the 
absence of acute attacks at the onset but showing a gradual clinical decline in the form 
of a progressive myelopathy or a progressive cerebellar syndrome in the form of ataxia, 
associated with a lack of substantial response to immunotherapy.681

Treatment
Immunotherapies, shown to be most effective in the RRMS, CIS, and early progressive 
forms of MS having an inflammatory component, are available in different administra-
tion forms, comprising infusion-based, oral, and self-injection medications. Infusion-
based medications have been regarded as the most effective FDA-approved immuno-
therapies to date, including natalizumab (Tysabri), a monoclonal antibody acting against 
the very late activation antigen-4 (VLA-4), the α4β7 integrin expressed on activated T 
cells and monocytes, and a ligand for VCAM expressed on CNS endothelial cells682,683; 
alemtuzumab (Lemtrada), a humanized CD52-directed monoclonal antibody resulting 
in depletion and repopulation of B lymphocytes and T lymphocytes684,685; and ocreli-
zumab (Ocrevus), a fully humanized monoclonal antibody targeting CD20-positive 
B cells approved for both RRMS and PPMS.686,687 FDA-approved oral medications 
for MS consist of fingolimod (Gilenya), targeted toward lymphocyte migration out of 
lymph nodes due to the engagement of a G-protein-coupled receptor, S1P

1
, present 

on the surface of the lymphocytes688,689; teriflunomide (Aubagio), the active metabolite 
of leflunomide, inhibiting de novo pyrimidine nucleotide synthesis and thus reducing 
T-cell and B-cell proliferation690; and dimethyl fumarate, BG-12 (Tecfidera), an oral for-
mulation of fumaric acid, which metabolizes to monomethyl fumarate and causes acti-
vation of the nuclear factor E2-related factor-2 pathway, exerting both neuroprotective 
effects, reducing myelin damage in the CNS, as well as antiinflammatory effects.691-694 
The FDA-approved injection-based therapies include the β-Interferons695; which act on 
the blood-brain barrier by interfering with T-cell adhesion to the endothelium, binding 
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VLA-4 on T cells, inhibiting the T-cell expression of MMP, reducing T-cell activation 
by interfering with HLA class II and costimulatory molecules B7/CD28 and CD40: 
CD40L, immune deviation of Th2 over Th1 cytokine profile, or normalization of the 
ratio of IFN-γ Foxp3 Tregs; glatiramer acetate (Copaxone), resulting in cytokine shift 
from one proinflammatory to antiinflammatory and regulatory form696; and daclizumab.

Myasthenia gravis
Definition and Epidemiology
Myasthenia gravis (MG) is amongst the best understood human autoimmune diseases 
affecting all races and ages, with various predisposing factors, including genetic suscep-
tibility markers such as MHC class I and II loci, acetylcholine receptor (AChR) alpha 
subunit, IgG heavy and light chains, Fc gamma receptor IIa, TAP, CTLA4, and PTPN22; 
certain drugs, notably penicillamine; and the molecular mimicry between AChR sub-
units and microbial proteins.697-703

Immune characteristics
AChR antibodies belong to variable IgG subclasses, predominantly IgG1 and IgG3,704 
which bind with a high affinity and specificity to the intact receptor, predominantly to 
the extracellular portion of the receptor, and eventually lead to loss of AChR through 
three major mechanisms, including complement mediated destruction, crosslinking 
and accelerated degradation, and functional blockade. MuSK Abs, on the other hand, 
belong predominantly to the non-complement-fixing IgG4 subclass,705 which have 
been demonstrated to be monovalent for a critical receptor tyrosine kinase for the for-
mation and maintenance of the neuromuscular junction, consisting of an extracellular 
portion made up of three immunoglobulin-like domains and a cysteine-rich domain, 
namely MuSK,706 and can hence prevent MuSK interaction with its coreceptor, LRP4, 
which causes the impairment of the AChR clustering pathway.707,708 LRP4 Abs are 
predominantly of the IgG1 subclass and have been assumed to act through complement 
activation and by interrupting agrin LRP4 binding to MuSK.709 Although not proven 
to have a clear role in the disease pathogenesis yet, Abs against agrin, ColQ, cortactin, 
and rapsyn have also been described in MG patients.710-714

AChR-specific CD4+ T lymphocytes can be detected in both the peripheral blood 
and thymuses of MG patients and the observation that clinical improvement fol-
lows their removal with anti-CD4 monoclonal Abs supports their pathogenic role.715 
These lymphocytes and the cytokines they produce can affect the type of autoim-
mune response induced in MG. The presence of Th1, Th2, Th17, and Treg cells has 
been confirmed by the analysis of blood from MG patients.716 An obvious increase 
in Th17 and a decrease in Tregs have been noted during the development of experi-
mental autoimmune MG (EAMG) in rats.717 Notwithstanding the fact that no change 
could be found in Treg numbers in MG subjects compared to healthy individuals in 
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initial investigations,718 a specific functional impairment in those Foxp3+ Tregs has been 
acknowledged afterward.719

The breakdown of central and peripheral tolerance checkpoints is a crucial fac-
tor in the pathogenesis of MG. It has been delineated that an increased frequency of 
autoreactive B cell receptors could be noted in patients with AChR and MuSK MG 
compared to the healthy controls.720 Furthermore, both the frequency and function of 
Bregs were shown to be diminished in MG patients compared with the healthy indi-
viduals and were linked to disease activity.721-723 A reduced quantity of Tregs was also 
shown in a recent study on AChR-MG patients.724 In addition, abnormal production of 
thymus derived follicular T helper cells (ThF) might play a role in the development of 
MG. Follicular regulatory T (Tfr) cells, a subpopulation of Treg, have been propounded 
to regulate the function of ThF, responsible for B cell maturation and high affinity Ab 
production in germinal centers. An increased number of ThF and a decreased frequency 
of Tfr in the peripheral blood of MG patients have been recently shown to have an 
inverse correlation with the disease severity.725

Clinicopathologic features
MG is an autoimmune disorder characterized by fatigable muscle weakness, usually 
affecting the extraocular muscles at the onset which manifests as diplopia and/or ptosis. 
It can remain confined to the ocular muscles (ocular MG) or progress and involve other 
muscle groups, commonly facial, axial, limb, bulbar, and respiratory muscles (generalized 
MG), the latter of which can be life-threatening. Thymic abnormalities, notably thymic 
hyperplasia and thymoma, are commonly observed in MG patients. The diagnosis is 
based on clinical presentation, serological confirmation, and/or electromyographic evi-
dence of a defect in neurotransmission using repetitive nerve stimulation and/or single 
fiber electromyography.726

Defined serologically, MG can be categorized to five main subgroups, reflecting 
different age of onset, HLA association, thymic pathology,727 and presence of antibod-
ies against non-AChR proteins, including muscle-specific kinase (MuSK), lipoprotein 
receptor-related protein 4 (LRP4) and the striatal muscle intracellular proteins, titin and 
ryanodine receptor (RyR).726

Early-onset acetylcholine receptor-antibody positive MG, usually present before the 
age of the 50 years with a notable female predominance and is shown to be associated 
with HLA A1, B8, DR3, DR2, DR52, DPB1, DQB1, and DR9 in different popula-
tions.727-730 Extraocular muscles’ involvement is typically present at the onset before 
generalizing, whilst a proportion will remain merely ocular; the thymus is commonly 
hyperplastic.

Late-onset acetylcholine receptor-antibody positive MG present after 50 years of 
age with a male preponderance and shows a weak association with HLA B7, DR2727 
and DR4, DQw8,731 with over half of patients having detectable Abs against titin and 
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RyR,732 and 25  percent having Abs against the cytokines, interferon-α, or interleu-
kin-12.733 This subgroup shares clinical phenotype with early-onset form, while ocular 
MG might be more prevalent.734 Contrarily to early-onset form, the thymus is generally 
atrophic in this group.

The coexistence of thymoma in 10 percent of the MG patients is termed as thymo-
ma-associated MG, which can occur at any age but most common amongst the 40–60 
age group without a gender predominance. Although generalized MG with detectable 
amounts of AChR antibodies is frequently present, ocular and seronegative cases have 
also been described.735 Antibodies directed at titin and RyR are typically observed in 
more than 90 percent, neutralizing Abs against interferon-α in approximately 70 percent, 
and Abs against IL-12 in around 50 percent of the thymoma associated MG cases.732,733,736

MuSK antibody positive MG occurs at any age, peaking in the 30s with a female 
preponderance and a significant association with HLA DR14 and DQ5737 and DRB16 
and DQB5738 in some populations, and a phenotype different than AChR-MG with 
noticeable ocular, bulbar, neck, and respiratory weakness739,740 and a normal or atrophic 
thymus.741,742 And lastly, the seronegative subgroup which can be present at any age and 
has shown associations with HLA- DR14 and DQ5, can present with mild thymitis 
or thymic hyperplasia in some cases. Reevaluation of the diagnosis and repeating the 
antibody tests should be considered after 6 to 12 months in this group of patients.726

Treatment
The acetylcholinesterase inhibitors are the mainstay of symptomatic therapy in MG but 
the majority of cases will also require generalized immunosuppression with corticoste-
roids, azathioprine, mycophenolate, and immunomodulation with intravenous immuno-
globulin and plasmapheresis. Thymectomy is commonly performed in early-onset MG 
and has recently shown beneficial effects in AChR-MG as well.743 Newer biological 
agents, such as the monoclonal anti-CD20 agent, Rituximab (RTX) have demonstrated 
benefits in refractory cases.744

Guillain barre´ syndrome
Definition and Epidemiology
Substantial evidence exists for autoimmune pathogenesis in an important group of 
peripheral nerve diseases, including the acute inflammatory neuropathies referred to as 
the Guillain Barre´ syndrome (GBS) and Fisher syndrome (FS). GBS is currently the 
commonest cause of acute flaccid neuromuscular paralysis worldwide with an inci-
dence increasing steadily with advancing age and male predominance (1.25:1).745,746 
The severity of GBS might vary from mild with full recovery in 10  percent of the 
cases, bed-ridden in 40  percent, complete paralysis with ventilatory dependence in 
20 percent and death in 3.5–12 percent of the patients.747,748 No convincing correlations 
have been proven between disease susceptibility or GBS subtypes and host MHC class 
I or class II haplotypes or genes for various components of the immune response.749-751 
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Gastroenteritis caused by C. jejuni; upper respiratory tract infection or other febrile 
episodes caused by cytomegalovirus, Epstein Barr virus, Mycoplasma pneumoniae, and 
Haemophilus influenzae; Zika virus; as well as swine flu and rabies vaccinations, have all 
been causatively implicated.745,752-754

Autoimmune features
Molecular mimicry has been invoked as a pathogenic mechanism underlying postinfec-
tious autoimmune AMAN and FS. AIDP may also be very similar to these disease cat-
egories in terms of the pathogenicity of autoantibodies,1,755 as antiganglioside antibodies 
and their cognate antigens, gangliosides, can be depicted in patient serum and periph-
eral nerves, respectively. Gangliosides are sialic acid containing glycolipids enriched in 
the nervous system with GM1, GD1b, GD1a, and GT1b as the most copious ones. 
GQ1b is relatively enriched in the oculomotor cranial nerves in FS,756,757 and GM1 and 
GD1a at the nodes of Ranvier and in motor nerve terminals (MNTs) in AMAN.758,759 
Antibodies to ganglioside species are polyclonal, predominantly of IgG class, particularly 
complement-fixing IgG1 and IgG3.760-763 Several reports have shown antibodies against 
single gangliosides GM1, GM1(NeuGc), GM1b, GalNAc-GM1b, GD1a, GalNAc-
GD1a, GD1b, 9–0-acetyl GD1b, GD3, GT1b, GQ1b, GQ1bα, LM1, galactocerebroside, 
and sulfated glucuronyl paragloboside (SGPG) in inflammatory neuropathies.764 It has 
been drawn to attention that certain GBS subtypes might be correlated to serum anti-
bodies against putative ganglioside antigens.762,765-772 Besides, Antibodies to ganglioside 
complexes have been recently identified.773,774 Such antibodies act not only through 
injuring intact nerve fibers to induce neuropathy but also by adversely affecting recov-
ery by either initiating more severe neuropathic disease or impeding the nerve repair 
process necessary for recovery.775,776 Antibodies binding to nerves at gangliosides and 
channels-enriched nodes of Ranvier, possibly resulting in the blockade or alteration of 
channel function.777 Binding of antibodies and complement to nodal structures might 
lead to destabilization of the membrane culminating in trains of uncontrolled miniature 
end-plate potentials recognizable in models.778

Early in the course of GBS, circulating activated T cells have been depicted.779 
The predominant cells in nerves are αβT cells with CD4 and CD8 ratios similar to 
peripheral blood.780 In addition, γδT cells found in GBS-affected nerves require either 
αβT cells or IL-2/IL-15 to proliferate and are capable of identifying nonprotein anti-
gen and are hence candidates for responding to known carbohydrate and ganglioside 
antigens.781,782 Both αβ and γδT cells might be capable of providing help to orchestrate 
class switching of antiganglioside antibodies to IgG1 and IgG3. Lymphocyte activation 
is demonstrated by increased numbers of circulating T cells bearing activation markers 
and elevated levels of Th1 cytokines including IFN-γ, IL-2, IL-2 receptor and TNF-α 
and diminished concentrations of TGF-β1,779,783-785 homing and migration of which 
to the peripheral nerve are moderated by E-selectin and mucins binding l-selectin 
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and sialyl Lewis antigens786 and then VCAM-1 and ICAM-1, both increased early 
in GBS progression.787 Chemokines play role in leukocyte recruitment localization 
and trafficking788 and matrix metalloproteinases (MMPs) facilitate diapedesis through 
the vascular endothelium and the basal lamina, all implicated in the pathogenesis of 
GBS.789,790 Macrophages, both resident and enrolled from the circulation,786 remain the 
key component in perpetuating endoneurial inflammatory damage through targeting 
normal looking nerves and Schwann cells in experimental autoimmune neuritis (EAN) 
and AIDP791,792 probably by antibody-targeted cellular cytotoxicity and complement-
dependent mechanisms793,794; secreting a host of inflammatory mediators including 
MMPs, TNF-α, nitric oxide, eicosanoids, neutral proteases, lipases, and phospholipases, 
all contributing to nerve damage795,796; and directing T-cell apoptosis reducing the ongo-
ing shifting of T-cell response toward Th2 with upregulation of IL-4,797 TGF-β1, IL-10, 
and cytolysin in models of disease798 during recovery from GBS.

Clinicopathologic features
Diverse GBS variants have been identified thus far, including acute inflammatory demy-
elinating polyradiculoneuropathy (AIDP), acute motor axonal neuropathy (AMAN), 
acute motor and sensory neuropathy (AMSAN), Miller Fisher syndrome, acute pan-
autonomic neuropathy, acute pure sensory neuropathy, acute motor conduction block 
neuropathy, and regional variants such as pharyngo-cervical-brachial type. AIDP consti-
tutes more than 95 percent of the GBS cases in Europe and North America, presenting 
with a monophasic rapidly evolving neuropathic (sensory-)motor paralysis in two or 
more limbs over less than 4 weeks in a typically ascending pattern; bladder disturbance; 
numbness; facial weakness; tingling; pain; swallowing difficulty747; the autonomic dis-
turbance with arrhythmia and fluctuating blood pressures; absent or reduced tendon 
reflexes; less than 50 leukocytes per μL and increased CSF in 80 percent of the cases799; 
antiganglioside antibodies in the serum detected by enzyme-linked immunosorbent 
assay (ELISA)800; slowed motor conduction velocities, delayed F-waves, and preserved 
compound muscle action potential (CMAP) amplitudes consistent with demyelination, 
with a spared sural nerve, that might be complicated by conduction failure and axonal 
degeneration, observed on electrophysiological studies; typically patchy multifocal peri-
vascular T-cell infiltration with demyelination with the involvement of proximal and 
terminal nerve segments801; and blood nerve barrier (BNB) breakdown and deposition 
of activated complement components in some but not all cases of AIDP.794

AMAN is a pure motor variant of GBS802 presenting with minimal sensory impair-
ment and autonomic involvement; reduced CMAP amplitudes, absent F-waves with 
normal distal motor latencies, and conduction velocity on electrophysiological studies; 
absent sensory involvement803; as well as an antibody-mediated immune attack directed 
preferentially against the motor axons causing primary axonal degeneration in the 
absence of prominent T-cell inflammation.793,804,805 AMSAN is a more severe form of 
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AMAN with similar pathology and the involvement of both sensory and motor nerve 
roots, a more severe course and delayed recovery.804,806

The Miller Fisher syndrome or FS807 encompasses ophthalmoplegia, ataxia, and 
areflexia without limb weakness, and accounts for around 5 percent of GBS cases. This 
syndrome has been shown to be associated with preceding C. jejuni infection and can 
manifest with facial and bulbar weakness.802,806

Treatment
The efficacy of immunotherapies in GBS is reinforced by good evidence.808 Plasma 
exchange has been shown to accelerate recovery in nonambulant patients preferably 
started within 2 weeks of disease onset.809 Intravenous immunoglobulin is still probably 
the intervention of choice, which is as effective as plasma exchange.810 According to 
studies performed, there is no indication for the use of steroids in GBS. The use of com-
plement inhibitor eculizumab and immunoadsorption of pathogenic antiganglioside 
antibodies in GBS has been explored, however, further, larger studies are awaited.802,811

Endocrine system
Autoimmune thyroiditis
Definition
Autoimmunity constitutes above 90 percent of the non-iatrogenic hypothyroidism in 
iodine-sufficient countries with a peak incidence at 50–60 years of age and a female 
preponderance of 5–10 times, which might be due to the influence of sex steroids or 
skewed X chromosome inactivation.812-814 The association of thyroiditis with other 
endocrinopathies as part of type 2 autoimmune polyglandular syndrome as well as the 
frequent presence of thyroid autoantibodies in other family members of AT patients 
suggest the role of underlying genetic factors, such as HLA alleles,815 exemplified by 
the association of HLA-DR3 and to a lesser extent HLA-DR4 with Hashimoto’s thy-
roiditis, and HLA-DR5 with postpartum thyroiditis; CTLA-4816; LPP; BACH2817; and 
MAGI3.818 There is also a propensity for progression to AT or Graves’ disease in Turner’s 
and Down’s syndromes.819,820

Clinicopathologic characteristics
Several types of autoimmune thyroiditis (AT), including goitrous (Hashimoto’s) thy-
roiditis, usually presenting with firm and painless goiter with an irregular surface, mod-
erate-to-extensive lymphocytic infiltration and variable fibrosis, usually euthyroid at 
presentation, which can also manifest as subclinical thyroid failure and might eventually 
lead to hypothyroidism; atrophic thyroiditis (primary myxedema), typically diagnosed 
when hypothyroidism is apparent biochemically and clinically, with evidence of fibrosis 
and variable lymphocytic infiltrate in the atrophied thyroid gland821; juvenile thyroiditis, 
presenting as small goiter with moderate lymphocytic infiltrate; postpartum thyroiditis, 
identified with transient thyrotoxicosis and/or hypothyroidism occurring 3–6 months 
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after delivery with small goiter and some lymphocytic infiltrate; silent thyroiditis, char-
acterized by transient thyrotoxicosis and/or hypothyroidism with small goiter and some 
lymphocytic infiltrate; and focal thyroiditis, which can be progressive in some cases 
and occurs in 20–40 percent of autopsied thyroid specimens, associated with thyroid 
carcinoma, have been described. Lymphoma is known as a rare complication of AT. An 
abnormal thyroid ultrasound pattern is highly suggestive of AT822 and the diagnosis can 
usually be made in patients having biochemical evidence of hypothyroidism as well as 
TG and/or TPO antibodies.

Autoimmune features
Circulating autoantibodies against thyroglobulin (TG), a 660-kDa homodimeric gly-
coprotein secreted by thyroid follicular cells (TFC) and stored in the luminal colloid, 
and thyroid peroxidase (TPO), a 100–105-kDa apical membrane protein responsible for 
tyrosine iodination and coupling in the formation of thyroid hormones, can be usu-
ally identified at very high levels in most AT patients and low levels in focal thyroiditis. 
Other autoantibodies associated with AT consist of TSH-receptor (TSH-R) blocking 
antibodies (TBAb), present in approximately 20 percent of the patients with AT823 and 
contributing towards hypothyroidism in some case; antibodies against Na1/I2 transport-
er and pendrin, occurring in 10–20 percent of the AT patients824; and autoantibodies 
against T4 and T3, found in 15–35 percent of the patients with AT.

Upregulation of an array of adhesion molecules and selectins on endothelial cells 
together with the expression of reciprocal adhesion molecules, including CD11a, CD18, 
CD29, CD49a, and CD49e, on the lymphocytes infiltrating the thyroid gland, result-
ing in the recruitment of lymphocytes to the thyroid gland, and this infiltrate can then 
produce various chemokines, including CXCL12, CXCL13, and CCL22, which can 
aid homing.825 The autoimmune process can also be aggravated by the contribution 
of TFC towards the chemokine pool.826 Predominant cells in the thyroid infiltrate are 
CD4+ T cells, many of which are in the activated status.827 There is also an increase in 
the number of activated HLA-DR+ T cells and a reduced number of CD8+ T cells in 
active thyroiditis.828 AT might initiate with a pauciclonal T-cell response and then will 
propagate to a polyclonal T-cell response targeting various autoantigens and epitopes by 
the time of clinical presentation.

A T-cell epitope on TG has been recognized which can specifically bind to the 
MHC class II disease susceptibility HLA-DRβ1-Arg74 molecule and this might stimu-
late T cells and initiate an immune response that eventually involves other autoantigens, 
suggesting that self-tolerance may be first impaired for TG and then for TPO.829,830 No 
dominant T-cell epitope has been identified for TPO and considerable heterogeneity has 
been noted within and between individual patients.831 Defective Tregs activity has been 
suggested in both AT and Graves’ patients.832 A mixed Th1 and Th2 response has been 
demonstrated in Hashimoto’s thyroiditis.833 It has been propounded that the aberrant 
expression of MHC class II on TFC adjacent to T cells producing IFN-γ (Hamilton et 
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al., 1991), following the appearance of a lymphocytic infiltrate, could initiate or propa-
gate the autoimmune response by transforming the TFC into antigen-presenting cells in 
Hashimoto’s thyroiditis and Graves’ disease.834 However, considering the fact that TFC 
does not express costimulatory molecules even after cytokine exposure, they are unlike-
ly to initiate the autoimmune response.835 Class II-expressing TFC can activate T-cell 
lines and clones derived from the thyroids of patients, which are not dependent on B7 
costimulation.835,836 Resistant T cells to tolerance induction and class II-expressing TFC 
in patients with AT may then help to propagate the autoimmune response.837 TFC may 
also take part in the autoimmune process through the expression of other immunologi-
cally active molecules such as CD40 and CD56.

Treatment
Treatment is generally straightforward, consisting of T4 replacement therapy, which 
might lead to the elimination of TBAb and spontaneous remission in 10 percent of the 
patients after several years, the permanence of which is yet to be determined.838,839

Graves’ disease
Definition and Epidemiology
Graves’ disease, characterized by the production of TSH-R-stimulating antibodies 
(TSAb), is the most frequent cause of hyperthyroidism with a prevalence of around 4 in 
1000 and a 5–10 times female preponderance, that shares many immunological features 
with AT.814,840 Future studies are still required to elucidate the relative significance of 
environmental factors such as stress, iodine intake, and smoking, and their interaction 
with each other and with genetic factors affecting the development of Graves’ disease.

Genetics and autoimmune features
There is a 20–30 percent concordance between monozygotic twins for Graves’ disease, 
which is above 10-fold higher than for dizygotic twins841(Brix et al., 1998). HLA-DR3 
allele, polymorphisms in genes, affecting B and T cells, such as CTLA-4, FCRL3, CD25, 
PTPN22 and CD226; TSH-R gene; RNASET2-FGFR1OP-CCR6 region at 6q27; 
LPP; PRICKLE1; BACH2; FGFR1OP; MMEL1; as well as the gene encoding TG have 
been associated with Graves’ disease.815,817,842-846

TSAb can occur in over 95 percent and TG and TPO autoantibodies can be detect-
ed in up to 80 percent of the patients. Thyroid cells shed the A-subunit of TSH-R, 
which is formed as a result of the receptor complex posttranslational processing at the 
hinge region, which is capable of binding to TSAb more avidly than the holoreceptor, 
and this plays role in the stimulation and affinity maturation of TSAb, an IgG1 subclass 
restricted and often λ light chain-restricted autoantibody.847,848 TSAb-induced activa-
tion of the TSH-R leads to increased production of cAMP, however, TSH-R antibodies 
might cause induction of other intracellular signaling pathways as well. There is also a 
group of TSH-R neutral antibodies that do not promote cAMP production but can 
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aid thyroid cell apoptosis in vitro.849 Reduced number of circulating CD8+ T cells and 
increased number of HLA-DR+ T cells have been demonstrated in active Graves’ dis-
ease.850 Intrathyroidal CD4+ and CD8+ T cells are also present in varying proportions 
with homing mechanisms similar to that of AT.825 No discrete Th1 or Th2 pattern has 
been delineated.851 Cytokines’ production, including IL-1, IL-6, IL-8, and IL-10, some 
of which could be expressed by TFC, are significantly elevated. Numerous Tregs with 
impaired activity, partly resulting from defective plasmacytoid dendritic cell function 
and elevated levels of thyroid hormone,852 are present in the thyroid in Graves’ disease 
but are not capable of terminating disease.853

Clinicopathologic characteristics
Graves’ disease is associated with hypertrophy and hyperplasia of the thyroid follicles, 
the appearance of columnar epithelium folded into the follicular lumen, formation of 
new small follicles with little colloid, a variable degree of lymphocytic infiltration, the 
formation of germinal centers, and possibly lymphoid hyperplasia in the lymph nodes, 
thymus, and spleen, in the untreated state. More than 70 percent of the patients with 
Graves’ disease have thyroid-associated ophthalmopathy (TAO), which is not exclusive 
to Graves’ disease and might initially reveal enlarged extraocular muscles and then prog-
ress to clinically apparent eye disease in around 50 percent of the patients.854 Around 
1 percent of the patients, especially those with marked TAO, may develop thyroid der-
mopathy, usually presenting as pretibial myxedema.855

Treatment
Treatment with antithyroid drugs, namely carbimazole, methimazole, or propylthioura-
cil, result in a permanent remission in around 40 percent of the patients.856,857 Relapse is 
likely after antithyroid drugs in patients who smoke, those having evidence of a strong 
Th2 response, or younger patients with severe hyperthyroidism or a large goiter.858,859 
Subtotal thyroidectomy results in a gradual fall in most patients over a year, whereas 
radioiodine treatment can be followed by a rise in thyroid autoantibodies at around 3 
years.860 The elimination of autoantigens following the complete ablation of thyroid tis-
sue leads to the disappearance of all thyroid autoantibodies.861 TAO can be treated using 
supportive measures in mild cases and with corticosteroids or other immunosuppressive 
agents in moderate-to-severe cases.862

Autoimmune diabetes
Definition and Epidemiology
Autoimmune diabetes, also referred to as type 1 diabetes mellitus or insulin dependent 
diabetes mellitus, is a chronic immune-mediated disease of unidentified etiology and 
mode of inheritance characterized by insulin deficiency due to pancreatic islet beta-cell 
destruction with increasing blood glucose levels, leading to patient’s dependence on 
lifelong exogenous insulin treatment.863,864 The incidence rate of autoimmune diabetes 
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varies considerably between countries, showing the highest incidence in Scandinavia, 
Europe, and North America and still lower incidence in most Asian countries. 
Autoimmune diabetes has undergone an increase of 3–5 percent per year in the last few 
decades, with a doubling time of almost 20 years.865 Although the etiology of autoim-
mune diabetes is not well comprehended,864 it is generally accepted as a hereditary dis-
ease, with the HLA class II genes as the most important susceptibility genes, accounting 
for approximately 50 percent of the genetic contribution to the disease.864,866 It should 
be noted that high-risk genotypes vary between countries. Analyses of genetic predis-
position, mainly HLA, and of standardized islet autoantibodies have made it possible 
to explore the pathogenesis and to predict autoimmune diabetes.864,867,868 Autoimmune 
diabetes is characterized by a complex and prolonged subclinical phase, also referred to 
as prodrome or prediabetes, initiated by an autoimmune reaction against either insulin 
in HLA DR4-DQ8 children or glutamic acid decarboxylase (GAD65) in HLA DR3-
DQ2 children869-872 that can be followed by the development of more autoantibodies 
against either insulin (IAA), GADA, islet antigen-2 (IA-2A), or the zinc transporter 
8 (ZnT8A), with asymptomatic subclinical stages lasting a month to years before the 
clinical onset. The cumulative risk of diabetes varies according to high antibody levels, 
positivity for multiple autoantibodies, age, younger age at seroconversion, and persistent 
positivity for IAA.873

Diagnosis and classification
The diagnosis of diabetes is based on a fasting blood glucose concentration of more 
than 7•0 mmol/L (126 mg/dL), a random blood glucose concentration of greater than 
11•1 mmol/L (200 mg/dL) accompanied by symptoms, an abnormal result from an oral 
glucose tolerance test (OGTT), or a glycated hemoglobin (HbA1c) concentration of 
more than 48 mmol/mol (6•5 percent), the latter of which is less sensitive for making a 
diagnosis than fasting or stimulated blood glucose measurements.874 Abnormal glycemia 
must be present on two different occasions in order to make a diagnosis in the absence 
of symptoms. It is still uncertain whether the utility of HbA1c with or without continu-
ous glucose monitoring is of great value to diagnose diabetes in children.875-877 OGTT is 
regarded as a sensitive indicator of impaired glucose homeostasis and type 1 diabetes.878

Proper classification of autoimmune diabetes requires the confirmation of the pres-
ence of beta-cell autoantibodies along with elevated blood glucose.879 More than 90 per-
cent of patients with newly diagnosed autoimmune diabetes have measurable antibodies 
targeting specific β-cell proteins, comprising insulin (IAA), glutamate decarboxylase 
(GADA), islet antigen 2 (IA-2A), zinc transporter 8 (ZnT8A), and tetraspanin-7.880 The 
classification of autoimmune diabetes updated by the American Diabetes Association 
includes Stage I, as the subclinical stage in which patient has developed autoimmunity 
with two or more islet autoantibodies, is still normoglycemic and asymptomatic with 
normal beta-cell function and no indication of insulitis; Stage II as the subclinical stage 
with dysglycemia, rising glucose levels detectable with OGTT, islet beta-cell loss, signs 
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of insulitis during late Stage II, and the presence of two or more islet autoantibodies; and 
Stage III as the clinical stage with beta-cell destruction, insulin deficiency, dysglycemia, 
and hyperglycemia-related symptoms such as polyuria and thirst.881 Type 1 diabetes in 
children commonly manifests with polyuria, polydipsia, weight loss, and diabetic keto-
acidosis in approximately a third of cases.882 Type 1 diabetes in adults might not present 
with the classic symptoms observed in children and can be more variable. Decreased 
C-peptide level is considered as a marker of severe endogenous insulin deficiency, useful 
to direct classification and treatment of diabetic cases examined over 3 years after clini-
cal diagnosis; however, there is no single clinical feature to properly distinguish type 1 
from non-type 1 diabetes at diagnosis.883 The majority of patients with clinically evident 
autoimmune diabetes develop secondary micro- and macrovascular complications later 
in life.864,881 Lifelong treatment with exogenous insulin is required for survival in these 
patients.

Genetics and immune characteristics
Although not sufficient to cause the autoimmune reaction against the insulin-produc-
ing beta cells, the highest risk for type 1 diabetes is conferred by HLA-DR-DQ. It is 
contemplated that an etiological trigger such as a common virus infecting beta cells 
might lead to autoimmunity against specific autoantigens, such as insulin or GAD65, 
and this will be followed by the emergence of a second islet autoantibody and so on.871 
Genetic factors associated with apoptosis,884,885 endoplasmic reticulum stress,885,886 or 
autophagy,887 account for other possible mechanisms during pathogenesis. More than 
60 loci, the majority of which are related to the function of the immune system, have 
been identified as non-HLA genetic factors contributing to type 1 diabetes risk,867,888-

890 IL2, CD25, INS VNTR, IL18RAP, IL10, IFIH1, PTPN22, IL2RA, CTLA4, CCR5, 
IL27, IL7R, CD226, SH2B3, ERBB3, and CD69 to name a few. However, these are 
known to confer a low risk of autoimmune diabetes. Beside these genetic susceptibility 
loci, certain environmental factors, most importantly viral infections, as well as dietary 
factors such as gluten891 and vitamin D,892,893 have been speculated to either trigger an 
autoimmune response or affect the pathogenesis.894,895

Although there is initially no sign of reduced beta-cell function in the preclinical 
prodromal phase of autoimmune type 1 diabetes, it seems that a selective loss of pan-
creatic islet beta cells seems to occur later in the disease process, as Stage II dysglycemia 
is known to be associated with T cell mediated destruction and insulitis.896,897 Impaired 
thymic T cell negative selection has been linked to insulin reactivity897(Bluestone et al., 
2010). Considering the fact that both negative and positive selection and Treg stimula-
tion in the thymus are crucial for effective control of autoreactivity in peripheral tis-
sue,898,899 a loss of the normal regulatory immune mechanisms, as well as an imbalance 
between Treg cells and effector T lymphocytes, have been implicated in Stage I and II 
autoimmune diabetes. In a comparison made between children with multiple autoanti-
bodies and controls, a decrease in mRNA expression levels of T-cell subtype markers has 

(c) ketabton.com: The Digital Library



Autoimmune diseases 173

been delineated, possibly revealing exhaustion of the immune system after the potent 
immune activation during a lengthy autoimmune process and this might play a central 
role in determining the outcome of the disease.92,900

Four major autoantigens, namely, proinsulin, the exclusive beta cell specific anti-
gen901; insulin, the main target for the T-lymphocyte attack particularly in young chil-
dren902; GAD65, specific for beta cells but also expressed in other cells903; and IA-2 and 
the isoform IA-2β, important antigens especially in HLA-DQ8 haplotype carriers,904 
have been described in autoimmune type 1 diabetes together with an expanding list 
of proposed minor autoantigens,905 including the secretory vesicle-associated proteins, 
chromogranin A, VAMP2 and NPY, HSP-60 and HSP-70, IGRP, Glima-38, and much 
more.906 The immune reaction against these minor autoantigens reflects the fact that 
presentation of new antigen to inflammatory cells of the immune system culminates in 
the activation of new T lymphocytes, also known as antigen and epitope spreading.898 
It should be kept in mind that the precise role of T- and B-lymphocyte reactivity and 
autoantibodies against most of the above-mentioned autoantigens in the progression 
from Stage I to II and III has yet to be determined.

Management
None of the efforts to intervene with the autoimmune process using a wide variety 
of immune suppressive agents have been successful to prevent the loss of beta cells and 
preserve residual beta-cell function long term, thus far.907-909 Further elaboration on the 
diabetes management methods currently in practice is beyond the scope of this chapter 
and can be studied in detail elsewhere.910

Polyendocrine syndromes
Definition
Autoimmune polyendocrine syndromes (APS) are characterized by immune-mediated 
destruction of two or more endocrine glands usually accompanied by the involvement 
of several nonendocrine organs and tissues, divided into the ultrarare APS type 1 (APS-
1), which is of monogenic nature caused by mutations in the Autoimmune Regulator 
(AIRE) gene, which plays a dual role in the thymus, both to foster the expression of 
tissue-specific antigens and to enable the generation of a specific subset of Tregs, and the 
prevalent APS type 2 (APS-2), associated with a complex inheritance involving certain 
MHC alleles and variants in a range of other genes, mostly implicated in the adaptive 
and innate immune system. Numerous autoantibodies, correlated with clinical compo-
nents, have been identified in both conditions.

Genetics and autoimmune features
APS-1 is inherited in an autosomal recessive manner, occurring as a defect in the AIRE 
gene on chromosome 21q22.3. The most frequently identified mutations are R257X 
in exon 6,911,912 967–979del13bp,913-916 R139X,917 R203X,918 and Y85C.911,913,915,916 

(c) ketabton.com: The Digital Library



Clinical immunology174

Recently, certain heterozygous missense mutations, mostly located in the first plant 
homeodomain (PHD1) (suggested to predispose for vitamin B12 deficiency/pernicious 
anemia and vitiligo) and in a few cases, in the SAND domain (having a propensity for 
autoimmune thyroid disease),919 have been recognized, giving rise to APS-1 with domi-
nant inheritance.920 Additionally, some HLA alleles are deemed correlated with certain 
components of APS-1.921,922

APS-2 is a syndrome of polygenic inheritance, strongly associated with the HLA 
gene locus in chromosome 6p21. HLA DRB1  ×  03:01 (DR3) DQA1  ×  05:01 
DQB1 × 02:01 (DQ2) and DRB1 × 04:01 (DR4) DQA1 × 03:01 DQB1 × 03:02 
(DQ8) haplotypes have shown consistent associations with APS-2.923-926 Conversely, the 
haplotypes DRB1 × 01 (DR1) DQA1 × 01:01 DQB1 × 05:01 (DQ5), DRB1 × 13:01 
DQB1 × 06:03 DQA1 × 01:03, DRB1 × 13:02 DQB1 × 06:04 DQA1 × 01:02, and 
DRB1 × 07 DQB1 × 02:01 DQA1 × 02:01 were found to protect against Addison’s 
disease.927 Moreover, HLA-B8928 has been shown to be associated with Addison’s 
disease, while HLA-B15 was protective of the progression to overt disease.929 Other 
genes located in the HLA region, such as TNF has been associated with APS-2,923 and 
the 21-Hydroxylase as well as major histocompatibility complex class I chain-related 
MIC-A polymorphisms in exon 5, Involved in NK and T-cell activation, have dem-
onstrated a positive association with Addison’s disease.930,931 In addition, a number of 
other susceptibility genes, mostly involved in immunity and inflammation, have been 
characterized in Addison’s disease and APS-2, although they are not specific for these 
conditions. These genes include CTLA-4932-934; NALP1, involved in inflammation935; 
the programmed death ligand 1936; PTPN22937,938; the lymphocyte cell surface mol-
ecule FCRL3939; the class II, major histocompatibility complex transactivator940,941; and 
BACH2.942

Certain autoantibodies have been associated with each of the major components of 
APS-1 and APS-2. The main autoantigens have been identified as thyroid peroxidase, 
thyroglobulin, and the TSH receptor in autoimmune thyroid disease; glutamic acid 
decarboxylase-65 (GAD65), islet antigen-2 (IA-2), and the beta-cell-specific zinc trans-
porter Zn8 (ZnT8) in type 1 diabetes; steroid 21-hydroxylase (P450c21 or CYP21) in 
Addison’s disease927,943-945; NALP5, a protein highly expressed in the parathyroid gland, in 
hypoparathyroidism946; side-chain cleavage enzyme (P450scc or CYP11A1) and steroid 
17-alpha-hydroxylase (P450c17 or CYP17) in the autoimmune involvement of gonadal 
tissues947-951; and CYP1A2 in autoimmune hepatitis in APS-1.952 Although not proven 
yet, mechanisms interrupting immune tolerance to specific organs can be considered as 
the reason for the coexistence of certain diseases of APS. Several other organ-specific 
self-antigens have been identified, against which autoantibodies could be detected in 
APS, including aromatic l-amino acid decarboxylase in type 2 autoimmune hepatitis953; 
tryptophan hydroxylase in autoimmune enteropathy954; tyrosine hydroxylases in alo-
pecia955; glutamic acid decarboxylase 2 (GAD2/GAD65)956,957 and GAD1/GAD67 in 
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APS-1958; transglutaminase-4 (TGM4), a prostate-specific autoantigen959; and cancer tes-
tis autoantigens such as PDILT and different MAGE proteins.960,961 The genes for many 
of the above-mentioned autoantigens, many of which are intracellular phosphoproteins 
and proteins expressed in lymphoid cells, are not AIRE-regulated.961 Besides, APS-1 
patients display autoantibodies targeting a number of interferons and interleukins, such 
as various isoforms of type 1 interferon alpha and omega (IFN-α and IFN-ω), highly 
specific but not entirely exclusive for APS-1962-964; IL-17A, IL-17F, and IL-22 correlated 
with the presence of candidiasis965,966; IFN-λ1, IFN-λ−2, IFN-λ−3, IL-5, IL-6, and 
IL-32.967,968 The organ-specific autoantibodies against P450c21, P450c17, and P450scc 
are shared between APS-1 and APS-2.956,969,970 However, there are some differences in 
the expression of autoantibodies between these two syndromes, as autoantibodies to 
GAD65 and/or IA-2 protein are frequently observed in APS-2 patients with type 1 
diabetes, while anti-GAD65 autoantibodies have been suggested to correlate to malab-
sorption and vitiligo in APS-1 patients.956,961

Clinical features
APS-1, also referred to as polyglandular autoimmune syndrome type 1 or autoim-
mune polyendocrinopathy candidiasis ectodermal dystrophy has a broad spectrum 
of clinical presentations. The major components shaping the clinical picture include 
chronic mucocutaneous candidiasis (CMC), hypoparathyroidism, as the most frequent 
and sometimes only endocrine component in APS-1,971 followed by Addison’s disease, 
observed in about half of the patients.972-974 Some minor components such as periodic 
fever with nail dystrophy, keratoconjunctivitis, and rash can appear earlier than these 
major manifestations.975 It is now apparent that the phenotypic variability in the appear-
ance of these main manifestations is large.973,976 Patients can harbor about 45 different 
diseases, with CMC, hypoparathyroidism, periodic fever with rash, and keratitis appear-
ing earlier in the disease course, while other manifestations commence in adult age.975,977 
Other endocrinopathies in falling frequencies are gonadal insufficiency, more common 
in females,951 type 1 diabetes, autoimmune thyroid disease and hypophysitis. Patients 
can manifest with gastrointestinal autoimmunity, notably enteropathy with malabsorp-
tion and/or obstipation, exocrine pancreatitis, autoimmune gastritis, and hepatitis, the 
involvement of ectodermal structures, such as alopecia, keratoconjunctivitis, and enamel 
dysplasia, vitiligo and nail dystrophy, interstitial nephritis,978 hyposplenism or splenic 
atrophy,973,976 pneumonitis,979 pure red cell aplasia,977 hypertension and increased miner-
alocorticoid sensitivity,234 retinitis,980 lipodystrophy,981 peripheral neuropathy,982 ptosis,977 
metaphyseal dysplasia983 and polyarthritis.984

APS-2 is classically defined as a combination of Addison’s disease with autoim-
mune thyroid disease and/or type 1 diabetes.985 Clinical manifestations such as vitiligo, 
hypergonadotropic hypogonadism, alopecia and autoimmune gastritis with or without 
pernicious anemia, although are less frequent compared to the major manifestations 
stated, are prevalent.
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Treatment
Anticandidal drugs such as amphotericin B, ketoconazole, fluconazole or itraconazole 
can be administered in APS-1 patients to treat used candidiasis.986-988 Replacement 
therapy with hydrocortisone, cortisone acetate, and fludrocortisone (to replace aldoste-
rone) has been efficiently used for Addison’s disease. The therapy of hypoparathyroid-
ism is aimed at providing normal calcium levels and includes calciferol sterols (vitamin 
D hydroxylated forms, calcitriol or calcidiol) and calcium salt preparations, preferably 
calcium carbonate, and possibly, recently available recombinant parathyroid hormone,989 
the efficiency and safety of which still needs to be justified. The candidate therapeutic 
strategies targeting the immune system include cyclosporine A, leading to temporary 
remission in APS-2990; rituximab to regain adrenocortical function in autoimmune 
Addison’s disease991; anti-CD3 monoclonal drugs in type 1 diabetes; steroid and aza-
thioprine in autoimmune hepatitis973; rituximab and cyclosporine A in interstitial lung 
disease992; cyclosporine A and mycophenolate mofetil to treat malabsorption993,994; and 
topical steroids and cyclosporine to induce remission in keratitis.

Gastrointestinal system
Autoimmune gastritis and pernicious anemia
Definition and Epidemiology
Pernicious anemia is the result of advanced autoimmune gastritis, as one of the most 
common autoimmune diseases, which is asymptomatic in its initial stages. Pernicious 
anemia, although uncommon prior to the age of 30 years, represents the most frequent 
cause of vitamin B12 deficiency with an estimated prevalence of approximately 2 per-
cent in Western adult populations at or over the age of 60 years and shows a racial 
predilection for northern Europeans.995

Genetics and autoimmune features
Predisposition to pernicious anemia appears to be partly due to certain genetic factors, 
including HLA locus,996 although not substantiated in other studies, NALP1,997 specific 
genes in mice such as two major genes on chromosome 4, termed Gasa1 and Gasa2,998 
as well as Gasa3 on chromosome 6, and Gasa4 on chromosome 17.999

Autoimmune gastritis is associated with polyclonal autoantibodies predominantly of 
the IgG isotype to gastric parietal cells1000 directed toward both the catalytic 100 kDa 
α subunit and the 6090 kDa glycoprotein β-subunit of the gastric enzyme responsible 
for acidification of gastric luminal contents located on specialized secretory membranes 
of gastric parietal cells, namely H+/K+ ATPase, resulting in depletion of H+/K+ ATPase 
activity from parietal cell membranes in vitro1001-1004; and at least two distinct antibodies 
against their secreted product, IF, one reacting with the binding site for vitamin B12, 
inhibiting the subsequent binding of IF with free vitamin; and the other reacting with 
an antigenic determinant remote from this site.1005,1006
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According to human studies, a notable increase in CD4+ and CD8+ T cells and a 
six-fold increase in non-T cells have been demonstrated in the cellular infiltrate of 
stomachs of patients with pernicious anemia1007,1008 and this finding is in keeping with 
the observations made by electron microscopy showing lymphocytes line up against 
the membranes of gastric parietal cells and zymogenic cells in the gastric mucosa. 
Moreover, H+/K+ ATPase-specific CD4+ T cell clones, capable of recognizing a number 
of epitopes in the H+/K+ ATPase α and β subunits1009 and biased toward the produc-
tion of IFN-γ and TNF-α or IL-4 by some clones,1010 most of which also display per-
forin or FAS-dependent cytotoxic activity, have been isolated from the gastric mucosa 
of patients with autoimmune gastritis. T cell immune response to the gastric H+/K+ 
ATPase has been shown as a necessary component for the initiation and development 
of autoimmune gastritis.1011 Extensive studies on the pathways that lead to immuno-
logical tolerance to the gastric H+/K+ ATPase have suggested that the protection from 
gastritis is mediated almost exclusively by tolerogenic mechanisms in the local tissue 
environment. High avidity H+/K+ ATPase-specific T cells exit the thymus and represent 
the residue of a T cell repertoire that has been subjected to partial extrathymic deletion 
in the periphery,1012 occurring following antigen-specific activation of H+/K+ ATPase-
specific CD4+ T cells in the stomach draining paragastric lymph node. Dendritic cells 
and Foxp3+ regulatory T cells (Tregs) mediate additional mechanisms of peripheral 
tolerance by affecting the activation of self-reactive T cells that remain after the clonal 
deletion.1012-1016

Clinical features
Autoimmune gastritis is silent in the early stages with the gastric lesion being predict-
able by immunologic markers specific for gastric autoimmunity 20–30 years before the 
onset of clinical manifestations.1017 Approximately 10–15 percent of the patients with 
autoimmune gastritis develop pernicious anemia when stores of vitamin B12 are deplet-
ed.1018,1019 Gastritis eventually leads the deficiency of a protein avidly binding to dietary 
vitamin B12, intrinsic factor (IF), which provokes vitamin B12 transport to the terminal 
ileum for absorption by multifunctional endocytic cubilin receptors in the ileum,1020-

1022 resulting in clinically evident vitamin B12 deficiency associated with megaloblastic 
anemia caused by defective DNA synthesis,1023,1024 decreased serum pepsinogen I levels, 
decreased serum pepsinogen I/II ratio, and elevated serum gastrin levels,1025-1027 and 
can present with palor, tiredness, sore tongue, abdominal discomfort, neuropsychiatric 
syndromes, such as sensory impairment, abnormal reflexes, motor impairment, spastic 
paraparesis, mental or psychiatric disturbances,1028 and an increased risk of developing 
gastric cancer and gastric carcinoids.1029,1030 Pernicious anemia is the consequence of 
insufficient IF production and not associated with gastritis or achlorhydria in child-
hood. Pernicious anemia occurs concomitantly with the autoimmune endocrinopathies 
and the antireceptor autoimmune diseases, such as insulin-dependent type 1 diabetes 
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mellitus, primary ovarian failure, Hashimoto’s thyroiditis, vitiligo, primary Addison’s 
disease, premature graying of the hair, myasthenia gravis, primary hypoparathyroidism, 
thyrotoxicosis, and the Lambert-Eaton syndrome.1031-1033

Treatment
Pernicious anemia is routinely treatable by vitamin B12 replacement, either with a daily 
intake of high-dose oral vitamin B12 tablets (1000–2000 μg) or intramuscular monthly 
injections, to correct hematologic manifestations and neurological complications; how-
ever, this therapy is not capable of reversing the destruction of the gastric mucosa as the 
underlying cause of the disease.1034 The ectopic expression of the gastric autoantigen 
and treatment using Tregs has shown promise for long-term reversal of gastric lesions in 
mice,1035,1036 and requires further investigations to validate the benefit in humans.

Autoimmune hepatitis
Definition and Epidemiology
Autoimmune hepatitis (AIH) is an inflammatory liver disease of unknown etiology with 
a female predominance (3:1 ratio), characterized by elevated transaminase and IgG levels, 
interface hepatitis on histology, and positive autoantibodies, the profile of which allows 
its classification to AIH type 1 and 2. Prompt institution of immunosuppressive treatment 
generally provides a mostly symptom-free long-term survival, preventing liver failure.

Genetics and autoimmune features
Several susceptibility genes have been proposed in patients with AIH, mostly located 
within the HLA region, including HLA-DRB1, HLA-DR3 and DR4 loci, which are 
linked to susceptibility to AIH-11037-1041; allelic variation within HLA-DRB1, HLA-
DR3 and HLA-DR7 in AIH type 21042; CTLA-41043; the TNF-α gene promoter1044; and 
Fas.1045

Key to the diagnosis of AIH is positivity for circulating autoantibodies, ANA and 
SMA in AIH type 1, and anti-LKM1 and anti-LC1 in AIH type 2.1046-1049 It should 
be noted, however, that these autoantibody profiles may occasionally coexist.1046 The 
pathogenesis of AIH, particularly AIH-1, is not yet fully elucidated.1050,1051 However, the 
existence of a few numbers of autoantigenic epitopes has been hypothesized, consider-
ing the evidence of oligoclonality of the T cell receptor repertoire among liver infiltrat-
ing T cells.1052 On the other hand, components of cytochrome P450 2D6 (CYP2D6) 
have been identified as the autoantigenic epitopes recognized by both B cells and the T 
cell receptors of CD4 and CD8 T cells in type 2 AIH.1050 A hypothesized theory of AIH 
immunopathogenesis entails trigger of AIH in genetically susceptible individuals by viral 
infections, such as HAV, HCV, HEV, EBV, HSV and measles,1050,1051,1053 or exposures to 
drugs or xenobiotics, either as a consequence of molecular mimicry of autoantigens or 
through the presentation of hepatic autoantigens lying within apoptotic bodies of dying 
hepatocytes.1054 Albeit the role of Treg dysfunction remains controversial, the pathogenic 

(c) ketabton.com: The Digital Library



Autoimmune diseases 179

activities of effector T cells in both AIH-1 and 2 as a consequence of reduced number 
and functional capacity autoantigen-specific CD4 Tregs, which are crucial in inhibition 
of the autoimmune effector cell response(s),1055-1057 has been recently suggested as a pos-
sible mechanism involved in the loss of tolerance in AIH. This highlights the need for 
recognizing the autoantigenic CD4 and CD8 T cell epitopes in AIH-1.1054

Clinical features
Although AIH type 1 affects all ages, almost 80 percent of AIH type 1 cases are diag-
nosed before the age of 60 years with two peaks, one in childhood/adolescence and the 
other in adulthood around the age of 40 years,1058-1060 with 40–60 percent of patients 
having a chronic disease course with nonspecific symptoms such as fatigue, abdominal 
pain, arthralgia, and nausea.1061 AIH type 2 is rare in older ages and mainly affects chil-
dren/adolescents, constituting one-third of all cases in pediatrics with a clinical course 
similar to AIH type 1,1062 and young adults. Children and young might more frequently 
experience acute presentations compared to older patients, even presenting as fulminant 
hepatic failure, especially in patients with AIH type 2.1063 Adult patients might present 
acutely with jaundice, arthralgia, anorexia, and fatigue, in about one-third of cases.1064,1065 
It is also not uncommon for AIH to present with a relapsing pattern as acute hepatitic 
episodes alternating with spontaneous clinical and biochemical improvement. Less com-
monly, complications of portal hypertension, such as hypersplenism or gastrointestinal 
bleeding, might comprise the first symptoms of AIH.

Considering the wide spectrum of presenting features, AIH should be suspected 
and ruled out in all patients with symptoms and signs of prolonged, relapsing, or severe 
liver disease in order to promptly institute the appropriate treatment. At least one-third 
of AIH patients manifest with cirrhosis at the time of diagnosis, demonstrating the 
longstanding disease process.1058,1059 A family history of autoimmune disorders is present 
in almost 40 percent of AIH patients, and approximately 20 percent of both adult and 
pediatric patients with AIH present with autoimmune diseases or associated autoim-
mune characteristics, such as thyroiditis, inflammatory bowel disease, type 1 diabetes, 
arthritis, hemocytopenia, and vitiligo, at diagnosis or during follow-up and pediatric 
patients.1066-1068

Treatment
Attainment of an early complete remission to prevent disease progression and to uphold 
it using the lowest possible dose of medications for long term are the primary aims of 
treatment in AIH. Except for a fulminant onset AIH with encephalopathy, AIH, irre-
spective of the degree of liver impairment, responds well to immunosuppressive treat-
ment.1060,1069 A combination of predniso(lo)ne and azathioprine has long been the main-
stay of treatment for AIH.1070,1071 Currently available second-line drugs, the advantage 
of some of which over standard treatment remains to be evaluated in controlled studies, 
include calcineurin inhibitors, cyclosporine and tacrolimus, which have been used as 
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steroid-sparing agents to induce remission whilst avoiding high-dose steroid adverse 
effects1072-1074; budesonide, although ineffective in patients with cirrhosis,1058,1059 pos-
sibly a valid alternative in patients at selected risk of adverse effects from prednisolone 
or in maintaining remission in patients who have achieved it with predniso(lo)ne1075; 
6MP1076 or 6- thioguanine1077 in patients with azathioprine intolerance; mycophenolate 
mofetil, in difficult-to-treat cases1072,1078,1079; rituximab, in some cases of difficult-to-
treat AIH1080,1081; infliximab, an anti-TNF-α agent, in treatment-resistant patients1082-1084; 
methotrexate, probably in some patients refractory or intolerant to first-line therapy1085; 
the m-TOR inhibitors sirolimus and everolimus, although mostly have disappoint-
ing results.1086-1088 In patients presenting with fulminant hepatic failure (grades IIIV 
encephalopathy) unresponsive to steroids, or who progress to end-stage liver disease 
despite immunosuppression,1048 liver transplantation is the treatment of choice, followed 
by long term prednisolone treatment at a dose higher than that generally used after liver 
transplantation for other conditions to prevent a recurrence. Considering the central 
role of loss of immunoregulation in the pathogenesis of AIH, studies are underway to 
restore the ability of Tregs to expand in number, with consequently enhanced function.

Blood disorders
Autoimmune hemolytic anemia
Definition
Autoimmune hemolytic anemia (AIHA) is a classic model of type II hypersensitivity, 
with autoantibody-coated RBC removed from the circulation by phagocytes of the 
reticuloendothelial system (RES), mainly splenic macrophages, and/or lysis by  com-
plement fixation,1089,1090 which can be classified by the type of autoantibody and by 
the presence of underlying disease.1091 AIHA is divided into primary (idiopathic), in the 
absence of any associated condition, or as secondary if there is a coexisting disease that 
may be deemed causal or has shared etiology, such as infection, immune disease neoplasia 
and drug-induced conditions.1089,1090 Depending on the optimum temperature at which 
pathogenic autoantibodies bind RBC, they can be described as either cold, usually of 
Ig-M class, which is responsible for 15–20 percent of human AIHA cases,1089 binding 
more avidly at 4 °C than at higher temperatures and results in intravascular hemolysis 
if it triggers complement to form membrane attack complexes (MAC),1092 overcoming 
protective regulators on the RBC such as CD35, CD55, and CD59,1093,1094 or can be of 
IgG class, namely the Donath Landsteiner (DL) hemolysins, which binds RBC if the 
temperature falls below 37 °C and then fix complement to elicit MAC formation and 
fulminant intravascular hemolysis when warmed again1089,1095; or warm reactive, as the 
most common cause of AIHA and reacting more strongly with RBC at 37 °C than at 
lower temperatures, mainly of the IgG class, provoking extravascular hemolysis, prin-
cipally by Fc receptor (FcγR)-mediated1090 or CR-mediated erythrophagocytosis by 
deposition of C3b and C3d that can strongly enhance opsonization1096 by interacting 
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with specific receptors including CR1 and CR3,1097 with splenic macrophages acting 
as the main effectors of RBC destruction.1090 Mixed pathogenic autoantibodies of both 
types can be observed in up to 7 percent of the patients.1091

Genetics and immune features
Almost 60 percent of the patients with warm AIHA express the HLA-DR15 allele.1098 
It has also been depicted that a promoter haplotype correlated to decreased expression 
and function of the inhibitory FcγR FcγRIIb, resulting in enhanced phagocytosis of 
IgG-opsonized RBC and increased antibody responsiveness, renders the NZB mice 
susceptible to AIHA.1099,1100 Moreover, the fact that AIHA becomes progressively more 
frequent with age might reflect impaired immune regulation.1091,1101

Many of the major red blood cell (RBC) autoantigens in AIHA have been estab-
lished, including Ii blood group system of carbohydrate differentiation antigens against 
which cold reactive RBC autoantibodies act1102; the I antigen, predominant on adult 
RBC, as well as i expressed at low levels1103,1104; and Pr,1105 all identified in CAS; P in 
PCH1095; the Rh proteins,1106 as the most common targets in human warm AIHA; 
glycophorins; and RBC anion channel protein, Band 3.1106 Investigation of pathogenic 
responses to such autoantigens has unraveled some mechanisms underlying the loss of 
self-tolerance in warm AIHA.

Autoantibodies, the complement system, phagocytes, cytotoxic CD8+ T cells and 
NK cells performing ADCC, B and T lymphocytes including the CD4+ Tregs, and 
cytokines are implicated in the pathogenesis of warm AIHA. Molecular mimicry of 
foreign antigens from exogenous infectious and noninfectious agents, such as drugs, 
crossreacting with RBC self-antigens, including Rh proteins, glycophorins and band 3, 
might conquer self tolerance and induce AIHA. Moreover, viruses may cause polyclonal 
activation of B lymphocytes, which can then result in the appearance of forbidden 
clones, which can be accompanied by lymphoproliferative disorders. Increased number 
of a CD4+ T-helper cell subset, Th17 cells, along with an increase in the cytokine they 
produce, IL-17, have been shown to play a role in AIHA.1107 Moreover, a reduced num-
ber of Tregs have been reported in patients with AIHA.1108 The imbalance between Th1 
cells, capable of eliciting cell-mediated activity, and the IL-2, IL-12, IFN-Y, and TNF-ß 
cytokines they produce, and Th2 cells, promoting humoral responses and secreting IL-4, 
IL-5, IL-6, IL-10, and IL-13, may also play a role.1109 A reduced Th1 and a prominent 
Th2 profile might likely trigger the pathogenesis of AIHA.1110,1111

Clinical features
The prevailing clinical features in both cold hemagglutinin disease (CAS)1089 and warm 
AIHA1090 reflect the anemia, predominantly instigating lethargy and dyspnea, pallor, 
icterus, hemoglobinuria massive hemolysis, cyanosis or even necrosis of the bodily 
extremities in CAS,1089 recurrent bouts of anemia and hemoglobinuria due to exposure 
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to cold in AIHA due to DL antibodies,1089 as well as splenomegaly or hepatomegaly 
associated with extravascular hemolysis in warm AIHA.1090 Besides anemia, there can be 
evidence of erythroid regeneration with reticulocytosis1089,1090 or even a poor erythroid 
response,1112 the latter as a consequence of either the physiological lag in enhanced 
RBC production following acute hemolysis, autoimmune reactions precluding RBC 
regeneration,1113 or an underlying bone marrow disorder1114; increased bilirubin, aspar-
tate transaminase, and lactate dehydrogenase levels as a result of hemolysis; RBC autoag-
glutination in cold AIHA; spherocytes in warm AIHA.

Treatment
Currently applicable treatment strategies in cold and warm AIHA include supportive 
care for anemia; transfusion in life-threatening cases of anemia1089,1090; preventing unnec-
essary exposure to low temperatures in patients with pathogenic cold reactive autoanti-
bodies1089; treatment of the underlying condition in cases of secondary disease; cortico-
steroids or cytotoxic drugs with frequently poor response in CAS1089; targeting B cells 
with the anti-CD20 monoclonal antibody rituximab1115,1116 as an effective treatment for 
AIHA refractory to conventional treatments1117 and now regarded as the first line of 
therapy in some centers when combined with steroids1118; corticosteroids, considered to 
be the most frequent first-line therapy for warm AIHA1090 which act through down-
regulation of macrophage FcγR to increase the survival of IgG-sensitized RBC1119 and 
reduction of autoantibody production1120; cytotoxic drugs such as cyclophosphamide or 
azathioprine, administered as second-line therapies; as well as splenectomy to eradicate 
an important site of extravascular hemolysis.1090,1117

Immune thrombocytopenia
Definition
Immune thrombocytopenia (ITP) is an acquired prototypic organ-specific autoimmune 
disorder defined by a platelet count of lower than 100 × 109 L−1 as a consequence 
of augmented platelet destruction and defective platelet production,1121,1122 mediated 
by both antiplatelet antibodies and T cell-mediated cytotoxicity, with peak incidence 
during childhood and in adults greater than 60 years of age.1123 ITP is slightly more 
prevalent in males in childhood and women in the 30–60 years age group.1123,1124 The 
main clinical consequence of thrombocytopenia is bleeding due to impaired primary 
hemostasis and platelet plug formation. According to the 2010 International Working 
Group (IWG) consensus of ITP experts, ITP is defined as an isolated thrombocyto-
penia in the absence of other known conditions and secondary in about 20 percent 
of cases, occurring in the context of conditions associated with immune dysregula-
tion, including infections with human immunodeficiency virus (HIV), hepatitis C 
virus (HCV), Helicobacter pylori, cytomegalovirus, and Varicella zoster; autoimmune 
disorders such as SLE, Evans syndrome and APS; lymphoproliferative disorders such as 
chronic lymphocytic leukemia, Hodgkin’s lymphoma, non-Hodgkin’s lymphoma and 
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large granular T-lymphocyte leukemia; vaccination, particularly against measles-mumps-
rubella; drugs such as Depakote, quinine and quinidine; and as a side effect of bone 
marrow transplantation.1125-1127

Pathogenesis
Primary ITP is a heterogeneous acquired autoimmune condition presenting with 
thrombocytopenia as a result of a combination of different predisposing factors, includ-
ing the presence of pathologic antiplatelet autoantibodies, T cell-mediated platelet 
destruction, and defective megakaryopoiesis.1128-1130 Autoantibodies, predominantly 
IgG and less commonly IgA or IgM,1131 are secreted against platelet surface antigens, 
such as components of the glycoprotein (GP) IIb/IIIa and GPIb/IX complexes and 
anti-GPVI.1132,1133 Autoreactive antibodies might be secreted by B lymphocytes and 
plasma cells, which are present in increased number, particularly in the spleen, followed 
by the peripheral blood, bone marrow, and probably lymph nodes,1134,1135 and can be 
recognized by phagocytes with Fcγ-receptors while bound to platelets, resulting in the 
antibody-mediated destruction via phagocytosis mainly occurring in the spleen.1136,1137 
Antibody binding can also induce complement-mediated platelet lysis.1138 In addition 
to the production of autoreactive antibodies, increased levels of B cell activating factor 
(BAFF) in ITP may contribute to disease activity by rescuing autoreactive B and T cells 
from apoptosis and by promoting survival of long-lived splenic plasma cells.1133,1139 
Decreased number and impaired function of IL-10 producing Bregs, which play a 
crucial role in immune suppression through triggering the differentiation of Tregs, 
modulating Th1/Th2 balance, and inhibiting activation of monocytes, have also been 
identified in patients with ITP.1140-1142

T cells and dysregulation of T-cell populations also play a significant role in the 
pathogenesis of ITP through a variety of mechanisms. Decreased Th2 polarization 
and an increased Th1/Th2 ratio have been shown to have an inverse correlation with 
platelet count in ITP, probably by causing an increase in platelet phagocytosis.1133,1143 In 
addition, CD8+ cytotoxic T cells can directly lyse platelets and prevent platelet produc-
tion in the bone marrow.1144,1145 It has also been depicted that a population of autoreac-
tive GPIIb/IIIa CD4+ T cells can enhance the production of antiplatelet antibodies.1146 
Moreover, the reduced number and defective function of Tregs are implicated in the 
abnormal ITP immune environment.1147

Finally, evidence suggests that in spite of the normal or elevated number of MKs in 
bone marrow biopsies, the platelet production is impaired in many ITP patients,1148 sup-
ported by evidence of abnormal apoptosis and impaired megakaryocyte growth in cell 
culture with ITP plasma observed by electron microscopy,1149,1150 none or minimal ele-
vation of serum thrombopoietin levels in patients with ITP as well as the success of the 
TPO receptor agonists.1151 One other method of regulation of the number of platelets, 
driven by platelet clearance, is through the binding of platelets to the Ashwell-Morrell 
receptor (AMR) system in the liver.1152 Under nonpathological conditions, desialylation 
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of membrane proteins takes place as platelets age,1153 resulting in the recognition of these 
platelets by the AMR and their subsequent clearance from circulation, and this, in turn, 
drives TPO messenger RNA production.1154 Nevertheless, the majority of antibody-
coated platelets in ITP are assumed to be depleted via FcR-mediated phagocytosis and 
not in the above-mentioned fashion.

Clinical features
ITP is characterized by an isolated platelet count of less than 100 × 109 L−1 in the 
absence of other underlying disorders and occurs in both children and adults, both 
of which have similar platelet counts at diagnosis and bleeding symptoms with severe 
thrombocytopenia, but with likely distinctive underlying disease processes, suggested by 
the observation of spontaneous remission in the majority of children with ITP and the 
chronic nature of the disease in most adults.1155,1156 Severe extemporaneous or posttrau-
matic bleeding, such as mucocutaneous, genitourinary, gynecologic, gastrointestinal, or 
intracranial hemorrhage (ICH), the latter of which occurs more commonly in adults, 
especially prevalent in patients over the age of 60 years, compared to children,1157,1158 
might occur with platelet values of less than 10 × 109 L−1 and less frequently in patients 
with platelets between 10 × 109 and 20 × 109 L−1.1158,1159 Factors such as lower platelet 
counts, older age, prior hemorrhage, and male gender are associated with increased risk 
of bleeding.1156-1158 Severe ITP is defined as having clinically significant bleeding and 
very low platelet counts requiring initiation of treatment, increased doses of medica-
tions, or additional therapies.1127 Those with severe ITP or significant risk of bleeding, 
not responsive to splenectomy are described as refractory ITP.1127 Besides the major 
concern in patients with ITP, bleeding, an increased risk of thromboembolism has also 
been depicted, which could be possibly attributed to enhanced platelet activation and 
cell derived microparticles with perhaps some contribution of treatment effect.1160-1162

Treatment
Patients with a platelet count of less than 10 × 109 L−1 and most of the patients with 
platelet counts ranging from 10 × 109 to 30 × 109 L−1, depending on bleeding and/or 
bruising symptoms, medical comorbidities, and fatigue, are treated.1163 First-line treat-
ments all aiming at reducing autoantibody-mediated platelet destruction1136 include 
steroids, IVIG, slowing platelet destruction and enhancing platelet half-life; and IV 
anti-D, that can be administered in RhD antigen positive patients with negative direct 
antiglobulin test (DAT) and intact spleens.1164,1165 In cases that first-line treatment does 
not result in permanent improvement and/or clinical remission, steroids are no longer 
of use, and other reasonable options, such as splenectomy resulting in the achieve-
ment of a normal platelet count in around 60  percent of the patients postsurgery 
and maintaining a sustained response at 5 years1166,1167; rituximab, depleting circulating 
CD-20-positive antibody-producing B cells with an overall response rate of around 
50–60 percent1168,1169; thrombopoietin receptor agonists (TPO-Ras), eltrombopag and 
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romiplostim, which bind to the TPO receptor and trigger megakaryopoiesis and hence-
forth platelet production1170; danazol; dapsone; azathioprine; vincristine; mycophenolate 
mofetil; and cyclophosphamide,1171-1175 should be considered.

Cardiovascular system
Rheumatic fever and rheumatic heart disease
Definition and Epidemiology
Rheumatic fever (RF)/rheumatic heart disease (RHD) is the most definite example of 
molecular mimicry following an untreated Streptococcus pyogenes infection in chil-
dren, which elicits autoimmune reactions against human tissues and present a complex 
network of several genes that control both innate and adaptive immune responses that 
predispose to the diverse clinical manifestations. The incidence of IHD is greater than 
50 per 100,000 children in some developing countries and of at least 15.6 million cases 
and the leading cause of around 233,000 deaths/year, worldwide.1176

Genetics and autoimmune features
RHD is the most serious complication of RF depending on multiple host factors, 
mediating a heart tissue driven autoimmune response elicited by an impaired immune 
response against S. pyogenes. RF/RHD is associated with several genes, some of which 
are related to the innate immune response, including mannan-binding lectin-2 (MBL2), 
TLR-2, Ficolin, FcγRIIA, MBL-associated serine protease-2 (Masp2), and macrophage 
inhibitory factor (MIF) genes; adaptive immune response, including HLA-DRB1, 
DRB3, DQB1, DQA1, and CTLA4 genes; or both the innate and adaptive immune 
responses, including TNF-α, IL-10, TGF-B1 and IL-1Ra genes.1177-1194

In view of the cross-reactions between streptococcal antigens present as a result of 
throat infection by S. pyogenes and human tissue proteins, predominantly heart tissue 
proteins in individuals with a genetic predisposition, which initiate an inflammatory 
process leading to intense cytokine secretion by monocytes and macrophages that in 
turn induce the activation of B and T lymphocytes, RF/RHD is considered as the most 
notable example of molecular mimicry in human pathological autoimmunity. Several 
Streptococcal heart tissue cross-reactive antibodies, discussed elsewhere in details,1195-1197 
also play a role in the development of the disease through activating the heart tissue val-
vular endothelial cells which then enhances the expression of adhesion molecules such 
as VCAM1, mediating cellular infiltration by neutrophils, monocytes, B and T cells1198; 
and the expression of chemokines by activated endothelial cells, stimulating the expres-
sion of integrins, selectins, and succeeding transendothelial migration of leukocytes. 
CD4+ infiltrating T cells predominate the heart rheumatic lesions.1199

The development of Aschoff bodies, a granulomatous lesion consisting of macro-
phages, Anitschkow cells, multinucleated cells, and polymorphonuclear leukocytes, in 
the myocardium and/or endocardium, together with the secretion of inflammatory 
cytokines such as IL-1, TNFα, and IL-2, have been found in the heart tissue in patients 
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with RHD, the latter of which is dependant on the developmental phase of the Aschoff 
bodies,1200 possibly initiating and perpetuating the inflammatory process leading to heart 
tissue damage. Molecules such as integrins, chemokine and cytokines, namely IFNγ, 
IL-23, and IL-17, involved in the recruitment of T and B lymphocytes culminating in 
the autoimmune reactions, have been described involved with the inflammatory process 
in rheumatic heart lesions.1195,1196

Clinical features
The major manifestations include polyarthritis, generally migratory and very painful, 
and as one of the earliest and most frequent disease manifestations in 60–80 percent of 
the patients, usually involving the peripheral large joints; carditis, the most serious mani-
festation of the disease, occurring a few weeks after the infection, and usually presenting 
as a pancarditis, mitral and aortic regurgitation (AR) caused by valvulitis, or endocarditis, 
which is the most severe sequel commonly resulting in chronic rheumatic heart disease 
(RHD); Sydenham’s chorea, usually a delayed manifestation, present in 30–40 percent of 
patients and characterized by involuntary movements, particularly of the face and limbs, 
muscular weakness, disturbances of speech and gait, and voluntary movements; subcu-
taneous nodules and erythema marginatum, characterized by nodules on the surface 
of joints and skin lesions, respectively, along with the minor manifestations, comprising 
fever, arthralgia, prolonged PR interval, increased erythrocyte sedimentation rate, and 
the presence of C-reactive protein.1201,1202

Treatment
Preventive and therapeutic methods currently in use include either oral antibiotic (usu-
ally penicillin) or a single injection of penicillin acute throat infections caused by group 
A Streptococcus bacteria for primary prevention of ARF; several years of antibiotic 
therapy to prevent fever and heart disease in case of acute RHD; open heart surgery 
to repair or replace heart valves in patients with severely damaged heart valves; antiin-
flammatory medications such as salicylates or corticosteroids to reduce inflammation 
in ARF; monthly injections of antibiotic, such as Penicillin for a period of 5 years in 
patients having one attack of RF or for up to 40 years in the presence of carditis; per-
sistent use of low doses of antibiotics such as penicillin, sulfadiazine or erythromycin 
to avert re-occurrence of RHD in patients with RF; and the ACE inhibitors, diuretics, 
beta-blockers, digoxin and corticosteroids if patients develop congestive heart failure. 
In addition, progress is being made in developing group A streptococcal vaccines.1203

Future perspectives and concluding remarks

Over the past several years, progressive advancement in our understandings of immuno-
pathogenesis has redirected us to a more clear approach to the study of autoimmunity 
and has resulted in an enormous expansion of potential therapeutic targets. We have 
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witnessed a change in our understanding of autoimmunity through the identification 
of different patterns of genetic polymorphisms contributing to autoimmunity risk and 
multiple mechanisms involved in the aberrant regulation of gene expression resulting in 
autoimmunity, and more remain to be identified. Identification of such gene and protein 
expression patterns will help to elucidate the common mechanisms of immune dys-
function among multiple autoimmune diseases and those unique to a particular disease.

Despite the development of multiple new therapeutic strategies, leading to major 
advances in treatment for some but not all autoimmune diseases, over the past two 
decades, there are still numerous knowledge gaps to be filled. The expansion of high-
throughput technologies to determine such gene polymorphisms, gene expression, 
protein expression and epigenetic changes in different populations of patients with 
autoimmune diseases might provide new insights into disease pathogenesis and can sug-
gest potential biomarkers of immune function to predict the likelihood of developing 
a particular autoimmune condition in individual patients, monitor disease activity even 
prior to the emergence of clinical symptomatology, prognosticate, improve the therapy 
through the establishment of new therapeutic targets and new therapeutic strategies, and 
characterize the response to therapy at an early time point, making timely interven-
tions possible. Thus, the identification of such biomarkers will allow testing of therapies 
with the potential to prevent or cure the autoimmune disease before the ultimate tissue 
damage and can potentiate customization of therapy for individual patients, thereby 
improving efficacy and preventing avoidable toxicities and expense. Although gaining 
the knowledge and its translation from bench to bedside will be a time-intensive way 
to go through, this is the bright side we can look on.
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Introduction

Cancer is a burdensome disease globally. It leads to a tremendous impact on human 
health, with an estimated 18.1 million new incident cases and 9.6 million deaths 
worldwide in 2018.1,2 Cancer has been a well-liked focus of research in the past decade, 
and much effort has been undertaken to identify the underlying etiologies, elucidate 
pathophysiological mechanisms and develop efficacious treatments for this condition.3 
This growing body of research has been granting better survival for cancer patients.4

Cancer is a complex disorder caused by unopposed dysregulated cell proliferation.5 
During neoplastic transformation, a normal cell acquires new characteristics that enable 
cell survival, replication, invasiveness, and dissemination.5 Despite the fact that cancer 
cells demonstrate substantial heterogeneity in phenotype and function,6 they share some 
salient features that allow malignant behavior. These common traits were subsumed by 
Hanahan and Weinberg under eight “hallmarks of cancer”.5 The hallmarks of cancer 
constitute sustaining proliferating signaling, defective proliferation suppression, recalci-
trance to programmed cell death, overcoming telomere shortening, inducing angiogen-
esis, capability to invade the surrounding tissue and disseminate to distant organs, altered 
cellular metabolism, and evading immune responses against cancer.5 Collectively, cancer 
cells are autonomous proliferators that have circumvented intrinsic checkpoints of cel-
lular dysfunction and conquered the surrounding environment to foster their growth 
and progression.

The immune system is a key player in the biology of cancer. Beyond intrinsic cel-
lular regulatory mechanisms and other defenses at the level of tissue organization, the 
immune system significantly contributes to preventing the outgrowth of transformed 
cells and their progression.7 The idea that the immune system may be involved in 
eliminating cancer cells traces back to Paul Ehrlich. Thereupon, accumulating evidence 
culminated in the formulation of the cancer immune surveillance theory by Burnet 
in 1957. Burnet hypothesized that abnormal cells with malignant potential possess 
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specific antigens that are recognized by the host immune system and are destroyed by 
immunological reactions.8 Considering the ability of the immune system to demolish 
transformed cells, it was postulated that the evasion of immune responses was a distinc-
tive and essential tenet for malignant cells to grow and progress.9 Intriguingly, it was 
subsequently revealed that the immune system may contribute to cancer progression by 
affecting cancer cell survival, proliferation, angiogenesis, invasion, and metastasis.10 Thus, 
the immune system plays important and multifaceted roles in cancer pathogenesis.

Harnessing the immune system for cancer therapy was a revolutionary step to fight 
against cancer. Cancer immunotherapy exploits the components of the immune sys-
tem to directly kill malignant cells or enhance host immune responses against cancer. 
Several cancer immunotherapeutic approaches such as passive antibody therapy, immune 
checkpoint inhibition, and adoptive immune cell therapy are currently being used for 
the treatment of cancer patients.11 Cancer immunotherapy has come of age, and ongo-
ing research on cancer immunology and immunotherapy is a hope for better cancer 
treatment options in the future. In this chapter, we have reviewed the status of cancer 
immunology while discussing various components of the immune system, either inhib-
iting or supporting tumor outgrowth and invasion. Immunotherapeutic methods for 
a variety of established tumors have been detailed, and phenotypes of tumor immune 
microenvironment after cancer treatment have been provided as well.

Cancer immunoediting

Although a growing number of experiments had been continually confirmed the 
role of the immune system in eradicating cancer cells, the fact that cancer occurs in 
immunocompetent hosts led to the proposal of cancer immunoediting theory. Cancer 
immunoediting theory conceptualizes the states of immunological reactions in relation 
to tumor development. In this theory, the contribution of the immune system in tumor 
growth control is divided into three phases: elimination, equilibrium, and escape.12

Elimination: in the elimination phase, the immune system detects cancerous cells 
and eliminates them.12 The presence of anti-cancer immune responses in the elimina-
tion phase is supported by multiple lines of evidence that reports increased incidence 
of malignancies in transgenic mouse models that lack particular elements of the innate 
or adaptive immune system and human patients with primary and secondary immuno-
deficiency.12–16

Equilibrium: it is postulated that in the equilibrium phase, the immune system is 
not capable of complete eradication of cancerous cells, but still, the immune system 
may prevent overt growth of the tumor by immunological reactions. The equilibrium 
state may be explained by cancer cell heterogeneity. Cancer cells in a tumor may harbor 
different genetic and epigenetic alterations, and each cancer cell clone may express its 
specific set of antigens. Thus, only part of them can be recognized and eradicated by the 
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adaptive immune system.12 There are some clinical conditions that might be explained 
by the equilibrium phase of cancer immunoediting theory. The metastasized cancer 
cells may remain in quiescence in a distant site, a state called metastatic cancer cell dor-
mancy.17 The state of the interplay between the immune system and dormant cancer 
cells may be put into the equilibrium phase. Monoclonal gammopathy of undetermined 
significance (MGUS) is the precursor state of multiple myeloma (MM). In contrast to 
patients with MM, the bone marrow of patients with MGUS contains effective cluster 
of differentiation (CD)4+ and CD8+ T cells. These T cells are specifically reactive to 
MGUS cell antigens.18

Escape: in this phase, anti-cancer immune responses are not effective, and conse-
quently, cancer grows and progresses.12 A Darwinian natural selection model is proposed 
for the transition from equilibrium to escape phase. In the early equilibrium phase, the 
immune system destroys cancer cell clones that are susceptible to anti-cancer immune 
responses, and other clones that are either unrecognizable by the immune system or can 
employ mechanisms to suppress anti-tumor immune responses survive and repopulate 
the tumor mass.19

Therefore, cancer immunoediting theory is a framework for understanding the 
many aspects of interactions between the immune system and cancer.

Immune profiles in malignancy

Given that the immune system takes part significantly in cancer pathogenesis, it is not 
surprising that characteristics of tumor-infiltrating and circulating immune cells may 
prognosticate survival or predict response to cancer therapies, especially immuno-
therapies.20–22 Immune cell density, spatial distribution, phenotype, function, cytokine 
production, transcriptomics, and proteomics may be used for immune profiling of 
cancer.23–25 Many models for cancer immune landscape have been developed,26 but 
one of the earliest models is still in use for anti-cancer immune response conceptu-
alization and has been proved to be clinically reliable in solid tumors.27 This model 
is based on the density and spatial distribution of tumor infiltration by lymphocytes. 
Drew on this model, solid tumors are categorized into three immune profile subtypes 
(Fig. 4.1). Inflamed (hot) tumors contain an abundance of T cells all over the tumor, 
including in the proximity of cancer cells. In immune-excluded tumors, the inflam-
matory cells are only present at the stroma of the tumor, not in the cancer cell nests. 
Immune-desert (cold) tumors are devoid of T cells in the whole tumor.27 Inflamed 
(hot) immune phenotype has been associated with better prognosis in several cancer 
types, including microsatellite instability (MSI)-high colon cancer, pancreatic cancer, 
and melanoma.28–31

The regulation of T cell infiltration into tumor tissue seems to be dependent on 
host factors and the genetic and epigenetic composition of cancer cells.27,32 Chen et al.33 
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adroitly summarized the mechanisms underpinning each immune phenotype. Immune-
desert phenotype may be the result of the absence of immunogenic antigens, down-
regulation or modulation of antigen-presenting machinery in cancer cells, the presence 
of immunosuppressive cells and cytokines in the tumor microenvironment (TME), or 
impaired antigen presentation by antigen-presenting cells (APC). Immune-excluded 
phenotype may arise out of high extracellular density in some parts of the tumor, che-
mokine alteration that incapacitates their ability to recruit T cells, and defective vascular 
networks. Many factors contribute to the regulation of the above immunopathological 
mechanisms, such as the genetic and epigenetic composition of cancer cells, host germ-
line genetic and epigenetic state, and microbiota.33 Consistent among several studies, a 
higher somatic tumor mutational burden (TMB) is associated with improved survival 
across many cancer types. This has shown to be related to more neoantigen generation 
in tumors with a higher mutational burden.34 To summarize, tumor-host-environment 
interaction regulates immune system response to cancer.

Cancer antigens and cancer antigen presentation

Cancer cells are derived from host cells. As the adaptive immune system is tolerant to 
self-antigens, it is expected that no adaptive immune response could be mounted against 
cancer cells. However, tumor antigen-specific lymphocytes are present in cancer patients 
and can exert potent anti-cancer immune responses in vitro and in vivo.35 Therefore, 
cancer cells should display antigens that central and peripheral tolerance has not been 

Fig. 4.1 Immune profiles in malignancies. This illustration recapitulates three immune phenotypes 
of solid tumors. Inflamed tumors show infiltration of lymphocytes all over the tumor tissue, includ-
ing tumor nests. In immune-excluded tumors, tumor-infiltrating lymphocytes (TIL) are not present in 
the cancer cell nests and are only found in the tumor stroma, sometimes forming tertiary lymphoid 
structures. Immune-desert tumors are devoid of TIL in the whole tumor.
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developed toward them. In this section, antigen presentation machinery function, 
mechanisms of cancer cell antigenicity, and types of cancer antigens will be discussed.

Antigen presentation machinery
Major histocompatibility complex (MHC) molecules are membrane molecules com-
mitted to antigen presentation to T cells. T cells recognize their target cells through 
interaction of T cell receptor (TCR)-MHC/peptide complex. Fig. 4.2 illustrates cellular 
antigen processing and presentation machinery. Briefly, MHC class I molecules present 
intracellular protein fragments to CD8+ T cells, and MHC class II molecules present 
extracellular protein fragments to CD4+ T cells. MHC class I molecule is expressed by 
almost all nucleated cells, while MHC class II molecule is expressed almost exclusively 
by professional APCs, namely dendritic cells (DCs), macrophages, and B lymphocytes. 
MHC class I heavy chain is encoded by three genes: human leukocyte antigen (HLA)-A, 

Fig. 4.2 Antigen presentation machinery of cancer cells. The cytoplasmic or nuclear proteins are 
degraded by proteasome complex, and the resulting peptide fragments give entrance to endo-
plasmic reticulum (ER) through transporter associated with antigen processing (TAP). In the ER, 
peptide-loading complex composed of major histocompatibility complex (MHC) class I heavy chain, 
β2-microglobulin, Tap, Tapsin, Calreticulin, and ERp57 acts to load antigenic peptide fragment on 
MHC class I molecule. The MHC class I/antigen complex then leaves ER and resides in the cytoplasmic 
membrane.
B2M, Beta2-microglobulin; CD, Cluster of differentiation; ERAP, Endoplasmic reticulum amino pepti-
dase, MHCI HC, Major histocompatibility complex class I heavy chain; TAP, Transporter associated with 
antigen processing; TCR, T cell receptor.
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HLA-B, and HLA-C. MHC class II monomer is encoded by three distinct genes: HLA-
DR, HLA-DQ, and HLA-DP.36

Cytosolic and nuclear proteins are degraded by the proteasome complex, and the 
resultant peptides are transported into the endoplasmic reticulum (ER) by a transmem-
brane protein of ER membrane called transporter associated with antigen processing 
(TAP). In ER, the peptides may be further affected to N-terminal cleavage by ER 
aminopeptidase ½ (ERAP1/2).37 MHC class I complex is composed of a heavy chain, 
a light chain called β2-microglobulin, and a peptide fragment of 8–9 amino acid chain 
length. The assembly of this complex requires the activity of many proteins such as TAP, 
Tapsin, ERp57, and Calreticulin.36 Then, the peptide-MHC class I complex is trans-
ported to the cell membrane.37 Of note, MHC class I antigen presentation may occur 
in cancer cells in proteasome-independent or TAP-independent manners.37–40

An intricate antigen-presenting system is involved in CD8+ T cell priming. T cell prim-
ing requires antigen presentation and providing co-stimulatory signals to T cells by APC. 
The main entrance pathway of exogenous antigens such as cancer cell antigen to APC is 
the endocytosis of dead cell remnants. CD8+ T cell priming is dependent on MHC class 
I-TCR interaction. Notwithstanding, the conventional pathway for exogenous antigen 
presentation is through MHC class II molecules. Conventional DC can present exogenous 
antigens by MHC class I molecules, a process known as “antigen cross-presentation”.41 Two 
main pathways for antigen cross-presentation exist: the endosome-to-cytosol and vacuolar 
pathways. In the endosome-to-cytosol pathway, proteins are transported from the endosome 
to DC cytosol and get degraded by the proteasome and follow the same route for MHC 
class I antigen presentation. In the vacuolar pathway, exogenous proteins undergo cleavage 
by lysosomal Cathepsin enzymes and subsequently get loaded on MHC class I molecule in 
the endosome organelle environment. The exact mechanisms of antigen cross-presentation 
are still waiting to be unraveled.41,42 While most exogenous antigens are conveyed to APC by 
endocytosis, there are other routes for exogenous antigen capture by APC as well. Proteins 
can be directly transported from cancer cells to DC by gap junctions. The transferred pro-
teins then utilize MHC class I machinery to be presented.43

Cancer cell antigenicity
In normal conditions, a protein-encoding gene is transcribed in the nucleus. The pro-
duced messenger RNA exits the nucleus and enters cytosol. Ribosome decodes the 
messenger RNA and synthesizes a peptide chain. The resultant protein may be affected 
by post-translational modification. The protein then may be degraded by the protea-
some complex. Some but not all of the peptide fragments generated by the protea-
some complex can be loaded on MHC class I molecules and be presented by them if 
the cell contains MHC class I machinery. MHC class I/peptide complexes that can be 
recognized by TCR in normal conditions would not result in T cell responses as these 
antigens had been subjected to central or peripheral tolerance.
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The above course of action may be altered in cancer cells so that immunogenic 
antigens ensue. A number of mechanisms may explain cancer antigen generation on 
most occasions. A cancer cell may express a protein that is normally expressed by cells 
that have no antigen presentation machinery. As these proteins are not presented in 
normal conditions, the adaptive immune system is not tolerant to them. This is the case 
for cancer germline antigens. These proteins are normally present in male germline 
cells and trophoblasts that do not have antigen-presenting machinery. The expression of 
these genes is repressed in most other normal cells causing promoter hypermethylation. 
Demethylation of cancer germline antigen genes in cancer cells as the result of global 
hypomethylation in cancer cells leads to their expression.35,44–47 Viral gene expression, 
gene mutation, or alternative post-transcriptional or post-translational modifications 
may result in the production of proteins, that upon degradation by the proteasome 
complex, generates peptide fragments that are not present in normal cells and can be 
presented by MHC class I molecules. Apparently, these peptides are immunogenic if the 
MHC class I/peptide complex can match TCR. The protein that is presented in this 
way may never be presented on normal occasions or may be presented by a different 
antigenic fragment.35,48 The proteasome content of cancer cells may be different from 
normal cells. The proteasome content may affect the resulting peptide generated and 
the peptide presented by MHC class I accordingly.35,49–51 Cancer cells may possess muta-
tions in MHC class I genes. The resultant MHC protein may present antigens that are 
not normally presented by the non-mutated MHC molecule of the host. Therefore, the 
presented peptide fragment may be immunogenic.48,52

Cancer antigen categories
Although no uniform classification system for cancer antigens currently exists, some 
families of cancer antigens have been arbitrarily described in the literature. The separa-
tion of these groups of antigens is mostly reliant on the mechanism and origin of cancer 
antigens.

Neoantigen: neoantigen is a totally new antigenic peptide, which is originated 
from the host genome and is generated through gene mutation or altered gene expres-
sion.35,53,54 Neoantigen may be derived from single nucleotide substitution, frameshift 
mutation, gene fusion, expression of retrotransposons, messenger RNA alternative splic-
ing, alternative translation, and post-translational modifications.48

Neoantigen can be the result of a driver or passenger mutation. Driver mutation 
is crucial to the oncogenic transformation, such as proto-oncogene and tumor sup-
pressor gene mutations. One notable example of cancer antigen derived from a driver 
mutation is the antigenic peptide from BCR-ABL fusion protein generated by bcr-abl 
translocation during chronic myelogenous leukemia oncogenesis. Passenger mutations 
are haphazard mutations as a result of genomic instability of cancer.35,55,56 Neoantigen 
can make a highly tumor-specific anti-cancer immune response.
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Viral-encoded cancer antigens: some viral infections are capable of triggering 
oncogenesis in humans (Table 4.1). They can cause cancer either by governing host 
cell proliferation, enhancing genomic instability, propagating chronic inflammation, or 
suppressing the host immune system.57 Human Papillomavirus (HPV), Hepatitis B Virus 
(HBV), Hepatitis C Virus (HCV), Epstein Bar Virus (EBV), Human Herpes Virus (HHV)−8, 
Human T-Lymphotropic Virus (HTLV)−½ collectively attribute to around 1,400,000 
cancer cases each year.58 Virus-encoded proteins in the host cell can be presented by 
MHC class I molecules using the host cell machinery for self-antigen presentation. 
Transformed cells infected by viruses present virus-encoded antigens that can be recog-
nized by the host’s adaptive immune system. As these antigens are not self-antigens, the 
immune responses against them are highly specific.57,59,60

Cancer germline antigens: several cancer germline antigens have been discovered 
so far. Some of the most studied cancer germline antigens are MAGE antigens, GAGE 
antigens, SSX, BAGE, Cyclin A, KMHN1 and SPA17.35,61-63 Immune response against 
cancer germline antigens is highly specific.35

Differentiation antigens: differentiation antigens are so-called since the tissue of ori-
gin also expresses the antigen. Some remarkable examples are Tyrosinase and Melan-A 

Table 4.1 Viral-encoded cancer antigens.

Virus Virus family/genome Associated cancer type(s) Antigen(s)

HPV Papillomaviridae/DNA Cervical SCC, oropharyn-
geal SCC, vulvar SCC, anal 
and rectal SCC, penile SCC, 
vaginal SCC

E6, E7

HBV Hepadnaviridae/DNA Hepatocellular Carcinoma HBx

HCV Flaviviridae/RNA Hepatocellular Carcinoma, 
NHL

EBV Herpesviridae/DNA Nasopharyngeal carcinoma, 
Hodgkin disease, NHL, 
gastric carcinoma

EBNA1, EBNA3, 
LMP1, LMP3, gp350

HHV-8 Herpesviridae/DNA Kaposi sarcoma, primary 
effusion lymphoma

K12, ORF-gB, ORF-6, 
ORF-61, ORF-65

HTLV-½ Retroviridae/RNA Adult T-cell leukemia/
lymphoma

Tax, HBz

HPV, Human Papilloma Virus; DNA, Deoxyribonucleic Acid; SCC, Squamous Cell Carcinoma; HBV, Hepatitis B Virus; 
HCV, Hepatitis C Virus; RNA, Ribonucleic Acid; EBV, Epstein Bar Virus; NHL, Non-Hodgkin Lymphoma; EBNA, 
Epstein Bar Virus Nuclear Antigen; LMP, Latent membrane Protein; HHV, Human Herpes Virus; ORF, Open Reading 
Frame; HTLV, Human T Cell Lymphotropic Virus.
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in melanoma, prostatic-specific antigen (PSA) in prostate cancer, carcinoembryonic 
antigen (CEA) in colorectal, pancreatic, ovarian and breast cancers, and alpha-fetopro-
tein in hepatocellular carcinoma.35,37 Immune response against these antigens is of low 
tumor specificity.35

Overexpressed antigens: some of the immune responses against cancer cells are 
toward proteins whose genes are overexpressed in cancer cells. One noteworthy exam-
ple is WT1 in acute myelogenous leukemia (AML).35,64,65

Immunity to cancer

The immune system is the preeminent obstacle for transformed cells to survive and 
progress. Both adaptive and innate arms of the immune system are able to mount effec-
tive immune responses against cancer cells. T cells were historically recognized as the 
main effectors of immunity against cancer. However, B cells and antibody production 
are integral to cancer immunity. Components of innate immunity encompassing natural 
killer (NK) cells, macrophages, neutrophils, and innate lymphoid cells take part in the 
fight of the immune system against cancer as well. In this section, we review the role of 
immune cells in cancer immunity.

T cells
Basic immunobiology of T cells
T cells are lymphoid progenitor-derived cells that undergo thymic maturation and 
selection. Unique to the T cell population is the expression of TCR. TCR is composed 
of either α and β or γ and δ heterodimers. TCRαβ-T cells constitute the major pro-
portion of T cells in the peripheral blood. Each TCR chain contains a constant and a 
variable region. TCR gene recombination generates a diverse repertoire of TCR vari-
able regions and the ability to bind to different antigens. As a member of the adaptive 
immune system, TCRαβ-T cells act in an antigen-specific manner. Cardinal to this anti-
gen specificity is MHC-restricted antigen recognition and the presence of a vast array of 
T cell clones that express their unique TCR.66,67 On the T cell surface, TCRαβ makes a 
complex with three CD3 molecules.68,69 Upon binding to its complementary antigen, a 
signal is relayed to the T cell interior by the TCR-CD3 complex.70 TCR-αβ-T cells are 
divided into some subpopulations with distinct phenotype, function, cytokine profile, 
and relation to cancer progression (Table 4.2).

The fate of T cell activation status upon antigen recognition and TCR-CD3 signal-
ing is dependent on co-stimulatory and co-inhibitory signals. T cells express a wide 
array of co-stimulatory or co-inhibitory receptors that upon interaction with their 
ligands regulate T cell activation. The particular set of receptors present on the T cell 
surface and their ligands in the surrounding environment determines the ultimate des-
tiny of TCR-CD3 signaling.71
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Table 4.2 T cell subpopulations.

Subpopulation
Chemokine 
receptors

Transcription 
factor(s)

Cytokine 
production Function(s) Role in cancer

CTL CXCR3, 
CCR5

T-bet IFN-γ Perforin/Granzymes 
cell killing
Death receptor cell 
killing

Anti-tumor

Th1 CXCR3, 
CCR5

T-bet, 
STAT1, 
STAT4

IFN-γ, 
TNF-α

CTL↑
Th1↑
B cell: IgG 
production
NK cell↑
M1-macrophage↑

Anti-tumor

Th2 CCR3, 
CCR4, 
CCR8

GATA3, 
STAT6

IL-4, IL-5, 
IL-13

Th2↑
B cell: IgE produc-
tion
NK cell↓
M2-macrophage↑
Eosinophil↑

Pro-tumor

Th9 CXCR3, 
CCR3, 
CCR6

IRF4, PU.1, 
STAT6

IL-3, IL-9, 
IL-21

Diverse Both pro/
anti-tumor

Th17 CCR6 RORγt, 
STAT3

IL-8, 
IL-17, 
IL-21, 
IL-22

Th17↑
Neutrophil↑

Both pro/
anti-tumor

Th22 CCR10 AhR, 
FOXO4

IL-22 Epithelial cells: 
Defensins↑

Both pro/
anti-tumor

Treg CXCR3, 
CCR4, 
CCR5, 
CCR8

FOXP3 IL-10, 
TGF-β

CTL↓
Th17↑
B cell: IgA 
production
NK cell↓
M2-macrophage↑

Pro-tumor

CTL, Cytotoxic T Lymphocytes; CXCR, CXC Chemokine Receptor; CCR, CC Chemokine Receptor; T-bet, T-Box 
Transcription Factor; IFN, Interferon; Th, T helper; STAT, Signal Transducer and Activator of Transcription; TNF, 
Tumor-Necrosis Factor; Ig Immunoglobulin; NK, Natural Killer; IL, Interleukin; IRF, Interferon-Regulating Factor; PU, 
Purine Rich; RORγt; Retinoic Acid Receptor-Related Orphan Receptor Gamma t; AhR, Aryl Hydrocarbon Receptor; 
FOXO, Forkhead Box O; Treg, Regulatory T cell; FOXP, Forkhead Box P; TGF, Tumor Growth Factor.

Many co-stimulatory and co-inhibitory receptors have been identified to be impli-
cated in T cell biology. CD28 is a costimulatory molecule that may be expressed on the 
T cell surface. It binds to B7-1 (CD80) and B7-2 (CD86) on APC and directs T cells 
toward an active state.71,72 Some clinically relevant co-inhibitory molecules are cytotoxic 
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T lymphocyte-associated protein (CTLA)−4, programmed cell death protein (PD)−1, 
lymphocyte activation gene (LAG)−3, T cell immunoglobulin and mucin domain (TIM) 
3, and T cell immunoglobulin and ITIM domain (TIGIT).33,71 CTLA-4 is structurally 
similar to CD28. Like CD28, CTLA-4 binds to B7-1 and B7-2 on APC. This interac-
tion impairs T cell activation and proliferation through dysregulating many T cell intra-
cellular pathways such as activator protein (AP) 1, nuclear factor kappa B (NF-κB), and 
nuclear factor of activated T cells (NFAT). The affinity of CTLA-4 to B7-1 and B7-2 is 
higher than CD28 to B7-1 and B7-2 and consequently, CTLA-4 competes with CD28 
to bind their ligands. Interestingly, CTLA-4 binding to B7-1 and B7-2 on DC results 
in ligand internalization. Furthermore, DC may acquire immunosuppressive functions 
through B7-1 and B7-2 interaction with CTLA-4.71,73,74 Activated T cells may express 
PD-1. PD-1 interacts with programmed death ligand (PD-L)1 and PD1L2, which are 
expressed in TME by B cells, regulatory T cells (Treg), myeloid-derived suppressor cells 
(MDSCs), tumor-associated macrophages (TAMs), cancer-associated fibroblasts (CAFs), 
and cancer cells. This ligand binding inhibits T cell function, which is mainly mediated 
by directly stagnating TCR-CD3 complex signaling.33,71,73-76

Activation, recruitment and the effector functions of T cells in tumor setting
The first encounter of naïve T cells with tumor antigen generally occurs in tumor-draining 
lymph nodes or tertiary lymphoid structures in the tumor. CD103+ DCs are recognized as 
the principal APCs in the context of tumor immunity. After that, naïve T cells are primed 
by DCs in the draining lymph nodes, T cells upregulate C─C chemokine receptor (CCR)5 
and C-X-C chemokine receptor (CXCR)3. Tumor microenvironmental cells secret C─C 
chemokine ligand (CCL)2, CCL3, CCL4, CCL5, C-X-C chemokine ligand (CXCL)9, 
and CXCL10 that recruit CCR5 and CXCR3 expressing T cells. Primed T cells leave the 
lymph nodes into circulation and infiltrate the tumor tissue.27,77,78 Tumor-infiltrating T cells 
proliferate in TME, a process that is orchestrated by CD103+ DCs.32

The role of cytotoxic T lymphocytes (CTL) in cancer immunity is central. After 
infiltration into TME, CTLs recognize cancer cells by MHC class I/TCR interac-
tion. This interaction activates its effector functions. CTLs elicit anti-cancer immune 
response via granule exocytosis, using cell death ligand/receptor system, and cytokine 
and chemokine production.79,80

Two main components of CTL granules are Perforin and Granzymes, which are 
crucial for CTL-mediated cytolysis. Upon release from CTL into the synaptic cleft, 
Perforin undergoes calcium-dependent oligomerization on the target cancer cell mem-
brane and makes transmembrane pores on it (Fig. 4.3). Granzymes are a group of serine 
proteases that are delivered into target cancer cells in a Perforin-dependent manner. 
They orchestrate many intracellular pathways to the eventual regulated cell death.79-81

Granule exocytosis happens through a four-step process. Once CTLs are activated, an 
immunological synapse is formed between CTLs and target cancer cells. After synapse 
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Fig. 4.3 Cancer cell killing by cytotoxic lymphocytes. Cytotoxic lymphocytes, i.e., cytotoxic T lymphocytes 
(CTL) and natural killer (NK) cells destroy cancer cells using either Perforin/Granzymes pathway or the death-
ligand/death receptor pathway. Perforin polymerizes on the cancer cell surface and produces transmem-
brane routes through it. This may result in osmotic cell lysis. Granzymes get into cancer cells either through 
perforin-produced membrane pores or endocytosis of the perforin/Granzyme complex. Granzymes B, A, M, 
K, and other Granzymes have been shown to have the ability to induce cell death. However, only Granzyme 
B-mediated apoptosis mechanism is better understood. Granzyme B can induce apoptosis through mito-
chondrion-dependent and mitochondrion-independent pathways. Granzyme B cleaves BH3-interacting 
domain death agonist (Bid), which produces truncated Bid. Truncated Bid activates proapoptotic proteins 
BCL-2-antagonist/killer (Bak) and BCL-2-associated X (Bax). Activated Bak and Bax disrupt the mitochon-
drial membrane, which allows proapoptotic factors, notably Cytochrome c, release into the cytoplasm. In 
addition, Granzyme B can inhibit myeloid leukemia cell differentiation protein (MLC)−1. MLC-1 stabilizes 
the BCL-2-interacting mediator of cell death (Bim), while Bim itself activates Bak and Bax. MLC-1 inhibition 
consequently results in Bim-mediated Bak and Bax activation. Cytochrome c, nucleotides, apoptotic prote-
ase activating factor (APAF) 1, and procaspase-9 form apoptosome complex, which activates procaspase-3 
and procaspase-7. Granzyme B can directly cleave procaspase-3 or procaspase-7, or it can first activate 
procaspase-8, which subsequently renders procaspase-3/7 active. Death receptors such as Fas and tumor 
necrosis factor-related apoptosis-inducing ligand receptor (TRAILR) bind to their corresponding ligands FasL 
and TRAIL, respectively. Upon ligand binding and conformational change, the death receptor interacts with 
Fas-associated protein with death domain (FADD) and procaspase-8, which collectively form death-inducing 
signaling complex (DISC). Activated caspase-8 then mediates proteolytic activation of procaspase-3/7. 
Caspase-3/7 catalyzes the inhibitor of caspase-activated DNase (ICAD). CAD then translocates to the nucleus 
and fragments DNA, and apoptosis ensues. In an independent pathway, death receptors can also stimulate 
another type of regulated cell death called necroptosis, which is not shown in this Fig.
APAF, Apoptotic protease activating factor; Bak, BCL2-antagonist/killer; Bax, BCL2-associated X; Bid, BH3-
interacting domain death agonist; Bim, BCL2-interacting mediator of cell death; CAD, Caspase-activated 
DNase; dATP, Deoxyadenosine triphosphate; DR, Death receptor; FADD, Fas-associated protein with death 
domain; ICAD, Inhibitor of caspase-activated DNase; MLC, Myeloid leukemia cell differentiation protein.

(c) ketabton.com: The Digital Library



Tumor immunology 257

is formed, cytoskeletal rearrangement leads to polarization of microtubule-organizing 
center (MTOC) toward immunological synapse. Along with MTOC, lysosomal-related 
lytic granules are brought to the site of the immunological synapse. Lytic granules get 
attached to the synaptic cell membrane, a process called “docking”. Finally, the secretory 
granules get fused with the plasma membrane and secreted.79,82

CTLs may express tumor necrosis factor (TNF) superfamily members, TNF-α, Fas 
ligand (FasL), and TNF-related apoptosis-inducing ligand (TRAIL), on their cell mem-
brane or release exosomes containing these molecules. FasL and TRAIL induce apop-
tosis or necroptosis in target cancer cells by binding to their cognate receptors.79,82,83

T helper (Th) cells are coordinators of immune response in TME. They influ-
ence several immune cells in TME, including DCs, CTLs, B cells, and macrophages. 
In response to interleukin (IL)−12 produced by DCs, Th cells confer Th1 phenotype. 
Th1 reciprocally activates DCs through CD40 ligand (CD40L)-CD40 interaction. Th1 
augments CTLs’ anti-cancer function by cytokine production, especially interferon 
(IFN)-γ, IL-2, and IL-21. Pivotal for B cell activation, differentiation to plasma cell and 
acquisition of antigen-presenting capabilities is priming B cell through upregulation of 
CD40L in surrounding microenvironment, primarily Th cells.84,85

IFN-γ is a critical cytokine in anti-cancer immunity. The major sources of IFN-γ 
production in the cancerous microenvironment are CD8+ T cells, Th1, and NK cells. 
Upon binding to the IFN-γ receptor, they alter target cell function mainly through 
Janus kinase (JAK) ½-signal transducer and activator of transcription (STAT) 1/3 path-
ways. IFN-γ inhibits cancer cell proliferation through suppressing β-Catenin as well as 
CDK4/6 pathways and activation of p21 and p27 tumor suppressors. Moreover, IFN-γ 
induces regulated cell death that is mediated by cleaving Caspases and activating the Ras 
pathway.86-92 IFN-γ upregulates MHC class I expression of cancer cells, hence poten-
tiating immune responses against cancer cells through increased antigen presentation.93 
Additionally, IFN-γ induces the expression of Class II MHC trans-activator (CIITA) in 
cancer cells. CIITA is a prime regulator of MHC class II and IFN-γ-mediated CIITA 
induction upregulates MHC class II expression in cancer cells. MHC class II expres-
sion by cancer cells provides activating signals for Th cells in TME.88,94-97 IFN-γ lines 
up immune cells in TME to propagate anti-tumor immunity. IFN-γ activates CD8+ T 
cells, Th1 cells, NK cells, and M1-like macrophages.86

B cell and immunoglobulin
B cells infiltrate the cancerous microenvironment. They may exert anti-cancer immune 
responses in antibody-independent or antibody-dependent ways. Activated B cells 
act as intra-tumoral APCs and prime antigen-specific CD4+ and CD8+ T cells. 
Cancer antigen-specific B cells expand and differentiate into plasma cells that produce 
high-affinity antibodies against cancer antigens. These antibodies may contribute to 
anti-tumor immunity. Antibody-dependent immune responses may be mediated by 
antibody-dependent cellular cytotoxicity (ADCC) by NK cells, fostering phagocytosis 
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by macrophages and neutrophils and probably activating the classical complement path-
way. Furthermore, the binding of the immunoglobulin to cancer antigen may augment 
antigen recognition by APCs. It seems that immunoglobulin G (IgG)1 among all classes 
of immunoglobulins contributes to anti-tumor immunity.98-101

NK cells
NK cells are innate effector cells. They descend from common lymphoid progenitor and 
attack stressed cells such as virus-infected or transformed cells.102,103 Even though NK 
cells and CTLs are unalike in immunophenotype, antigen specificity and the mode of 
activation, their effector functions are closely the same.104

NK cells do not express TCR-CD3 complex, and their target cell recognition relies 
on detecting the change in cellular stress marker expression. Those NK cell recep-
tors that are essential for NK cell function and their corresponding ligands that are 
increased during cellular stress are celled stimulatory receptors. On the contrary, some 
NK cell receptors transmit inhibitory intracellular signals, and their ligands are reduced 
in stressed cells. These receptors are called inhibitory receptors. The interaction of NK 
cell stimulatory and inhibitory receptors and their ligands in TME and the effect of 
inflammatory and immunosuppressive cytokines in the surrounding milieu regulate the 
functional status of NK cells.105

Many cancerous cells downregulate MHC class I expression.106 NK cells harbor kill-
er immunoglobulin-like receptor (KIR) 2DL1, KIR2DL2, and KIR2DL3 on their cell 
surface membrane. They are immunoglobulin-like receptor molecules with the con-
served cytoplasmic tail of immunoreceptor tyrosine-based inhibition motif (ITIM).107 
Upon binding to HLA-C, a member of the MHC class I molecule, these receptors 
transmit inhibitory signals that eventually suppress NK cell cytotoxic functions.105,107 
Natural killer group (NKG) 2A/CD94 complex recognizes HLA-E molecule on can-
cer cells and inhibits NK cell activation.105,108 Cancer cells may diminish MHC class I 
expression, which removes the inhibitory effect of MHC class I expression on NK cell 
function and leads to cancer cell destruction by NK cells.105 NK cell inhibitory recep-
tors may also recognize non-MHC ligands. TIGIT inhibits NK cell function through 
binding to CD155 and CD112 on tumor cells.105,109

The most widely known stimulatory NK cell receptor is natural killer group 2D 
(NKG2D) that binds to MHC class I polypeptide-related sequence A (MICA), MICB, 
and some other ligands.105,110 Although MICA and MICB are expressed in normal cells 
constitutively, localization in the cytoplasmic membrane is limited mostly to cells that 
suffer from a viral infection, DNA damage, or malignant transformation.111 Two B7 
family proteins, B7-H6 and B7-H7, interact with their cognate stimulatory NK cell 
receptors, NKp30 and CD28H, respectively.105,112-114 The interaction of well-known 
costimulatory T cell protein CD2 on NK cells with CD58/48 on cancer cells is essen-
tial for nanotube formation and NK cell cytotoxic function.115 NKp46 is a stimulatory 

(c) ketabton.com: The Digital Library



Tumor immunology 259

receptor with a yet unknown ligand that plays an important part in triggering the 
polarization of NK cell granules into the immunological synapse between NK cells 
and target cells.116 The binding of NK cell receptor NKp44 to platelet-derived growth 
factor (PDGF) DD on tumor cells enhances NK cell function.117,118

Inflammatory and immunosuppressive cytokine milieu in TME can modulate the 
set point of NK cell activation. IL-2, IL-12, Il-15, IL-18, and IL-21 lower the threshold 
for NK cell activation.105 Type I Interferon cytokines are potent stimulators of NK cell 
function. DNA damage during oncogenic transformation causes fragments of double-
stranded DNA release into the cancer cell cytoplasm. Interaction of cytosolic DNA 
with cyclic Guanosine monophosphate (GMP) Adenosine monophosphate (AMP) 
synthase (CGAS) produces 2′, 3′-cGAMP, which induces type I Interferon production 
through STING-mediated signaling.119,120 Transforming growth factor (TGF)-β and 
adenosine act directly on NK cells and inhibit their anti-cancer functions.105

There are four main categories of anti-cancer immune functions exerted by NK 
cells. First, NK cells release cytolytic granules and directly kill cancer cells, a process 
mainly mediated by Perforin and Granzymes. The process of granule exocytosis and 
Perforin and Granzymes functions are similar to what was explained for T cells to 
a great extent.81,82,121 Second, NK cells can induce regulated cell death by FasL and 
TRAIL.121 Third, NK cells produce inflammatory cytokines and chemokines in TME 
and promote tumor immunity. Among these cytokines and chemokines are IFN-γ, 
TNF-α, CCL3, CCL4, CCL5, XCL1, and granulocyte-macrophage colony-stimulating 
factor (GM-CSF).82,121,122 These cytokines are particularly involved in enhancing T cell 
recruitment and anti-tumor function.122 Fourth, NK cell CD16 binding to the Fc por-
tion of antibodies that target cancer cells results in ADCC.121,123

Macrophages
Macrophages contribute to a huge pool of tumor microenvironmental cells with a vast 
diversity of phenotypes and functions. Based on phenotype and functional status, macro-
phages were classified into M1 (classically-activated or pro-inflammatory) and M2 (alterna-
tively-activated or anti-inflammatory) macrophages. In the context of tumor immunology, 
M1 macrophages were considered to exert anti-tumor immune responses and control 
tumor growth, whereas M2 macrophages promoted an immunosuppressive milieu and 
contributed to cancer progression. However, further evidence elucidated the great plasticity 
and wide functional capabilities of cancer macrophages and found the concept of M1/M2 
macrophage polarization too simplistic in order to fully explain the macrophage’s versatility 
of function.124

Tumor macrophages either may have been present in the primary tissue before can-
cer initiation or may be derived from the circulating monocyte pool after tumor for-
mation. Prior to tumor initiation, macrophages emanated from embryonic/feta hema-
topoietic precursor cells with self-maintaining properties constitute the predominant 
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portion of tissue-resident macrophages besides the macrophages that belonged to post-
partum circulating monocyte pool and migrated to tissues. It seems that macrophages 
with embryonic/fetal or post-partum hematopoietic precursor origins may behave 
differently in TME.124-126

The microenvironmental factors regulate macrophage function. While IFN-γ, TNF-
α, IL-12, and CD40L can stimulate macrophages to confer anti-tumor properties, IL-4, 
IL-13, IL-10, IL-33, TGF-β, and hypoxia induce immunosuppressive macrophages that 
propagate tumorigenesis.124,127,128 Macrophage may express PD-1 on its surface, which 
upon interaction with microenvironmental PD-L1 leads to the anti-inflammatory phe-
notype of macrophage.129

M1-like macrophages promote anti-cancer immune responses by antigen-presenta-
tion to T cells, inflammatory cytokine production, and phagocytosis of opsonized cancer 
cells. M1-like macrophages express high levels of MHC class II and co-stimulatory pro-
tein B7-2 (CD86), which is required for antigen presentation. They overexpress IL-12, 
IL-23, and TNF-α that fuel Th1 and Th17 and activate cytotoxicity by CD8+ T cells 
and NK cells.124,128,130-132

A discussion on the immunosuppressive potentials of macrophages in cancer will be 
provided in the next section of this chapter.

The interaction of immune system with other components of TME

Apart from cancerous and immune cells, various non-immune cells and extracellular 
matrix components constitute TME. The interaction between these elements is one of 
the determinants of the fate of tumorigenesis and cancer progression. Non-immune 
cells of TME include, but are not limited to, CAF, vascular and lymphatic endothelial 
cells, pericytes, adipocytes, mesenchymal stem cells, and neural cells.133

CAF is a non-immune cellular constituent of TME with typical elongated fibroblast 
morphology. They lack endothelial, epithelial, and leukocyte lineage markers and are 
often identified by the expression of a mesenchymal marker such as Vimentin, fibroblast 
activation protein (FAP), or PDGF receptor (PDGFR)α.134 In TME, CAFs are largely 
derived from the expansion and reprogramming of tissue-resident fibroblasts, but they 
may also originate from endothelial cells, pericytes, adipocytes, smooth muscle cells, 
myoepithelial cells, and bone marrow-derived mesenchymal stem cells.133,134 The main 
function of CAFs is the production and remodeling of ECM. CAF improves survival, 
proliferation, and migration of cancer cells through extracellular matrix (ECM) remod-
eling, contact-mediated signal transduction, and the secretion of growth factors and 
cytokines.134 CAFs also drive tumor-associated angiogenesis,135,136 and they may con-
tribute to cancer immune escape. CAFs produce CCL2, CXCL1, CXCL2, CXCL5, and 
CXCL12, which recruit MDSCs and TAMs to TME. CXCL12 increases the infiltration 
of Tregs into TME.137 CAFs can cross-present cancer cell-derived antigens to CTLs and 
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induce antigen-specific T cell death and exhaustion by expressing FasL and PD-L2.138 
CAFs produce TGF-β and IL-6, which inhibit DCs’ antigen-presenting functions.137 
Immunosuppressive cytokine production by CAFs fosters Treg differentiation.139

Endothelial cells have historically been recognized as crucial players in tumor biol-
ogy. Their principal roles were considered to be supplying oxygen and nutrients and 
the removal of metabolic waste products. They are a doorway that lets cancer cells 
egress from their primary site and enter circulation.5 They are also capable of adding 
to the migratory potential of cancer cells, thus contributing to cancer progression and 
metastasis.140

Besides the increased density of blood and lymphatic vessels in the tumor bed, tumor 
vasculature differs from normal vessels in cellular and architectural levels.141 Tumor 
endothelial cells contrast with their normal counterparts by the increased incidence of 
chromosomal abnormalities, divergent transcriptome and methylome, enhanced and 
alternative expression of proangiogenic factors, better responsiveness to angiogenic 
stimuli from the environment, amplified proliferative capacity, larger size, and more 
fenestrae. The tumor vasculature shows weakened adhesion to pericytes, fewer pericytes, 
non-uniformed vessel wall thickness, and increased leakiness.141-143

Tumor endothelium regulates T cell trafficking to the tumor bed. Despite the inflam-
matory nature of the tumor microenvironment that is expected to activate endothelial 
cells to upregulate the expression of molecules involved in T cell extravasation, cancer 
and other microenvironmental cells may produce factors that inhibit endothelial cell 
activation.144 The overexpression of Endothelin B receptor on ovarian tumor endothe-
lium impedes T cell adhesion to tumor endothelial cell surface.145 Further, endothelial 
cells may exclude T cells either by anergy induction or direct killing. Tumor endothelial 
cells stimulate apoptosis of CD8+ T cells in the FasL-dependent manner. Vascular endo-
thelial growth factor (VEGF)A, IL-10, and prostaglandin (PG)E2 induce expression 
of FasL on tumor endothelial cells.146 Endothelial cells may hamper T cell responses 
through the expression of inhibitory checkpoint molecules such as PD-L1.143,147

ECM is the non-cellular constituent of TME, which provides a scaffold for the 
settlement of the cellular components. ECM is composed of water, proteins, proteo-
glycans, glycoproteins, and polysaccharides. In addition to creating a physical platform 
and anchorage, ECM regulates associated cell functions, and its derangement during 
tumorigenesis is particularly instrumental.148,149

ECM is dynamic and it may be remodeled quantitatively or qualitatively in the 
cancerous microenvironment. ECM remodeling in TME may be caused by increased 
construction of ECM components by tumor microenvironmental cells, especially CAFs 
and cancer cells, post-translational modifications of ECM molecules, and ECM deg-
radation by matrix-degrading enzymes produced by cellular components of TME.150 
ECM remodeling may alter tissue biomechanical properties and ECM-tumor micro-
environmental cells interaction and significantly affect malignant behavior. Collagen 
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cross-linking in TME provides survival and proliferation advantages for cancer cells 
through integrin signaling.149 ECM remodeling is also essential for the development 
of a sustaining cancer stem cell (CSC) niche, regulating epithelial-to-mesenchymal 
transition (EMT) and angiogenesis.149 As previously stated, ECM remodeling is a criti-
cal coordinator of cancer cell invasion. Collagen fibers may be reorganized in a linear 
alignment, which facilitates the invasion of cancer cell clusters.149,151

ECM shapes tumor immune microenvironment by affecting immune cell recruit-
ment, extravasation, migration in TME, and their activation and differentiation states. 
T cell migration is greatly impaired in dense, Collagen- and Fibronectin-rich areas of 
tumor stroma compared to loose areas.152 ECM degradation generates cleaved fragments 
of ECM components, which can recruit or regulate the activation and differentiation of 
immune cells. Biglycan induces macrophage inflammatory cytokine production through 
interaction with toll-like receptor (TLR)-2 and −4.150 The proteoglycan Versican can 
be cleaved and liberate a new protein fragment called Versikine. Versikine was shown to 
promote CD103+ DCs, which were able to activate CD8+ T cells.153 ECM remodeling 
has an important role to play in the accumulation of immune cells in the premetastatic 
niche. In response to primary tumor-derived factors, the glycoprotein Fibronectin 
becomes more abundant in premetastatic lung. Fibronectin may enhance the infiltration 
of bone marrow-derived hematopoietic cells to the lung through interaction with its 
cognate receptor, very late antigen (VLA)-4, on bone marrow-derived hematopoietic 
cells.154 Monocytic-MDSCs (M-MDSCs) in metastatic lung produce Versican. Versican 
could support metastatic colonization through induction of mesenchymal-to-epithelial 
transition (MET) in metastatic cancer cells.155

Evading immune destruction and immune escape mechanisms

As already reviewed, the immune system is a body defender against malignant growth. 
However, this armament may become defective, and cancer growth and progression 
may eventuate. Malignant cells themselves govern immune evasion. They may become 
intrinsically resistant to immune responses, gain control of the local immune microen-
vironment of the tumor, or systemically alter hematopoiesis. Mechanisms underlying 
cancer immune evasion are complex, interconnected, pleiotropic, and redundant. In this 
section, we will describe the principle immune evasion strategies involved in cancer 
progression. The following classification of immune evasion strategies is arbitrary, and 
some mechanisms can be put in more than one category.

To activate adaptive immunity, cancer cells must contain immunogenic antigens. 
Only a small fraction (nearly 10 percent) of tumor-specific point mutations in the 
exome of cancer cells are predicted to result in the generation of neoepitopes that can 
be presented by MHC class I molecules, and only a small portion of these neoepitopes is 
immunogenic.27,156 Immune escape is partly related to the heterogeneity of cancer cells 

(c) ketabton.com: The Digital Library



Tumor immunology 263

and the pressure exerted by the immune system. The immune system may eradicate can-
cer cells that express recognizable antigens, and the remaining cancer cells do not express 
those immunogenic antigens expressed by the ancestor cells. The tumor cells that do not 
express immunogenic antigens are naturally selected. Hyper methylation of neoantigen 
genes has been discovered as the contributor to this type of immune evasion.157 Genetic 
mutation or the regulation of genes implicated in cancer cell antigen presentation such 
as MHC class I, TAP, Tapsin, the proteasome complex, and β2-microglobulin may lead 
to defective cancer cell antigen presentation. The cancer cells with abnormal MHC class 
I machinery are consequently poor activators of adaptive immunity.158-162

Another prerequisite for effective adaptive immune response is that functional APCs 
should be present and be recruited to tumor-draining lymph nodes. In a tumor-bearing 
host, DCs may lose their capability to prime T cells. Frequently in the cancer context, 
DCs downregulate co-stimulatory molecules such as B7-1 (CD80), B7-2 (CD86), 
and CD40 for T cell and B cell priming while enhancing the production of immu-
nosuppressive molecules, including PD-L1, IL-10, and indoleamine 2, 3-dioxygenase 
(IDO).27,163,164

The primed T cells in the tumor-draining lymph nodes must be recruited to 
the tumor tissue. Cancer cells may downregulate the production of T cell-recruiting 
chemokines through DNA methylation.165 Reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) generation is elevated in many cancerous tissues. RNS 
can post-translationally regulate protein function by adding nitro-complexes to them. 
Nitrosylated CCL2 is incapable of recruiting T cells, but it can still recruit immuno-
suppressive monocytes to tumor beds.166 As a further matter, endothelial cells may be 
affected by RNS and downregulate E-Selectin expression. E-Selectin is required for 
T cell trafficking. Impaired E-Selectin expression hampers T cell infiltration.167

Perforin/Granzymes and death ligand/death receptor pathways rely for the most 
part on cellular apoptotic pathways for cancer cell killing. Dysregulation in apoptosis 
machinery is a frequent finding in cancer, and aside from providing intrinsic survival 
advantages for cancer cells, inhibition of cancer cell apoptosis also hinders CTL and 
NK cell cytolysis by Perforin/Granzymes and death ligand/death receptor pathways.168 
Downregulation of components of death receptor-mediated apoptosis pathway or 
upregulation of inhibitors of this pathway such as cellular FLICE inhibitory protein 
(cFLIP) causes resistance of cancer cells to apoptosis induction by CTL and NK cells.169

When T cells are chronically activated, they overexpress exhaustion markers 
PD-1, LAG-3, T-cell immunoglobulin mucin (TIM)−3, and TIGIT. Cancer cells and 
other microenvironmental cells express their corresponding ligands and inhibit T cell 
function.162

The overexpression of MHC class I molecules by cancer cells may prevent the 
anti-cancer immune reaction of NK cells.105 Cancer cells downregulate the expression 
of NKG2D ligands to escape from NK cell-mediated cytotoxicity. The regulation of 
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NKG2D ligands may be reduced by hypermethylation or histone-deacetylation of their 
genes. MicroRNA-93 and microRNA-10b regulate MICA and MICB expression.170 
ADAM family metalloproteinases cleave membrane-bound MICA from the cancer cell 
surface. Shed MICA binds to the NKG2D receptor and down modulate the NKG2D 
receptor on NK cells through receptor endocytosis and lysosomal degradation.171-173 
Similarly, ADAM10 and ADAM17 cleave the extracellular domain of B7-H6. B7-H6 
sheds from the tumor cell surface, thereby preventing NK cell-mediated cytotoxicity 
through B7-H6-NKp30 reaction.174 Autophagy promotes NK cell immune evasion 
by disrupting gap junction Connexin43 accumulation in cancer cell-NK cell immune 
synapse.175 NK cells are the main eliminators of circulating cancer cells. Platelets wrap 
malignant cells in the circulation and protect them from immune killing by NK cells 
through the production of immunosuppressive cytokines and making a physical barrier 
against NK cell cytotoxicity.176

Tumor cells upregulate the surface glycoprotein CD47 that upon interaction with 
signal receptor protein alpha (SIRPα) on phagocytic cells, suppress the phagocytosis of 
cancer cells.177,178 Cancer cell β2-microglobulin binds to leukocyte immunoglobulin-
like receptor (LILR) B1 present on TAM and inhibits TAM phagocytic activity.179

TME is rich in extracellular adenosine triphosphate (ATP). Ectonuleotidases CD39 
and CD73 hydrolyze ATP to adenosine. Many tumor microenvironmental cells, includ-
ing cancer cells, Tregs, TAMs, MDSCs, CAFs, and exhausted T cells, express CD39 and 
CD73. Adenosine binds to adenosine receptors on T cells, NK cells, DCs, MDSCs, and 
macrophages. In this way, it inhibits T cell proliferation, differentiation, and anti-tumor 
function, impairs NK cell cytotoxicity and promotes immunosuppressive macrophage 
phenotype.180

Amino acid deprivation in TME is a metabolic strategy for suppressing anti-tumor 
immune responses. This may contribute to cancer progression either by the reduction 
in the availability of amino acids that are vital for T cell function or the production of 
byproducts with detrimental effects. Amino acids that have been recognized to be relat-
ed to this mode of cancer immune evasion are l-arginine, Tryptophan, and Cysteine. A 
common mechanism that underlies the interference posed by amino acid starvation on 
cellular function is the global downregulation of the protein translation process through 
the GCN2-eIF2D pathway.181

T cells cannot synthesize l-arginine and are dependent on the surrounding environ-
ment arginine for their cellular functions. l-arginine depletion in TME is mediated by 
arginase activity, inducible nitric oxide synthase (iNOS) production, and active transport 
of l-arginine to the interior of immune cells.182 Arginase hydrolyzes l-arginine to Urea 
and l-Ornithine. Two isoforms of arginase exist. Arginase1 locates in the cell cytosol, 
and arginase2 is a mitochondrial enzyme. Malignant cells, TAMs, MDSCs, and CAFs 
express arginase in TME.182 l-arginine is essential for T cell’s CD3ζ chain expression. In 
the absence of l-arginine, T cell anergy or apoptosis may occur.183 l-Ornithine, which 
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is the byproduct of arginase activity, can be converted to polyamines such as Putrescine 
by Ornithine decarboxylase. Polyamines reinforce cancer cell proliferation.184

IDO in TME is expressed by TAMs as well as MDSCs, DCs, and cancer cells. It 
depletes Tryptophan in TME, which is essential for T cell function. IDO inhibits CD8+ 
T cells, CD4+ T cells, and NK cells proliferation and function and enhances the dif-
ferentiation and immunosuppressive functions of Tregs. The anti-proliferative capacity is 
mediated by the depletion of Tryptophan together with the production of Tryptophan 
catabolism byproducts such l-Kynurenine and Picolinic acid.185-187 l-Kynurenine 
induces T cells to exhibit exhausted phenotype and upregulate PD-1 expression.188 
NK cells decrease NKG2D expression following the exposure to l-Kynurenine.172,189 
Furthermore, l-Kynurenine is a potent stimulus for T cell and NK cell apoptosis.190,191

TME is characterized by the accumulation of immune cell populations that spe-
cialize in actively suppressing immune responses. In the following paragraphs, we will 
review the immunosuppressive functions of Tregs, regulatory B cells (Bregs), TAMs, and 
MDSCs in relation to cancer immunology.

Tregs are the main contributors to maintaining peripheral self-tolerance and curbing 
inflammatory reactions to prevent pathologic overresponse. FOXP3 is a crucial tran-
scription factor for Treg development. They are immunosuppressive cells that interfere 
with anti-tumor immune responses.192,193 Tregs in TME can originate from circulating 
regulatory Tregs or be differentiated from naïve T cells in TME under the influence of 
microenvironmental factors such as TGF-β.194

Tregs produce TGF-β, IL-10, and IL-35 that inhibit T cell proliferation and function. 
Tregs express high-affinity IL-2 receptors that deprive IL-2 availability for naïve T cells. 
IL-2 is crucial for naïve T cell proliferation and the acquisition of anti-tumor functions.193

Unlike other TCRαβ-T cells that express CTLA-4 after antigen activation, Tregs 
constitutively express CTLA-4. Tregs inhibit the priming function of DCs by CTLA-4 
by interfering with the B7-1/B7-2-CD28 pathway.195

Tregs express CD39 and CD73 that generate adenosine. Adenosine’s contribution 
to immunosuppression has been already discussed. Adenosine also acts in an autocrine 
manner and further enhances the immunosuppressive abilities of Tregs.196,197

Tregs strongly adhere to DCs. This attachment seems to be dependent on lym-
phocyte function-associated antigen (LFA)−1 and intercellular adhesion molecule 
(ICAM)−1 presence on Tregs and DCs, respectively. The Treg-DC adherence interferes 
with T cell activation by DCs.198

Bregs are B lymphocytes with immunosuppressive functions. Bregs secrete IL-10, 
TGF-β, and IL-35 and express PD-L1 and through them inhibit T cell proliferation, 
skew Th cell polarization toward Th2 and promote Tregs. IL-10 produced by Bregs 
inhibits NK cell anti-tumor function.100,199

M2-like macrophages overexpress IL-10, TGF-β, IL-1 receptor antagonist, argi-
nase1, and PGE2. Macrophages with M2-like features promote Th2 and Treg responses, 
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suppress CTL, and inhibit APCs’ functions.124,127,128 TAMs express PD-L1, which inhibits 
T cell responses through interaction with PD-1.200 ROS enhances the expression of 
PD-L1 by TAMs, thus increasing their immunosuppressive potential.201

MDSCs are immature cells of hematopoietic origin that have immunosuppres-
sive potential. They are raised in a variety of pathological conditions such as cancer.202 
Chronic inflammatory conditions associated with malignancy alter physiological dif-
ferentiation of polymorphonuclear and myeloid cell lineages. The generated cells have a 
relatively immature phenotype and are rather suppressors of innate and adaptive immu-
nity than be capable of exerting anti-tumor immune responses. Cancer cells and the 
associated stromal cells produce exosomes and cytokines such as granulocyte colony-
stimulating factor (G-CSF), macrophage colony-stimulating factor (M-CSF), GM-CSF, 
and VEGF, which trigger the accumulation of immature granulocytic and myelomono-
cytic cells in the body through STAT3, STAT5, retinoic acid receptor-related orphan 
receptor C (RORC)1, C/EBPB, Notch, and NF-κB pathways. The accumulated imma-
ture cells then acquire immunosuppressive functions in response to IL-1β, IL-6, IL-4, 
IL-13, TNF-α, and PGE2 through STAT3, STAT1, STAT6, and NF-κB pathways.203-206

MDSCs are categorized into two main subsets based on morphological and phe-
notypic resemblance to their normal counterparts: polymorphonuclear (PMN)-MDSC 
and M-MDSC with phenotypic characteristics similar to polymorphonuclear cells and 
monocytes, respectively.202 Proper characterization of MDSCs requires both demonstra-
tion of morphological and phenotypic features and confirmation of immunosuppres-
sive function.207 Murine PMN-MDSC and M-MDSC are phenotypically identified 
by CD11b+Ly6G+Ly6C low and CD11b+Ly6G-Ly6C high combination of markers, 
respectively. Human PMN-MDSC and M-MDSC are identified as CD11b+CD14-
CD15+ and CD11b+CD14+CD15-HLA-DR-/low cells, respectively.203,207 Lectin-
type oxidized LDL receptor (LOX)1 is a particularly specific marker for PMN-MDSC 
to discriminate from neutrophils.208 Downregulation of HLA-DR distinguishes 
M-MDSC from monocytes.202

MDSCs deploy a variety of mechanisms to suppress innate and adaptive anti-cancer 
immune responses. They impair CTL survival, activation, cytotoxicity, and trafficking. 
MDSCs deplete amino acids required for T cell proliferation and function by express-
ing arginase1, internalizing l-arginine by cationic amino acid transporter 2B, iNOS 
and IDO expression, and sequestering Cysteine.181,209 MDSCs express NADPH oxidase 
(NOX)2, which reduces oxygen and generates superoxide. Superoxide reacts with nitric 
oxide (NO), and peroxynitrite is the result of the reaction. Concertedly, NO is produced 
by the activity of iNOS in M-MDSC.209,210 Peroxynitrite impedes TCR replenishment 
in CTL and simultaneously down-modulates the MHC class I repertoire of tumor cells. 
Therefore, Peroxynitrite significantly impairs cancer antigen presentation.211 PMN-
MDSCs inhibit antigen cross-presentation by DCs and, in consequence, hinder antigen 
presentation.212 iNOS catabolizes l-arginine and generates NO. NO inhibits T  cell 
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function as well as antigen presentation by DCs through altering many intracellular 
signaling molecules.181,213,214 MDSCs downregulate endothelial cell E-selectin expres-
sion, a process which is at least partly dependents on NO.215 MDSCs express plasma 
membrane-bound ADAM17, which shed l-selectin from the T cell surface, thereby 
compromising T cell recruitment to tumor-draining lymph nodes.216 Some MDSCs 
express PD-L1, which upon interaction with PD-1 on T cells impairs their function.181 
MDSCs also induce cancer cells and B cells to upregulate PD-L1 expression. MDSCs 
produce TGF-β, which renders CD8+ T cells express PD-1.217 MDSCs can induce 
CD4+ T cells to confer Tregs’ phenotype by secretion of IL-10 and TGF-β.181,218 The 
interaction of CD40 on MDSCs and CD40L on T cells is required for MDSC-induced 
Treg expansion.219 MDSCs fuel the accumulation and immunosuppressive functions of 
TAMs. In TME, M-MDSCs may directly convert to TAMs.202,209,211

Immune regulation of cancer progression and metastasis

Metastasis is defined as the outgrowth of neoplastic cells in tissues that are not in direct 
contiguity to the primary tumor. Metastasis is a dreadful upshot in cancer progression 
and poses a serious pathophysiologic crisis in the host. A multi-step cascade is theorized 
for the cancer metastasis process. Cancer cells must detach from the surrounding cells, 
and ECM components in the primary site then migrate to the primary tissue site to 
give entrance to blood and lymphatic vessels, disseminate to distant sites via circulation, 
extravasate, establish dormant clones in the metastatic site and finally make metastatic 
outgrowths.217,220

The metastasis formation process is in the tight regulation of genetic and epigenetic 
properties of malignant cells and the interaction with host microenvironmental elements 
that are adjusted by the germline genetic composition of the host, epigenetic imprints, 
environmental exposures, and microbiota.217,220-229 The immune system is involved in 
determining the fate of the metastatic process. The immune system can either prevent 
or control metastasis or contribute to fostering it. The immune system may promote 
metastasis by providing an immunosuppressed environment, augmenting cancer cell 
proliferation and survival, inducing EMT or MET, CSC formation, enhancing angio-
genesis and lymphangiogenesis, ECM remodeling, and increasing local invasion.217,230,231

The primary tumor may influence the distant site characteristics before the arrival 
of disseminated cells to prepare an environment capable of maintaining metastasized 
cells, a process called “premetastatic niche formation”.232-235 A prominent feature of the 
premetastatic niche is the accumulation of immunosuppressive cell populations. The 
primary tumor may produce cytokines and exosomes that mobilize hematopoietic cells 
to accumulate in premetastatic and metastatic sites. Moreover, in response to factors 
released by the primary tumor, distant organs may change so that they will become 
receptive to immune cell recruitment.236,237 The myeloid-lineage cells in the premeta-
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static niche create a permissive environment for upcoming cancer cells by suppressing 
effector immune cells in the premetastatic niche, upregulating E-selectin expression 
on premetastatic tissue endothelium to arrest cancer cells in target organ vasculature, 
promoting aberrant vessel permeability to facilitate cancer cell extravasation, and the 
secretion of factors for chemoattraction of cancer cells.217,230

CTLs and NK cells that are the main immune system players in the elimination of 
malignant cells in the primary tumor are also present in metastatic sites and eradicate 
cancer cells. Immune suppression may enhance cancer metastasis. Accumulation of 
Tregs, Bregs, TAMs, and MDSCs occurs both in primary and metastatic tumor sites and 
provides an immunosuppressive microenvironment. In metastatic sites, these immuno-
suppressive cell populations inhibit anti-cancer immune responses and let cancer cells 
survive in metastatic sites.230,238

EMT is an elaborate phenomenon characterized by the loss of epithelial cell features 
and gaining mesenchymal traits. EMT accompanies the attainment of many proper-
ties that are required for carcinoma cell invasiveness and metastasis.176 TGF-β has an 
established role in EMT induction in TME. Treg and Breg cells produce TGF-β, which 
mediates EMT.100,239 TGF-β, TNF-α, IL-8, and IL-6 are the main culprits of TAM-
induced EMT.240 MDSCs may prompt EMT by upregulating the β-Catenin/TCF-4 
pathway in cancer cells. The induction of EMT was dependent on nitric oxide synthase 
(NOS) activity in MDSCs.241,242 Additionally, MDSCs produce IL-28, which activates 
the STAT3 signaling pathway in cancer cells and promotes EMT.243

A minority of transformed cells in a tumor are known to possess characteristics of 
a stem cell, including asymmetric replication and self-renewal capacity. These cells are 
called CSCs, and their presence in the primary tumor and metastatic sites are speculated 
to be essential for enabling repopulating and heterogeneity of a tumor.244 CSCs may 
result from neoplastic transformation of tissue-resident stem cells or the reprogramming 
of cells without stemness features to obtain those traits.244 TAMs activate the EGFR/
STAT3/SOX2 pathway in breast cancer cells, which contributes to CSC formation.245 
TAMs promote the generation of lymphoma and glioblastoma CSCs by produc-
ing Pleiotrophin (PTN), which upregulates the β-Catenin pathway upon binding to 
its receptor on cancer cells.246,247 MDSC-mediated upregulation of microRNA-101 
decreases C-terminal-binding protein (CtBP)2 in ovarian cancer cells and results in 
CSC formation.248 MDSCs produce IL-6 and NO, which induce the formation of 
breast CSCs through STAT3 and Notch signaling pathways in cancer cells.249

Immune cells may potentiate the migration of cancer cells. Cancer cell ability to 
invade the surrounding tissue is essential for reaching tumor vasculature and intravasa-
tion. Immune cells contribute to ECM remodeling and propagate cancer cell inva-
siveness. TAMs, MDSCs, and mast cells produce matrix metalloproteinases (MMPs) 
that their inhibition ameliorates the migratory potential of cancer cells.217,250,251 TAM-
derived Cathepsin proteases are involved in ECM remodeling and promotion of cancer 
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cell invasiveness.252 TAMs produce epidermal growth factor (EGF), which increases pro-
liferation and invasion of multiple carcinoma cell lines. Intriguingly, cancer cells secret 
colony-stimulating factor (CSF)1, which stimulates TAMs to approach cancer cells and 
produce EGF.253-257 TAMs release microRNA-223-containing microvesicles, which 
enhance breast cancer cell invasiveness through β-Catenin activation.258

Angiogenesis and lymphangiogenesis are indispensable for cancer growth and dis-
semination. Blood vessel network provides essential oxygen, and nutrient elements for 
cancer cell survival in primary tumor and metastatic sites, and the affluence and structural 
aberrancy of tumor blood and lymphatic vasculature provide an escape gate for cancer cell 
dissemination.259 Immune cells can contribute to tumor angiogenesis and lymphangiogen-
esis through the production of inducers of angiogenesis, stimulating cancer cells to pro-
duce proangiogenic factors, ECM degradation, and direct conversion to endothelial cells. 
TAMs produce angiogenesis-promoting cytokines such as VEGFA, Semaphorin 4D, and 
Adrenomedullin.260-262 MDSCs secrete proangiogenic molecules VEGFA, fibroblast growth 
factor (FGF)2, and Bv8.217 TAM-derived IL-1β and TGF-β induce cancer cells to produce 
VEGFA, FGF2, and IL-8, which increase tumor neovasculogenesis.260 A pool of VEGF is 
retained within ECM and MMPs cleave ECM-bound VEGFA to release a bioavailable 
form of VEGFA.263 TAMs and MDSCs produce MMP2 and MMP9 in TME of several 
tumor types and enhance angiogenesis in this manner.217,260 Myeloid cells have been found 
to be contributing to tumor angiogenesis by directly converting to endothelial-like cells.264

Immunolopathology and immunotherapy 
of hematologic malignancies

Perhaps hematological malignancies are the best-known targets for cancer immuno-
therapies. In 1997, the Food and Drug Administration (FDA) announced rituximab as 
the first approved monoclonal antibody (mAb) for the treatment of B cell non-Hodgkin 
lymphoma (NHL)265 and later, in 2009 for chronic lymphocytic leukemia (CLL), dis-
cussed later. Since then, incredible discoveries about the different aspects of immune cell 
functions and tumoral escape mechanisms have led to the innovation of novel agents 
with different approaches to enforcing the immune system to defeat cancer cells. Of 
these, immune checkpoint inhibitors (ICIs), chimeric antigen receptor T-cells (CART-
cells), bispecific T cell engagers (BiTEs), and to a lesser extent, vaccines have shown 
promising results. As the molecular mechanisms of action of these therapies are discussed 
earlier, clinical aspects of such interventions will be reviewed here.

Immunopathology
Lymphoma
Lymphomas are subdivided into NHL and Hodgkin lymphoma (HL), with 10 percent 
of all lymphoma cases present with HL.266 HL further has two pathologic subtypes1: 
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classic HL and2 nodular lymphocyte predominant (NLPHL), the latter is present in less 
than 10 percent of HL patients.267 The NHL has numerous subtypes, according to the 
morphologic and pathologic features.267

Pathologic findings of HL include the distribution of sparse malignant cells in a 
dense but suppressed background of a wide variety of immune cells. These characteristic 
neoplastic cells are known as Reed-Sternberg cells (RS cells). These cells have a CD15+, 
CD30+, and CD45- immunophenotype.267 Copy number gain of chromosome 9p24.1 
is another feature usually seen in RS cells, which is imperative from the immunological 
point of view (discussed later). The underlying etiologies of HL are not fully under-
stood. However, there is evidence that infection with EBV, immunosuppressive states 
(Human immunodeficiency virus (HIV) infection, transplantation), and autoimmunity 
might increase the incidence of HL. Despite its highly malignant nature, most cases of 
HL respond well to conventional chemotherapeutic regimens.266 However, a fraction of 
cases has a refractory disease (i.e., do not respond to the therapy), and some with an early 
response will be afflicted by the disease again (defined as relapse). Treatment options for 
such groups are limited to high-dose salvage chemotherapy, radiation therapy, targeted 
therapy (including brentuximab vedotin), autologous hematopoietic stem cell transplan-
tation (HSCT), and immunotherapies, which will be discussed in this part.

NHLs are derived from either B cells, T cells, NK cells, or their precursors. Based on 
the morphologic, genetic, and clinical features, NHLs are subdivided into a huge num-
ber of entities.267 However, about 65 percent of NHL cases are either diffuse large B cell 
lymphoma (DLBCL) or follicular lymphoma.268 Risk factors underpinning the devel-
opment of NHL are generally similar to HL, as EBV, HCV, and helicobacter pylori 
infections, autoimmune disorders, and immunosuppression are identified as the possible 
culprits.269 Genetic alterations also play a role in both the initial development and fur-
ther evolution of the NHL. Some chromosomal translocations are quite characteristic 
for certain subtypes of NHL. For example, t(11;14)(q13;q32) and t(14;18)(q32;q21) 
translocation in the mantle cell lymphoma, and t(8;14)(q24;q32) translocation in Burkitt 
lymphoma frequently occur, leading to the overexpression of cyclin D1, MYC, and B-cell 
lymphoma protein (BCL)−2, respectively.270 Double-hit lymphomas are those harboring 
mutations related to MYC and either BCL2 or BCL6. The prognosis and the response 
to therapy are substantially decreased in such lymphomas.271 Of note, like classic HL, 
amplification of 9p24.1 is also identified in primary mediastinal large B cell lymphoma 
(PMBCL).272 The addition of rituximab to the traditional CHOP regimen (cyclophos-
phamide, doxorubicin, vincristine, and prednisone) improves the scope of patients with 
DLBCL.273 However, depending on the stage and risk factors, between 20  percent 
to 50  percent of them will have refractory disease or relapse after demonstrating a 
response.274 Follicular lymphoma has an indolent course in the early stages, with a watch 
and wait strategy accepted as an effective approach for such cases. However, it is esti-
mated that up to 40 percent of follicular lymphoma cases finally transform into a more 
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aggressive NHL (usually DLBCL).275 The management of relapsed or refractory (R/R) 
DLBCL and follicular lymphoma is generally consisting of salvage chemotherapy, fol-
lowed by autologous HSCT. Some studies have shown the benefit of the administration 
of ibrutinib for both and idelalisib (a phosphoinositide 3-kinase inhibitor) and veneto-
clax (BCL-2 inhibitor) for follicular lymphoma.270 Immunotherapies come into action 
when the aforementioned interventions fail, too.

Leukemia
Acute and chronic myeloid leukemia (AML and CML, respectively) are the result of the 
increased proliferation of multipotent hematopoietic stem cells. Single progenitor B cell 
or T cell multiplications will manifest as either acute lymphocytic leukemia (ALL) or 
CLL.267 Each of the mentioned disorders has specific subtypes, etiologic factors, and target 
populations, which are not discussed here. Blast cells of AML stem from one of these two 
populations: granulocyte-monocyte progenitors (CD34+CD38+CD45RA+CD110+) 
or myeloid progenitors (CD34+CD45RA+CD38–CD90–).276 Two of them, CD13 
and CD33, are present in most subtypes of AML. Common genetic alterations of AML 
include t(8;21)(q22;q22), t(9;11)(p22;q23), t(9;22)(q34;q22), t(15;17)(q31;q22), t(16;16)
(p13.1;q22), Inv(16)(p13.1;q22), Inv(3)(q21q26.2), del(7) and del(5).267 Regarding ALL, 
genetic abnormalities are quite specific and complex for each subtype,277 but immu-
nophenotype is similar to those of B and T cell lineage (CD19+CD22+cytoplasmic 
CD79+; and cytoplasmic CD3+CD10+, respectively).278 Compared with lymphomas, 
the therapeutic approaches for AML and ALL are more consistent. However, despite the 
early response in the majority, relapse will occur in 50 percent of AML279 and 80 percent 
of adults with ALL.280 Regarding immunotherapies, patients with R/R AML and ALL 
have been studied for the effectiveness of such agents, which will be reviewed in detail 
throughout this part.

CLL is mainly originated from inhibited apoptosis of mature B cells that results in 
their accumulation in lymphoid organs.267 This disease is largely limited to the elderly 
and is probably the most common type of leukemias in developed countries.266 Patients 
usually have genetic aberrations exhibited as del(13q14), trisomy 12, del(11q22.3), 
del(17p13.1), and del(6q21), in order of frequency.281 Since the TP53 gene is located 
on chromosome 17, its mutation along with del(17) are considered poor prognostic fac-
tors.281 Neoplastic B cells usually express CD5, CD23, CD27, CD43, and CD200, and 
lower levels of CD19, CD20, and CD79b compared with normal B cells.282 Elevated 
levels of CD23, CD38, and CD49d are associated with poor prognosis.283 The initiation 
of treatment for CLL patients usually is confined to those with symptomatic disease 
(according to IWCLL-2008 guidelines).284 Chlorambucil and cyclophosphamide are the 
traditional agents being used for the treatment of CLL and have had acceptable out-
comes. In recent years, the introduction of anti CD20 antibodies (rituximab), Bruton 
tyrosine kinase, and phosphatidylinositol 3 kinase inhibitors (ibrutinib and idelalisib, 
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respectively), and BCL-2 antagonist venetoclax has elongated the survival of high risk 
and relapsed patients.282

Multiple myeloma (MM)
MM is another lymphoid malignancy with neoplastic cells that are originated from 
the post-germinal center plasma cells located in the bone marrow.267 Almost all cases 
of MM are evolved from an asymptomatic disorder named MGUS that progresses to 
MM with a rate of 1 percent each year.285 Early genetic derangements usually include 
translocations and number gains (trisomy) of the immunoglobulin heavy chain locus 
(IGH). More complex cytogenetic abnormalities occur during the progression, with 
some implicated as prognostic factors, with t(4;14), t(14;16), t(14;20), del(17p), gain 
1q and TP53 mutations as indicators of a dismal prognosis.285 Malignant plasma cells 
have a CD38+, CD44+, CD138+, CD319 (SLAMF7)+, CD19-, and CD45- immuno-
phenotype.286 The presence of CD19 and high levels of CD138 are indicators of poor 
prognosis. B cell maturation antigen (BCMA) is a transmembrane glycoprotein that 
belongs to the TNF receptor superfamily member 17 (TNFRSF17) and is expressed 
on both normal and neoplastic plasma cells.287 B cell maturation antigen, along with 
B cell-activating factor (BAFF), a proliferation-inducing ligand (APRIL), and IL-6 
enhance proliferation and survival of plasma cells.287 Immunosuppression is one of the 
most striking clinical and pathologic hallmarks of MM. It seems that a complex net-
work of immunosuppressive cells (MDSCs and Tregs) and cytokines (IL-10 and TGF-β) 
are conducive. In recent years, with the development of novel drugs, the treatment of 
patients with MM has improved drastically. Such agents include immunomodulators 
(IMiDS, such as thalidomide, lenalidomide, and pomalidomide), proteasome inhibitors 
(bortezomib, ixazomib, and carfilzomib), anti-SLAMF7 (elotuzumab), and anti-CD38 
(daratumumab and isatuximab) antibodies. Nevertheless, relapse is still the final destiny 
of almost all patients with MM.285 Options for the treatment of R/R disease are lim-
ited. However, novel immunotherapeutic approaches (particularly against BCMA) have 
shown robust results for such patients, as discussed later.

Immunotherapies
Immune checkpoint inhibitors (ICIs)
ICIs are among the most guarded candidates for the treatment of hematological malig-
nancies. Nivolumab, a mAb against PD-1, is one of the most studied ICIs. A phase I 
study of nivolumab for previously treated patients with R/R classic HL showed quite 
promising results. 87 percent of patients had an objective response rate (ORR), 86 per-
cent had progression-free survival (PFS) at 24 weeks, and the incidence of grade three or 
more adverse events (AEs) was 21 percent.288 The extended follow-up of these patients 
showed that seven had a durable response for more than 1.5 years.289 In a phase II trial 
(CheckMate 205) of 243 R/R classic HL patients with failure of autologous HSCT, 69 
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percent achieved overall response after a median of 2.1 months, and 37 percent expe-
rienced grade 3 and 4 AEs, with no related deaths.290 The median duration of response 
(DOR) was 16.6 months.290 Another phase II study recruited 80 R/R classic HL 
patients after failure of autologous HSCT and brentuximab vedotin (BV) administra-
tion. Of these, 66.3 percent achieved an overall response after a median of 2.1 months 
after the initiation of therapy. Patients received a median of 16 doses of nivolumab, and 
the median DOR was 7.8 months. Of 53 patients with overall response, 11 had progres-
sive disease. One patient suffered from multi-organ failure during the therapy (a grade 
5 AE).291 A recent phase I/II trial of nivolumab for pediatric and young adult patients 
with different types of cancers has shown that among 10 patients with classic HL, one 
achieved CR, two showed partial remission (PR), and five showed stable disease, after a 
median of 4.5 courses of therapy.292 One patient with mediastinal large B cell lymphoma 
(MLBL) exhibited a PR, but no overall response was observed in other NHL cases, 
along with all solid tumors. Grade three and more AEs were reported in 27 of 75 avail-
able patients for the evaluation of toxicity.292 In another cohort of 99 patients with R/R 
classic HL, nivolumab led to ORR and median PFS of 68 percent and 19.4 months, 
respectively. After 21 months, 48.5 percent of patients have been still alive. However, 
this study has used a new index for reporting the outcomes (lymphoma response to 
immunomodulatory therapy criteria).293 Of note, 18 percent of patients had grade three, 
four, and five (bacterial pneumonia) AEs.293

As it is obvious, most clinical trials of nivolumab are carried out on patients with 
classic HL. This is mostly because those early preclinical studies showed that the RS cells 
usually express relatively high amounts of PD-L due to amplification of chromosome 
9p24.1, which contains the genes encoding the PD-L, PDL1 and PDL2 (also known as 
CD274 and PDCD1LG2, respectively), and JAK2 that can further induce the expres-
sion of PD-L.272,288 Younes and colleagues showed a significant difference in 9p24.1 
alterations between patients with complete remission (CR) and progressive disease,291 
and in another trial, all 10 available tumor samples showed amplification, copy gain, or 
polysomy of the chromosome 9p.288 Furthermore, this amplification can also be seen 
in malignant cells of PMBCL, another amenable target for PD-1 blockade therapy.272

Nivolumab has also been investigated for patients with other types of hematological 
neoplasms. For patients with R/RDLBCL, ORR has been only 10 percent and 3 percent 
for autologous HSCT-failed and autologous HSCT-naïve patients, respectively, which is 
quite disappointing.294 Fortunately, among 30 patients with R/R PMBCL who had been 
included in a phase II study of the combination of nivolumab and BV (CheckMate 436), 
73 percent achieved an ORR after a median of 1.3 months.295 The safety profile of this 
combination therapy was also acceptable, with 53 percent of patients experiencing grade 
three and more treatment-related AEs.295 There are also two phase 2 trials for the com-
bination therapy of nivolumab and conventional chemotherapies296,297 for patients with 
AML, which have shown relatively auspicious outcomes (Table 4.3). There are also studies 
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about combination strategies of nivolumab and other immunotherapies, which will be 
discussed later. To date, the FDA has approved nivolumab for the treatment of R/R clas-
sic HL patients who have received autologous HSCT and BV, or more than 2 lines of 
systemic therapies (including autologous HSCT).298

Pembrolizumab is another anti-PD-1 antibody and like nivolumab, has been studied 
mainly for R/R classic HL and PMBCL. Among 21 enrolled patients in KEYNOTE-13 
and 53 patients in KEYNOTE-170 trials who had R/RPMBCL, 48 percent and 45 
percent showed an OR, respectively, with only 17 patients experiencing treatment-
related grade three and more AEs.299 Administration of pembrolizumab for patients with 
R/R classic HL has shown robust results and acceptable safety profile, similar to those 
of nivolumab300,301 (Table 4.3).

As discussed earlier, MM induces generalized immunosuppression along with an 
increased expression of PD-1. Therefore, some trials aimed to investigate the effectiveness 
of pembrolizumab in combination with other conventional agents for patients with R/R 
or treatment-naïve MM.302-304 However, all of them culminated in unfavorable outcomes, 
which made the FDA put an alert regarding the stoppage of these trials.305 Of note, the 
long-term results of these trials are not published yet.

Atezolizumab and durvalumab are anti-PD-L1 antibodies and, until now, have been 
studied in young patients with different types of malignancies306 and in combination 
with ibrutinib for R/R follicular lymphoma or DLBL,307 respectively, with no encour-
aging outcomes. Ipilimumab, another ICI against CTLA-4, is also used for patients with 
hematological malignancies in relatively small trials with overall modest results291,308,309 
(not shown in Table 4.3).

Chimeric antigen receptor T-cell therapies
CART-cells are mostly studied for patients with ALL and NHL and have shown 
remarkable results, but at the expense of severe toxicities, difficult manufacturing due to 
lymphopenia and highly personalized technique, extensive financial costs, and somehow 
unpredictable in vivo expansion rates of manipulated T cells. Patients who are candi-
dates for CART-cell therapy routinely receive lymphodepleting regimens before receiv-
ing the therapy and generally have complications of severe cytokine release syndrome 
(CRS) and neurotoxicity. Neurologic side effects are generally mild and manageable and 
include delirium, confusion, lethargy, tremor, seizure, encephalopathy, and rarely cerebral 
edema.310 The American Society for Blood and Marrow Transplantation has defined 
CRS as an immunologic event with the presence of fever and hypotension, hypoxia, 
and multi-organ failure.310

In 2011, 19–28z+ second-generation CART-cells infused for 8 patients with relapsed 
CLL following lymphodepletion with cyclophosphamide in 5 cases.311 One case died 
after the therapy, probably due to underlying infections. 3 subjects achieved stable disease 
lasting between two to six months.311 This study also reported that the longer persistence 
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of CART-cells was associated with cyclophosphamide lymphodepletion and lower 
tumoral burden.311 Later in 2013, 19–28z+ CART-cells were infused for 5 patients with 
relapsed B cell ALL following lymphodepletion with cyclophosphamide.312 All patients 
showed negative minimal residual disease (MRD) after therapy, examined by deep 
sequencing polymerase chain reaction (PCR). 4 cases then undergo allogeneic HSCT, 
and the ineligible patient had a relapse 90 days after the infusion of CART-cell, probably 
because of the administered corticosteroid for CRS.312 It was also shown that there is an 
association between the level of inflammatory cytokines and the bulk of the neoplasm 
at the time of CART-cell therapy.312 Maude and colleagues administered CTL019 (now 
known as tisagenlecleucel) for 25 pediatric and 5 adult patients with R/R ALL.313 27 
of them demonstrated CR, and among them, 22 had negative MRD (assessed using 
multiparametric flow cytometry). After a median follow-up of seven months (range, one 
to 24 months), 19 cases were still in CR.313 Regarding side effects, 8 patients showed 
severe CRS, requiring the administration of tocilizumab. Patients with a higher tumor 
burden had a greater probability of having severe CRS. Neurologic toxicities were all 
self-limited.313 All patients had prolonged B cell aplasia and, therefore, had to receive 
immunoglobulin replacements.313 A phase 2 trial of tisagenlecleucel for young patients 
(age < 21) with R/R B cell ALL showed an overall remission rate of 81 percent, with 
negative MRD (determined by flow cytometry) in all of such cases.314 After one year, 
the response was still present in 59 percent of cases. Tisagenlecleucel could be detected 
in responsive cases between 20 and 617 days after the administration (median, 168 days), 
regardless of dosage or response status. As of previous studies, the safety profile of the 
therapy has not been encouraging, as all patients had B cell aplasia, 77 percent developed 
CRS (including 47 percent that required intensive care unit admission), and 40 percent 
showed neurologic abnormalities. 37 percent of patients with CRS received tocilizumab. 
Only 9 percent of cases undergo allogeneic HSCT after CART-cell therapy.314

Long-term follow-up of 53 B cell ALL patients treated with 19–28z+ CART-cells 
showed that among 44 cases who went into CR, 25 relapsed later, including all 9 cases 
who had positive MRD.315 Of the responsive group, 17 underwent transplantation. 
Interestingly, there was no association between CR and the dosage or lymphodeplet-
ing regiment (i.e., cyclophosphamide alone or cyclophosphamide and fludarabine). 
Treatment-related toxicities were similar to that of other studies. Also, the authors found 
a relation between the higher disease burden and increased probability of CRS and 
neurotoxicity.315 Somehow surprisingly, this study found no correlation between the 
persistence of CART-cells and survival.315

Another area of interest for CART-cell therapy has been NHL. As an example of 
this, among 101 adult patients with R/R NHL who were enrolled in the ZUMA-1 
trial and received axicabtagene ciloleucel, 82 percent showed an OR after a median 
of 15.4 months, with a median duration of 8.1 months.316 Long-term analysis of 108 
patients with a minimum of one-year follow-up revealed an ORR of 82 percent, with 
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42 percent still in the response at the time of data cutoff. Outcomes were similar for 
patients with DLBCL and PMBCL/transformed follicular lymphoma (TFL).316 Despite 
the reports of preliminary studies,317 this trial did not find any relation between the 
CD4+ to CD8+ ratio of CART-cells and the response rate (RR). Another report of 
these patients showed that after a median of 27.1 months, 83 percent of patients still 
have had an overall response, with CR in 58 percent, which is quite paramount.318

JULIET was a phase II study for evaluating the effectiveness of tisagenlecleucel for 
adult patients with R/R NHL.319 Among 93 patients, 52 percent achieved a response, 
which was persistent in 65 percent of them after 12 months. Like the ZUMA-1 study, 
there was no association between the level of CD19 expression and the RR.319 These 
findings were consistent with the results of a previous study of tisagenlecleucel for 28 
cases with DLBCL and follicular lymphoma320 (not shown in Table 4.4). Table 4.5 repre-
sents the FDA-approved immunotherapies for the treatment of hematologic malignancies.

The outcome of CART-cell therapy in patients with MM is also guarded. Beginning 
in 2018, CART-cells against BCMA (named as CAR-BCMA, LCAR-B38M, and 
bb2121) have been administered for patients with R/R MM in phase I studies, with 
ORRs of 81 percent, 88 percent, and 85 percent.321-323 It seems that the neurologic side 
effects are less common for anti-BCMACART-cells (Table 4.4). Despite robust early 
responses, the relatively high relapse rates, even in the short-term follow-ups, are disap-
pointing. Nevertheless, now there are more than 30 phase II and III active trials aiming 
to evaluate the efficacy and safety of CART-cells (mostly against BCMA) for patients 
with MM.

Bispecific T cell engagers
Until now, Blinatumomab is the only FDA-approved BiTE, which is being administered 
for the B cell ALL patients who have R/R disease or have achieved first or second CR 
but with MRD ≥0.1 percent.326 Early studies for the evaluation of blinatumomab in 
patients with hematological malignancies began before 2010, and their observations were 
consistent with profound toxicities and almost no overall response. As a result, admin-
istration protocols changed, and acceptable overall responses were observed in patients 
with B cell NHLs, in addition to B cell ALL.326 The safety profile of blinatumomab is 
favorable, with CRS and neurologic toxicities generally present in less than 10 percent 
of cases.326 In 2017, the TOWER trial enrolled heavily pretreated Philadelphia negative 
B cell ALL patients to either receive conventional chemotherapies (109 cases) or blina-
tumomab (267 cases). The median overall survival (OS) was significantly higher in the 
blinatumomab group (7.7 compared to 4 months), with a similar rate of adverse effects 
in both groups.327 AMG 330 (binds to CD3 and CD33) and AMG 420 (binds to CD3 
and BCMA) are BiTEs that have been studied in patients with R/R AML328 and R/R 
MM,329 respectively, and have shown modest results after early analyses. Now ongoing 
trials are investigating different features of therapies with BiTEs (specific for CD3 and 
either CD16, CD20, CD33, or BCMA) for different types of hematologic malignancies.
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Cancer vaccines
Attempts to develop vaccines for the treatment of hematological malignancies have 
long been studied for the management of hematological and other neoplasms. However, 
except for certain limited cancers (e.g., melanoma, as discussed later), vaccines have not 
had prominent activities and have not received administration approvals. Among hema-
tological malignancies, follicular lymphoma and AML have been interesting targets for 
cancer vaccines. MyVax was an idiotype vaccine that exhibited promising activities in 
phase I and II trials of follicular lymphoma cases.330 However, in a randomized phase 
III trial, the addition of MyVax to control immunotherapy (keyhole limpet hemocya-
nin [KLH] and GM-CSF) did not enhance the PFS and the interval to subsequent 

Table 4.5 List of the FDA-approved immune checkpoint inhibitors (ICIs) and CAR T-cells for hemato-
logic malignancies.

Agent Indications Trial identifier

Nivolumab Classic HL in adult patients that 
have relapsed or progressed after 
autologous HSCT and brentuximab 
vedotin, or
3 or more lines of systemic therapy 
that includes autologous HSCT.

CheckMate 205290 and 
CheckMate 039

Pembrolizumab R/R (after 3 or more prior lines 
of therapy) classic HL in adults and 
pediatrics

KEYNOTE-087324

Pembrolizumab R/R (after 2 or more prior lines 
of therapy) PMBCL in adults and 
pediatrics

KEYNOTE-170299

Axicabtagene ciloleucel R/R large B cell lymphoma after 2 
or more lines of systemic therapy in 
adult patients (including DLBCL not 
otherwise specified, PMBCL, high-
grade B cell lymphoma, and DLBCL 
arising from follicular lymphoma)

Different trials

Tisagenlecleucel Patientsup to 25 years of age with B 
cell precursor ALL that is refractory 
or in second or later relapse.
Adult patients with R/R large B cell 
lymphoma after two or more lines of 
systemic therapy (including DLBCL 
not otherwise specified, high-grade 
B cell lymphoma, and DLBCL arising 
from follicular lymphoma)

ELIANA (NCT02228096)
JULIET325

HL, Hodgkin lymphoma; HSCT, hematopoietic stem-cell transplantation; R/R, relapsed or refractory; DLBCL, diffuse 
large B cell lymphoma; PMBCL, primary mediastinal large B cell lymphoma; ALL, acute lymphocytic leukemia.
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therapies.331 Likewise, other similar vaccines have not achieved any success in follicular 
lymphoma.332

Regarding leukemia, administration of a peptide-based vaccine (PR1) for HLA-
A2-positive patients with AML (n = 42), CML (n = 13), and myelodysplastic syndrome 
(MDS) (n = 11) resulted in a promising immune RR (defined as at least a two-fold 
increase in PR1-specific CTLs) and ORR of 53 percent and 24 percent, respectively.333 
In another attempt, Wilms’ tumor 1 mRNA expressing DCs could induce molecular 
remission in 30 percent of pretreated AML patients with a very high probability of 
relapse.334 Besides, after a median follow-up of 109 months, 55 percent of responses 
were sustained.334

Antibodies against clusters of differentiation
mAbs against CDs are well-accepted immunotherapies and constitute the mainstay 
of treatments for some malignancies. Rituximab, an anti-CD20 mAb, is indicated for 
patients with B cell NHL and CLL.335 Obinutuzumab is another anti-CD20 mAb that 
was designed to overcome the resistance to rituximab and now is approved for the treat-
ment of follicular lymphoma and CLL as a combination therapy with chemotherapeu-
tic agents.335 Other approved anti-CD20 mAbs include ofatumumab (combined with 
chemotherapy for CLL),336 ibritumomab tiuxetan (a radiotherapeutic agent linked to 
rituximab, as second-line therapy for NHLs),337 and Iodine I 131 tositumomab (another 
radiotherapeutic agent for rituximab-refractory NHL).338

Inotuzumab ozogamicin is an antibody-drug conjugate against CD22, which has 
been used for R/R B cell ALL.339 Brentuximab vedotin is an anti-CD30 antibody 
drug-conjugate that is indicated for treatment-naïve stage III or IV classic HL (as 
combination therapy with chemotherapy), following failure or high probability of the 
relapse of classic HL after autologous HSCT and other rare hematological malignan-
cies.340 Another antibody-drug conjugate is gemtuzumab ozogamicin, which is directed 
against CD33 and is approved for the treatment of newly-diagnosed (only for adults) 
and R/R CD33-positive AML.341 Two mAbs against CD38, daratumumab342-344 and 
isatuximab,345 have shown acceptable clinical activities against MM and recently have 
received the FDA approval as the fourth-line monotherapy (daratumumab)346 or com-
bined with other agents as first-line (daratumumab for autologous HSCT ineligible 
subjects)346 or later (daratumumab and isatuximab)346,347 therapies.

Future perspective
Almost all the cutting-edge immunotherapies have been studied for hematological 
malignancies. Despite the astonishing outcome, the duration of response and the frac-
tion of responding patients are not striking yet. In addition, severe toxicities and dif-
ficulties in manufacturing (mostly for CART-cells) are substantial issues that should 
be resolved by prospective trials. Although the old approach, mAbs against surface 
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molecules, is being extensively studied348 for hematological and other malignancies and 
has yielded significant outcomes in recent years (in case of MM). What is apparent is 
that cellular and checkpoint immunotherapies will shape the future of the therapeutic 
armamentarium for hematological malignancies.

Immunolopathology and immunotherapy of central  
nervous system tumors

Central nervous system (CNS) malignancies have an incidence of about 30 and 5.9 per 
100 000 adults and pediatric (less than 19 years) population, respectively.349 Although 
nervous system tumors are estimated to comprise less than 1.4 percent of all newly diag-
nosed cancers in the United States, disproportionately cause 3 percent of cancer-related 
deaths.266 In adults, less than one-third of CNS tumors are malignant. However, this is 
two-thirds for pediatrics, whom which about 20 percent of their cancers are originated 
from CNS.349 CNS tumors have unique pathologic and clinical features as no prema-
lignant lesions have been identified for them yet, their surrounding microenvironment 
is highly immunosuppressed, despite local invasion (even in low-grade tumors) virtually 
never metastasize, and their management is highly dependent on the anatomic site of 
the tumor. The presence of the blood-brain barrier (BBB) further complicates the deliv-
ery of chemotherapeutic agents. The 2016 revised World Health Organization (WHO) 
classification of CNS tumors has combined molecular (e.g., IDH and H3K27M muta-
tions, 1p/19q codeletion, etc.) and pathologic features and, therefore, has fundamentally 
evolved and involuted in some parts.350 For example, due to genetic similarities between 
diffuse astrocytomas and oligodendrogliomas, the term diffuse glioma is now being used 
instead of both.350

Gliomas are the most common primary malignant neoplasms of the CNS.349 It is 
presumed that gliomas arise from the neuroectodermal glial cells that provide struc-
tural and metabolic support for neurons and construct BBB. Traditionally, gliomas were 
disaggregated to astrocytoma, oligodendroglioma, and ependymoma according to their 
morphologic features. However, in the 2016 CNS WHO classification, this has been 
replaced with terms low-grade glioma, high-grade glioma, and ependymoma, with dif-
ferent subtypes in each category.350

Immunopathology
Gliomas evade the immune system harnessing different paths. Malignant glioma cells 
and their surrounding Tregs and MDSCs can produce IDO351 and arginase1,352 catalytic 
enzymes for tryptophan and arginine, respectively. Tryptophan depletion will enhance 
the recruitment of Tregs and hinder normal T cell functions. Interestingly, the level of 
IDO expression has a direct relation to the grade of the tumor.351,353 Similarly, arginine 
deficiency will result in impaired T cell function and proliferation.352 Roles for NO and 
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ROS are also implicated in inducing the immunosuppressive state in gliomas.352 TGF-β 
and IL-10 are well-known anti-inflammatory cytokines that are produced by MDSCs 
in considerable amounts.354 TGF-β is conducive to the carcinogenesis of gliomas not 
only by suppression of DCs and T cells but also via enhanced angiogenesis and local 
invasion.354

It had long been shown that despite the absence of a structured lymphatic system, 
the brain extracellular fluid could be drained via the arachnoid sheaths of the olfactory 
nerve to the nasal submucosa.355 In recent years, the discovery of the glymphatic system 
has made a paradigm shift in our understanding of CNS physiology, as it facilitates the 
connection of CNS immune cells and antigens to the peripheral lymphatic system.356

One of the most prominent features of gliomas is the scarcity of immune cells 
within their microenvironment.357 Tumor-infiltrating lymphocytes (TILs) are almost 
absent, and only Tregs and tumor-associated myeloid cells (TAMCs, including MDSCs, 
microglia, and TAMs) can be found.354 This theoretically serves as a solid barrier against 
immunotherapies. Besides, the very low number of the recruited T cells exhibits an 
extremely exhausted phenotype. This is largely due to the high expression of PD-1, 
TIM-3, and LAG-3.358 Glioma cells and TAMCs can express PD-L1 on their surface.354 
However, blockade of PD-L1 might not result in the regression of the tumor, as the 
PD-L1 expression on tumor-adjacent brain tissues can surprisingly induce the death of 
glioma cells.359

CNS tumors exhibit different genetic alterations. More prominent examples 
are IDH mutations in grade 2 and 3 astrocytoma and oligodendroglioma, 1p/19q 
codeletion in oligodendroglioma, H3K27M mutation in diffuse midline glioma, O6-
methylguanine-DNA methyltransferase (MGMT) promoter methylation in IDH-
wildtype glioblastoma and oligodendrogliomas, and epidermal growth factor receptor variant 
III (EGFRvIII) mutation in glioblastoma.360 More importantly, CNS tumors have a low 
mutational burden, and there is a median of 1.5 mutations per megabase.357 Regarding 
the therapy with ICIs, it is postulated that more robust outcomes generally will be 
seen in tumors that have more than 10 mutations per megabase.361 The putative reason 
behind this observation is that lower mutations will result in lower tumor neoantigens 
and, therefore, immune cells cannot recognize and invade cancer cells. The recognition 
of TMB as a predictor of the response to ICIs seems applicable in the context of CNS 
tumors (discussed later). However, this must be interpreted together with other factors 
(e.g., intra-tumoral heterogeneity of antigens).

The management of CNS tumors is generally based on surgical resection, if feasible, 
followed by chemotherapy and radiation therapy for high-grade tumors. The addition 
of temozolomide (an alkylating agent) to the radiation therapy for glioblastoma added 
2.5 months and 8 percent to the median OS and five-year OS, resulting in values 
of 14.6 months and 10 percent, respectively.362,363 Until now, no immunotherapeutic 
approach is approved for the management of CNS tumors. Nevertheless, some trials 
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have described modest outcomes, which bolsters the ongoing attempts. As mentioned 
earlier, more than 66 percent of adult primary brain tumors are benign and usually are 
manageable with surgery. Hence most efforts in unriddling immunologic aspects are 
dedicated to glioblastomas. As a result, the following discussion will primarily focus 
on glioblastoma and some malignant pediatric neoplasms. Metastatic brain cancers are 
discussed separately, based on their tumor of origin.

Immunotherapies
Immune checkpoint inhibitors (ICIs)
According to the 2016 CNS WHO classification, the term diffuse gliomas refers to 
diffuse astrocytoma and oligodendrogliomas (WHO grade II), anaplastic astrocytoma 
and oligodendrogliomas (WHO grade III), glioblastoma (GBM), and diffuse midline 
glioma (WHO grade IV).350 Five-year survival rates of diffuse astrocytoma, anaplastic 
oligodendroglioma, and anaplastic astrocytoma are 50 percent, 57 percent, and 30 per-
cent, respectively, while it is only 5.5 percent for glioblastoma.364 Almost all high-grade 
gliomas will eventually recur, and until now, there is no widely accepted and effective 
therapeutic approach for them.364

Among multiple different immunotherapies, ICIs are studied most for the treat-
ment of glioblastomas. Until now, no promising result is reported after the ICI 
therapy for glioblastomas. Compared with anti-VEGF agent bevacizumab, nivolumab 
showed no prior benefit in enhancing the OS of patients with recurrent GBM.365 
The median OS was 9.8 months for nivolumab and 10 months for bevacizumab, and 
the one-year OS rate was 42 percent for both arms. Conversely, the median PFS 
of the nivolumab arm was two months less than that of bevacizumab (1.5 months 
versus 3.5 months). Similarly, ORRs were 8 percent and 32 percent for nivolumab 
and bevacizumab arms, respectively. In fact, the only priority of nivolumab was its 
longer duration of response (median of 11.1 months versus 5.3 months).365 In sum-
mary, this cohort 2 of the CheckMate 143 trial could not meet its primary endpoint 
(OS).365 In addition, in the CheckMate 143 trial (of 40 patients with grade IV GBM 
or gliosarcoma), no difference was found between the outcome of nivolumab with 
or without ipilimumab therapy and conventional regimens.366 Similar discouraging 
results are seen for atezolizumab (one PR among 16 patients and a median OS of 
4.2 months).367

Regarding the neoadjuvant setting, a trial368 aimed to explore the added benefit of 
neoadjuvant pembrolizumab compared to only adjuvant therapy. Among 35 patients 
with recurrent surgically resectable glioblastoma, neoadjuvant therapy significantly 
enhanced OS and PFS (13.7 months versus 7.5 months; hazard ratio (HR), 0.39; 95 per-
cent confidence interval (CI), 0.17 – 0.94; p = 0.04, and 3.3 months versus 2.4 months; 
HR, 0.43; 95 percent CI, 0.20–0.90; p = 0.03) over adjuvant-only group. Intriguingly, 
overexpression of T cell-related and IFN-γ and under-expression of cell cycle genes, 
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focal increase in tumoral CTL densities, and enhanced PD-L1 expression were observed 
in the neoadjuvant arm.368 Similar findings to the above are also reported after neoad-
juvant therapy with nivolumab.369

Despite these findings, ongoing trials are still evaluating the efficacy of ICIs combined 
with chemotherapies (mostly temozolomide) or radiation therapy (NCT02667587 and 
NCT02617589). Interestingly, there are studies aiming to describe the outcome of anti-
LAG-3 (NCT02658981) or anti-TIM-3 (NCT03961971) therapies with or without 
nivolumab.

Cancer vaccines
Unlike many other cancers, oncolytic viruses have shown modest efficacy in the field 
of glioblastoma. PVSRIPO is a recombinant nonpathogenic polio-rhinovirus chi-
mera (poliovirus Sabin type 1). The internal ribosome entry site of polio is replaced 
by human rhinovirus type 2 to prevent its neuropathogenic effects.370 Based on the 
observation of high expression amounts of CD155 (poliovirus receptor) on neoplas-
tic cells and its direct cytotoxic activity and stimulation of APCs and subsequently 
T cells, PVSRIPO was elicited as novel immunotherapy against gliomas.370 A phase 
I study enrolled 61 patients with single supratentorial recurrent grade IV glioma to 
administrate intra-tumoral PVSRIPO.370 Compared with a historical control cohort, 
PVSRIPO added 1.3 months to the median OS of patients (11.3 months versus 
12.5 months). Interestingly, despite the descriptions of historical control, the OS rate 
of PVSRIPO did not decline and remained stable (21 percent) after 24 and 36 months, 
regardless of IDH1 (R132) mutation status.370 Besides, the vaccine had a manageable 
safety profile370 and, owing to its considerable activities, is now under investigation in a 
phase II trial (NCT01491893). G207 is an oncolytic vaccine based on modified herpes 
simplex virus (HSV)−1.371 G207 direct delivery to tumoral margins in combination 
with radiotherapy could induce stable disease in of 9 patients with recurrent GBM, 
without any serious AEs.371 Another oncolytic vaccine, DNX-2401 (tasadenoturev, 
Adenovirus-based vaccine), has been able to exert some anti-tumoral activities against 
recurrent malignant gliomas.372 Another sound approach for cancer immunotherapies 
is neoantigen vaccines. In a phase Ib trial, the administration of the neoantigen-tar-
geting vaccine for patients with newly diagnosed MGMT-unmethylated glioblastoma 
has been able to increase the density of TILs and primer peripheral CD8+ and CD4+ 
T cells against the neoantigens.373

The mentioned outcomes of cancer vaccines seem very encouraging. However, they 
should be interpreted with great caution, as all of them are stemmed from phase I trials. 
Lastly, despite early favorable results, larger studies of peptide vaccines against EGFRvIII 
(PEPvIII and rindopepimut),374,375 Wilms tumor 1 (WT1),376 IDH1-R132H,377 and a 
DC-based vaccine for six antigens (ICT-107)378 have not shown significant clinical 
benefits.
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Other immunotherapies
CART-cells therapies are another approach studied for the treatment of gliomas. In 2017, 
a small study administered EGFRvIII specific CART-cells for patients with recurrent 
GBM.379 Despite the documented infiltration of CART-cells in the tumoral tissue and 
acceptable safety profile, the authors found that compared with pretreatment samples, 
there was a more extreme immunosuppressive environment (including recruitment of 
Tregs and overexpression of IDO, PD-L1, and IL-10) after the infusion of CART-cells. In 
addition, heterogeneity in the expression of EGFRvIII, its decreased expression after ther-
apy, and possible antigen escape mechanism were other challenges facing this therapy.379 
CART-cells specific for human epidermal growth factor receptor (HER)2 (in 17 cases),380 
and IL-13Rα2 positive GBM (in three cases)381 have shown modest results.

Preclinical studies of CART-cells specific for HER2 and PRAME have shown con-
siderable activity against pediatric medulloblastoma cell lines.382,383 Until now, there is 
only one phase I trial for the usage of HER2-specific CART-cells in pediatric patients 
with recurrent or refractory CNS tumors (NCT03500991). At last, it also should be 
noted that targeting TGF-β (using galunisertib, a TGF-β receptor 1 kinase inhibitor) has 
not gained success in defeating recurrent glioblastoma.384

Future perspective
Despite astonishing outcomes after the therapy with novel immunotherapies in a variety 
of malignancies (e.g., melanoma, non-small cell lung cancer (NSCLC), AML, NHL, and 
renal cancer), none of them have concurred the grim course of GBM. The main reasons 
for this formidable behavior of GBM are discussed earlier. Besides, there are ongoing 
efforts to elucidate specific challenges encountering each modality. For instance, treat-
ment with temozolomide and radiation can lead to the suppression of PD-L1 expres-
sion, which in turn might make the subsequent ICI therapy futile.385 For the reduction 
of vasogenic edema, corticosteroids are administered in almost all cases of brain tumors 
early after the diagnosis. This can hamper the response to cancer vaccines.386 The direc-
tion of novel immunotherapies for brain tumors is now shifted toward more personal-
ized methods. Examples are personalized multiple neoantigen vaccines,386,387 engineered 
T cells with specific receptors for tumor-associated antigens (TAAs) (TCR instead of 
the CAR),357 and targeting multiple immune checkpoints simultaneously, as discussed 
earlier. It is now clear that future attempts should focus on the resolution of the exten-
sive immunosuppressive state seen in high-grade brain tumors.

Immunolopathology and immunotherapy of head and neck cancers

Head and neck cancers are referred to as malignancies that originate from the mucosa 
lining the upper aerodigestive tract, including the oral cavity (lips, gingiva, tongue, 
buccal surface, the floor of the mouth, retromolar triangle, and hard palate), pharynx 
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(nasopharynx, oropharynx, and hypopharynx), larynx (supraglottic, glottic, and subglot-
tic larynx), nasal cavity and the paranasal sinuses, and major and minor salivary glands.388 
More than 90 percent of head and neck cancers are squamous cell carcinoma (SCC).389 
It was estimated that in 2019, more than 3.7 percent of newly diagnosed cancers in 
the United States might be head and neck related (including laryngeal cancer).266 The 
global incidence of head and neck cancers is about 4.9 percent.390 However, in southeast 
Asia, it can be the most common malignancy391 due to exclusive risk factors (discussed 
later). Unlike most other neoplasms, several strong risk factors have been identified 
for the development of head and neck squamous cell carcinoma (HNSCC). Cigarette 
smoking and alcohol consumption are the strongest risk factors. They can increase 
the probability of developing head and neck cancer by three and two times, respec-
tively.392,393 Furthermore, the synergy between alcohol and cigarette will increase the 
chance of up to 35 times.394 HPV, especially subtypes 16 and 18, has a significant role 
in the development of oropharyngeal SCC, especially in young non-smoker individuals, 
with somehow exclusive molecular signatures compared with those of other etiologies 
(discussed later).395 EBV has an established role in the pathogenesis of nasopharyngeal 
carcinoma.396 Betel nut chewing is somehow common in the Southeast Asia regions 
and is ascribed as the etiology of high incidence rates of HNSCC in such regions.397 
Other contributing risk factors include radiation exposure, marijuana usage, immuno-
suppressive state, Plummer-Vinson syndrome, Bloom’s syndrome, Fanconi anemia, and 
dyskeratosis congenita.389

Immunopathology
HNSCCs exhibit a severe immunosuppressive TMEPD-L1 is detected in more than 
50 percent of HNSCC samples, and some studies have reported significantly higher 
expression levels in HPV+ cases compared with negative ones.398 It is reported that 
the higher expression of TIM-3 is associated with lymph node metastasis and a higher 
TME population of MDSCs.399 Another study has found that the expression of LAG-3 
on TILs is higher in malignant samples and is associated with advanced-stage disease.400 
On the other hand, another article has reported that PD-1, TIM-3, LAG-3, and TIGIT 
expression is significantly higher in HPV+ cases and implicate a better prognosis.401 
Overexpression of epidermal growth factor receptor (EGFR) is seen in almost all head 
and neck cancer cells and has shown to be imperative for the establishment of the 
neoplasm, as it is involved in cell proliferation, survival, angiogenesis, and invasion.388 
Higher expression of EGFR is also associated with poor prognosis.388 Aberrations in 
amounts of suppressive cytokines and immune cells are also common in HNSCC. The 
accumulation and suppressive potential of Tregs inside the tumor are higher than that 
of the circulating Tregs.402 Besides, the authors have concluded that CTLA-4, TGF-
β1, and CD39 are the key elements of Treg suppressive activities, and their inhibition 
might enhance the anti-tumor effects of the immune system.402 However, it should be 
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mentioned that the preclinical models have shown early in the course of malignant 
transformation, TGF-β might paradoxically act as an anti-neoplastic cytokine, as the 
deletion of Tgfbr1 and Pten genes are conducive to the carcinogenesis.403 Compared 
with normal controls, HNSCC patients show higher levels of IL-10, a potent anti-
inflammatory cytokine.404 In addition, an increased amount of IL-6, a pro-inflammatory 
cytokine, is a predictor of recurrence405 and is associated with enhanced expression of 
PD-L1 and recruitment of MDSCs.406 Another feature of these neoplastic cells is the 
reduced MHC-dependent presentation of their antigens. As discussed earlier, this is a 
major immune-escape mechanism and largely is caused by derangements in HLA-A and 
HLA-B genes407 and different constitutes of antigen processing machinery (APM) due 
to increased signaling of STAT1.408

In 2015, The Cancer Genome Atlas (TCGA) project tried to identify frequent 
genetic aberrations in 279 HNSCC cases based on HPV status.409 It turned out that all 
samples harbored frequent amplifications of TP63, SOX2, and PIK3CA genes, all locat-
ed on the 3q26/28 region. Such genes are mostly involved in the differentiation and 
survival of epithelial cells. HPV+ samples showed recurrent deletions and mutations of 
TRAF3 and amplification of E2F1. TRAF3 encoded protein is a part of CD40, which 
is known for its integral role in response to viral infections (e.g., HPV, HIV, and EBV), 
inhibition of NF-κB activation, and production of interferons. E2F1 is a transcription 
factor that regulates cell cycle apoptosis mainly via binding to RB1.409

Samples with the negative status of HPV were distinguished with deletion of 
CDKN2A, SMAD4, and NOTCH1, amplification of FADD, and inactivating mutations 
of TP53, CASP8, and FAT1. The first three genes are well-recognized tumor suppres-
sors. FADD encoded protein is an activator of the caspase-8, a key modulator of apopto-
sis. It is well characterized that HPV E6 and E7 proteins interfere with the functions of 
p53 and Rb proteins.410 However, TP53 mutation is one of the most common genetic 
signatures of HNSCC in heavy-smoker cases but is relatively rare in HPV+ patients.409 
FAT1 is involved in the Wnt/β-catenin signaling pathway.409 Interestingly, the authors 
observed no difference between the mutation rates of HPV+ and HPV- cases.409 Finally, 
the mean mutational burden of HNSCCs is five mutations per megabase, which is 
around the average.361

Immunotherapies
Around 30 percent to 40 percent of patients with HNSCC are diagnosed while their 
disease is confined to stage I or II. The mainstay of treatment for such groups is surgery 
alone or definitive radiotherapy alone, and their five-year OS is between 70 percent to 
90 percent after such therapies.388 Advances in robotic surgery and laser microsurgery 
in recent years have culminated in better performance and quality of life and limited 
morbidity for such patients. The remaining have the advanced-stage disease (stage III 
and IV). The approach to the treatment of these groups is complex and tailored to the 
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anatomical site, pathological characteristics, and performance status.411 Nevertheless, 
more than 65 percent of HNSCC cases will have recurrent disease, metastasis, or 
both.388 The median OS for such cases is less than 10 months after the administration of 
the more accepted regimens based on cetuximab, platinum, and fluorouracil.412

Immune checkpoint inhibitors (ICIs)
ICIs have shown unprecedented outcomes for certain subpopulations of subjects with 
HNSCC. In 2016, the Phase IKEYNOTE-012 trial enrolled pretreated patients with 
recurrent or metastatic (R/M) HNSCC who were at least 1 percent positive for PD-L1 
immunohistochemistry (IHC) staining for the administration of pembrolizumab.413 
The overall RR was 18 percent, which endured for 12.2 months. The median PFS and 
median OS were reported as 2 and 13 months, respectively.413

A phase III randomized trial (KEYNOTE-040) evaluated the long-term efficacy 
of pembrolizumab compared with the investigator’s choice of drugs (IC, consisting 
of methotrexate, docetaxel, or cetuximab) for patients with R/M HNSCC.414 After a 
median follow-up of 7.5 and 7.1 months in the treatment groups, the median OS was 
8.4 and 6.9 months for pembrolizumab and IC groups, respectively (HR for death: 0.8; 
95 percent CI: 0.65 - 0.98), which was acceptable, although less robust than previous 
trials.413,415 The safety profile was also more favorable for pembrolizumab.414

Another phase III randomized trial (KEYNOTE-048) aimed to investigate the effi-
cacy of three different regimens for treatment-naïve R/M HNSCC patients: pembro-
lizumab alone, pembrolizumab with chemotherapy, and cetuximab with chemotherapy 
(the regimen of EXTREME trial).416 After a median follow-up duration of at least 
10.7 months, pembrolizumab monotherapy did not significantly improve OS in the 
total population. However, it was superior to cetuximab with chemotherapy in patients 
with PD-L1 combined positive score (CPS) of 20 and more (median of 14.9 versus 
10.7 months; HR, 0.61; 95 percent CI, 0.45–0.83), and in those with CPS of 1 and 
more (12.3 versus 10.3 months; HR, 0.78; 95 percent CI, 0.64–0.96). Pembrolizumab 
with chemotherapy was superior to cetuximab with chemotherapy in improving OS, 
regardless of CPS.416 However, PFS was not prolonged in those who received the 
pembrolizumab-based regimen. Based on these findings, the authors have proposed 
pembrolizumab combined with platinum and 5-fluorouracil as a suitable upfront treat-
ment for R/M HNSCC and pembrolizumab monotherapy as the first-line therapy for 
R/M HNSCCs with PD-L1 positivity in IHC.416

CheckMate 141 was a phase III trial of patients with recurrent HNSCC who were 
randomized to receive nivolumab or investigator’s choice single agent (methotrex-
ate, docetaxel, or cetuximab).417 Compared with the investigator group, patients who 
received nivolumab had a significantly greater OS (7.5 versus 5.1 months) and RR 
(13.3 versus 5.8 percent). Interestingly, the rate of severe AEs was lower in the nivolum-
ab group (13.1 versus 35.1 percent)(417). The encouraging outcomes of nivolumab 
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therapy have been continuing even after a minimum follow-up of 24 months (OS rate 
of 16.9 vs 6 percent), regardless of PD-L1 expression.418 Based on the findings of the 
CeckMate-141 trial, the FDA approved nivolumab for patients with R/M HNSCC 
who have disease progression on or after platinum-based therapy.419 FDA approval of 
pembrolizumab was first for patients with R/M HNSCC who had disease progression 
on or after a platinum-based therapy, which was due to reports of the KEYNOTE-012 
trial. However, in 2019 and after the publication of results of the KEYNOTE-048 
trial, pembrolizumab combined with platinum and fluorouracil was also announced as 
upfront therapy for patients with metastatic or with unresectable, recurrent HNSCC, 
and as a single agent for the first-line treatment of patients with metastatic or with 
unresectable, recurrent HNSCC who have a CPS of one or higher.420 One caveat is 
that the laboratory kit used in the KEYNOTE-048 trial for the measurement of PD-L1 
expression is not approved by the FDA.420

It should be mentioned that other ICIs are being investigated in patients with 
HNSCC. For example, in 2018, the administration of durvalumab for high expressing 
PD-L1 (defined as more than 25 percent) R/M HNSCC patients who were enrolled 
in a phase II trial resulted in a median OS and PFS of 7.1 and 2.1 months, respectively, 
with 18 of 111 cases had an overall response.421 CONDOR was a phase II randomized 
trial of durvalumab or tremelimumab (an anti-CTLA-4 mAb) therapy, either alone 
or in combination for R/M HNSCC patients with low or negative PD-L1 expres-
sion.422 The ORR and median OS in durvalumab, tremelimumab, and the combination 
arm were 9.2 percent and six months, 1.6 percent and 5.5 months, and 7.8 percent 
and 7.6 months, respectively. The median duration of response was 9.4 months in the 
combination arm and was not reached in two other groups. Although this study lacks 
enough power to compare treatment arms, the authors suggest there is more benefit in 
combination therapy over durvalumab monotherapy.422

Other immunotherapies
In 2019, a phase II study tried to investigate the usage of ISA 101, a synthetic long-
peptide HPV-16 vaccine with HPV-specific T cells, combined with nivolumab for the 
treatment of HPV-16 related cancers.423 Among 24 patients who received the therapy, 
22 had incurable R/M oropharyngeal cancer. After a median follow-up of 12.2 months, 
the ORR was 33 percent (all in patients with oropharyngeal cancer), which was ongo-
ing in 63 percent of them.423 Despite a considerable median OS (17.5 months), the 
efficacy of this combination therapy must be evaluated in larger trials.

Other approaches, such as adoptive T cell therapies, BiTEs, and vaccines are being 
investigated in ongoing trials for HNSCC patients.416 Furthermore, several novel 
approaches are under active evaluation, such as photo-immunotherapy (NCT02422979), 
combination therapy with multikinase inhibitors (MKIS) (NCT02501096), oncolytic 
immunotherapies (NCT02626000), and anti-OX40-mAbs (NCT02274155).
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Future perspective
Before the integration of pembrolizumab and nivolumab with the standard of 
care guidelines for pretreated R/MHNSCC, the ORR was as low as 4 percent.422 
The impact of ICIs on the survival of this group of patients is guarded. However, there 
are still some issues, as the duration of responses is not long, and many will have pro-
gressive disease after the therapy. Now, many authors are attempting to determine the 
feasibility and efficacy of combination strategies (either two ICIs or ICI with conven-
tional regimens) and the administration of ICIs as neoadjuvant or definite agents.416 It 
seems that the identification of biomarkers of response, prognostic factors, and delicate 
immunosuppressive mechanisms will shape the future care of HNSCC

Immunolopathology and immunotherapy of respiratory system cancer

Lung cancer is the leading cause of death due to malignancies in both sexes com-
bined. Worldwide, it is estimated that more than 18.6 percent of cancer-related 
deaths (near 1.8 million) are due to lung cancers and mesothelioma.424 In 2019, it 
was anticipated that about 13.2 percent of newly diagnosed cancers and 23.6 per-
cent of malignancy-related deaths might be attributed to lung and respiratory system 
neoplasms.266 Based on histopathologic findings, lung cancers traditionally are sub-
divided into small cell lung cancer (SCLC) and NSCLC. NSCLC itself has different 
subtypes, including lung adenocarcinoma (LUAD), lung squamous cell carcinoma 
(LUSC), large cell carcinoma, and large cell neuroendocrine carcinoma. In 2015, 
WHO changed some parts of the nosology and integrated genetic and molecular 
signatures to the diagnostic categories.425 For example, SCLC is now a subtype of 
neuroendocrine carcinomas, LUAD, LUSC, and large cell carcinoma are distinct 
entities, and the latter one is now a diagnosis of exclusion.425 After the approval of 
novel targeted therapies, the distinction between LUAD and LUSC has become 
more critical, as some therapeutic approaches for one of them might be catastrophic 
for the other one (discussed later).

Approximately 85 percent of lung cancers are NSCLC.426 Cigarette smoking has 
long been recognized as an imperative risk factor for the development of lung can-
cers and is implicated as a causative agent in more than 80 percent of lung cancers. 
Later, with trends toward decreased smoking among males, an increased proportion of 
LUAD, and the fact that LUAD is the most common type of lung cancer in females 
and never-smokers culminated in the identification of other risk factors, like exposure 
to radon, uranium, vinyl chloride, arsenic, asbestos, chromium, and cadmium.426,427 
The risk of developing lung cancer is also higher in those with chronic obstructive 
pulmonary disease (COPD), emphysema, and other chronic inflammatory conditions 
of the lungs.428
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Immunopathology
Like other neoplasms, immunosuppression is a prerequisite for the establishment and 
further invasion of lung cancers. It long has been shown that PD-L1 can be detected 
in NSCLC,429 but its impact on the accumulation of TILs and the overall prognosis is 
not similar throughout different studies.429,430 Of note, a recent study has revealed an 
association between the PD-L1 expression status and advanced-stage disease and also 
reported that patients with positive PD-L1 expression have had a greater probability of 
having LUAD.431 A role for other immune checkpoints is also implicated in NSCLC. 
For instance, a small study has shown that TIM-3 expression on CD4+ TILs is associated 
with nodal metastasis and advanced-stage disease.432 Another small survey has found that 
27 percent of NSCLC cases express LAG-3 on their TILs, which positively correlates 
with PD-1 and PD-L1 expression and recurrence rate.433 IL-35 is expressed by Tregs 
and TAMs of the NSCLC microenvironment and might serve as another potential tar-
get for therapeutic interventions.434

Similar to GBM, lung cancers are generally recognized as cold tumors (i.e., lack the 
inflammatory TME and T cell infiltrations).435 However, unprecedented outcomes after 
the administration of ICIs made researchers reconsider the old belief. Subsequent obser-
vations of the relatively high amounts of migratory effector T cells and the detection 
of “pre-exhausted” T cells in TME provided an explanatory theory about the under-
pinning triggers of this response.436 In fact, there are large studies that have shown that 
the increased accumulation of TME CD8+ T cells is an indicator of a favorable clinical 
course, although there are exceptions.437

As with other cancers, cytokines play an important role in the enhanced immuno-
suppression and metastasis of NSCLC. Increased levels of circulating IL-6 are associated 
with decreased survival and enhanced capability to metastasize,438,439 and the opposite 
is reported for IL-10 and IL-12.438 A decreased level of blood IL-8 soon after the 
ICI therapy might be associated with prolonged survival in melanoma and NSCLC 
patients.440 IL-17 might contribute to the metastasis of NSCLC, probably via induction 
of lymphangiogenesis, and is considered a poor prognostic factor.441 TNF-α is a well-
known conducive cytokine for the metastasis of lung cancers.439

The process of obtaining tissue biopsies is quite cumbersome for SCLC, and as 
a result, the number of studies dedicated to unraveling its immunologic features is 
quite scarce. A study tried to identify the PD-L1 expression status and CD8+ T cell 
infiltration of 159 cases of pulmonary neuroendocrine tumors.442 About 45 percent 
showed a PD-L1 expression of more than 1 percent, which was associated with 
advanced pathologic grade and histologic type, but not with PFS or OS.442 In con-
trast, CD8+ T cell infiltration was correlated to a lower stage, absence of lymph node 
metastases, and prolonged OS.442 Unexpectedly, the presence of FOXP3+ T  cells 
was shown to be associated with a better prognosis for non-metastatic stage I to III 
SCLC.443
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Lung cancers harbor a wide variety of genetic alterations. For instance, between 
18 percent to 30 percent of SCLCs have amplification of the MYC family of onco-
genes (MYC, MYCN, and MYCL), which are linked to the refractory disease.444 For 
LUAD, a group of driver mutations with pivotal roles in its development are identified, 
including RTK/RAS/RAF activation (76 percent of cases), MET and ERBB2/HER2 
amplification, and NF1 and RIT1 mutations.445 Other prevalent genetic aberrations in 
LUAD include EGFR, TP53, NF1, and STK11 mutations. Interestingly, approximately 
all LUSCs have TP53 mutation, and CDKN2A and RB1 are mutated in more than 
70 percent. Of note, EGFR mutation is almost rare in LUSC.446 Translocations involv-
ing ALK, ROS1, and RET are identified in a few cases with LUAD, although they have 
clinical importance.445 Regrading SCLC, its genomic profile is similar to that of LUSC, 
with roughly all cases having detectable TP53 and RB1 mutations.447 The mean of 
mutations per megabase is 8.9 and 8.1 for LUAC and LUSC, respectively,445,446 which 
makes them good targets for ICI therapies.361 Cytogenetic analysis of premalignant 
lesions has shown that almost all types of lung cancers exhibit loss of heterozygosity 
and deletions of chromosome 3p. Hence, it seems that several tumor suppressor genes 
might be located in this region.448

Since the therapeutic approaches for SCLC and different subtypes of NSCLC have 
evolved exquisitely during the last decade, it is important to distinguish them from each 
other. Several cell-surface and cytoplasmic markers are elicited for this purpose. CD56, 
neural cell adhesion molecule (NCAM), synaptophysin, and chromogranin are posi-
tive in neuroendocrine tumors, thyroid transcription factor-1 (TTF-1) and Napsin-A 
are positive in LUAD, and p40, p63, and CK5/6 are expressed by LUSC cells.425 The 
progress in delineating the genetic and immunologic features of lung cancers has led to 
the development of potent, targeted therapies, and some of them (those against EGFR, 
ALK, and ROS1) are approved by the FDA for the treatment of certain subpopulations 
with lung cancers, especially LUAD.449

Mesotheliomas are aggressive neoplasms that emanate from serous membranes lin-
ing the pleura, peritoneum, pericardium, and tunica vaginalis.450 Although rare, almost 
all of them are lethal. In recent years, molecular and genetic analyses have shed light 
on the pathophysiology and the development process of this cancer (e.g., identification 
of mutations in tumor suppressor genes CDKN2A, BRCA1 associated protein 1, and 
NF2), which are discussed elsewhere in detail.450 At the end of this part, novel immu-
notherapies for mesothelioma will be discussed in brief.

Immunotherapies for non-small cell lung cancer
Treatment of stage I and II NSCLC is based on surgical resection, with five-year sur-
vival rates falling between 53 percent to 92 percent.449 However, less than 20 percent 
of patients are diagnosed with localized disease.266 Therapy of advanced-stage NSCLC 
is quite personalized, but the cornerstones are platinum-based chemotherapies, with 
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or without radiation therapy.449 The introduction of targeted therapies against certain 
driver oncogene-derived molecules made a breakthrough in the management of lung 
cancer. However, the promising outcomes of these agents do not last long, and only a 
small subset of patients harbor such genetic alterations.449 Hence, the five-year survival 
for all patients with lung cancer is still less than 20 percent.266

The prognosis of SCLC is even more dismal. Although about one-third of cases have 
the limited-stage disease (LS-SCLC), their five-year survival rate is as low as 10 percent.451 
This is less than 5 percent for those with extensive-stage disease (ES-SCLC), which has 
not improved substantially during the last three decades.452

There is no widely accepted approach for the management of malignant mesothe-
lioma, and all modalities (surgery, chemotherapy, and radiotherapy) are being used.453 
Although targeted therapies (such as anti-angiogenic and anti-EGFR agents) hold some 
promise, none of them have received FDA approval yet.453

Immune checkpoint inhibitors (ICIs)
The efficacy of anti-PD-1 and anti-PD-L1 antibodies in overcoming NSCLC were first 
reported by two landmark trials in 2012.454,455 Later in 2015, the results of pembroli-
zumab administration for 495 patients in the NSCLC cohort of the KEYNOTE-001 
trial showed an ORR of 19.4 percent and a median OS of 12 months456 (Table 4.6). 
The authors found that the outcome is more significant in those with a history of 
smoking (probably due to higher TMB). However, this was not true for those with a 
PD-L1 proportion score of at least 50 percent (of the neoplastic cells). Responses were 
not affected by the dosage of therapy. Most importantly, this trial reported improved RR 
and prolonged OS and PFS in those with at least 50 percent PD-L1 expression, and it 
took as a cutoff value by the succeeding trials.456 Reports of the long-term follow-up 
(51.8 to 77.9 months) of patients in the expanded cohort revealed an estimated five-year 
OS of 23.2 percent, 15.5 percent, 29.6 percent, and 25.0 percent for untreated, previ-
ously treated, PD-L1 ≥50 percent untreated, and PD-L1 ≥50 percent previously treated 
groups, respectively.457

One year later, the KEYNOTE-010 trial (comparing pembrolizumab and 
docetaxel) provided accreditation for the robustness of this agent for those with 
advanced NSCLC.458 The considerable outcomes of this study have remained consis-
tent after a median follow-up of 42.6 months (range, 35.2 to 53.2), as the three-year 
OS is 35 percent and 13 percent for patients with tumor proportion score (TPS) ≥50 
percent in pembrolizumab and docetaxel arms, respectively.459

Since chemotherapeutic regimens presumably can reinforce the immune system 
against neoplastic cells (via epitope spreading, increasing CTL accumulation, and imped-
ing MDSC functions),460 Phase IIKEYNOTE-021 trial aimed to assess the efficacy of 
adding pembrolizumab to the conventional chemotherapeutic regiment (carboplatin 
plus pemetrexed) for advanced-stage treatment-naïve NSCLC.461 Although ORR and 
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PFS improved significantly, no difference in OS was observed between the two arms.461 
Besides, similar to the results of the phase IKEYNOTE-021,461 the PD-L1 expression 
score did not significantly alter the response to therapy, but this must be interpreted 
cautiously due to the relatively small number of cases. Following the results of this trial, 
two phase III studies reported significant benefits (enhanced OS, PFS, and RR) in add-
ing pembrolizumab to conventional chemotherapies for metastatic nonsquamous460 and 
squamous462 NSCLC, regardless of TPS

In KEYNOTE-024 randomized trial, the impact of pembrolizumab on enhanc-
ing OS (HR for death, 0.60; 95 percent CI, 0.41–0.89; P = 0.005) and PFS (HR for 
disease progression or death, 0.50; 95 percent CI, 0.37–0.68; P < 0.001) of untreated 
patients with advanced NSCLC was so encouraging that 43.7 percent of patients in 
the chemotherapy arm went on pembrolizumab.463 In addition, these promising results 
were also seen in those with LUSC, and for PFS, it was independent of brain metastasis 
status.463 A similar phase III trial, but for those with PD-L1 TPS ≥1 percent, confirmed 
the achievements of the KEYNOTE-024 trial, although the differences between the 
two arms were less significant.464

The efficacy of nivolumab monotherapy for patients with advanced NSCLC is a mat-
ter of debate. Although two phase III trials of nivolumab for pretreated stage IIIB or IV 
or recurrent squamous465 and nonsquamous465 NSCLC, unveiled its superior activity over 
chemotherapy (in both early and two-year follow-up assessments),466 but compared with 
chemotherapy, except for a more favorable safety profile, nivolumab showed no clinical 
advantage for untreated stage IV or recurrent NSCLC467 (not shown in Table 4.6).

Based on the promising results of a phase II trial468 of atezolizumab versus docetaxel 
(not shown in Table 4.6), the phase III OAK trial was designed for the advanced-stage 
pretreated NSCLC patients.469 These two trials grouped patients according to PD-L1 
expression score on tumor cells (TCs) or tumor-infiltrating immune cells (ICs). Achieved 
improvements in OS were independent of PD-L1 expression level or histologic types 
(squamous versus nonsquamous).469 Notably, as also reported for nivolumab, PFS was 
shorter for atezolizumab, although not significantly. Proposed etiologies for this phe-
nomenon include delayed immune responses to the neoplastic cells and early increment 
in the infiltrated immune cells inside the tumor. ORR was also close in two groups.469 
The findings of the IMpower150 randomized phase III trial revealed a meaningful 
benefit in adding atezolizumab to the chemotherapeutic regimen consisting of bevaci-
zumab plus carboplatin plus paclitaxel, as the first-line treatment for metastatic nonsqua-
mous NSCLC (not shown in Table 4.6).470 The added benefit was achieved regardless 
of PD-L1 expression level or effector T cell gene signature status (PD-L1, CXCL9, and 
IFN-γ mRNA expression).470 Later, the IMpower130 trial showed meaningful improve-
ments in the OS, ORR, and also PFS in stage IV nonsquamous NSCLC cases who had 
received atezolizumab in combination with carboplatin and nab-paclitaxel as the front-
line therapy.471 Such benefits were derived regardless of PD-L1 expression status, but 
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interestingly, on the contrary to IMpower150 conclusions, patients with liver metastases 
and those with ALK or EGFR gene aberrations achieved no superior outcome of the 
combination therapy, which bears putative effectiveness of bevacizumab for such groups 
into the mind.471 The interim analysis of the IMpower110 trial is consistent with a con-
siderable increment in the OS after administration of atezolizumab as first-line therapy 
for stage IV NSCLC with PD-L1 TC ≥50 percent or IC ≥10 percent.472

Compared with placebo, durvalumab exhibited superiority in enhancing the OS 
and PFS of pretreated patients with unresectable stage III NSCLC.473 The updated 
report of this trial showed a three-year OS rate of 66.3 percent versus 43.5 percent 
for durvalumab and placebo, respectively.474 As a third-line agent, durvalumab also 
showed modest clinical activity (enhancing RR) in EGFR+/ALK+ heavily pretreated 
advanced NSCLC patients with TCPD-L1 ≥25 percent, as well as in those without 
these genetic aberrations,475 necessitating the conduction of phase III trials.

For progressive stage IIIB, IV, or recurrent platinum-doublet-treated NSCLC, ave-
lumab was not superior to docetaxel in meeting the primary endpoint of the phase III 
trial (JAVELIN Lung 200), as median OS did not differ significantly between the two 
arms (HR, 0.90; 96 percent CI, 0.72–1.12; one-sided p = 0.16).476

Efforts are also made to evaluate whether the combination therapy with two ICIs 
will culminate in improved clinical response and manageable side effects or not. Phase 
III trial Checkmate 227 concluded that first-line ipilimumab and nivolumab combina-
tion regiment is superior to nivolumab monotherapy and conventional chemotherapy 
in prolonging PFS among stage IV or recurrent NSCLCs who have a TMB of at least 
10 per megabase, irrespective of histologic type or PD-L1 expression values.477 This trial 
later showed improved OS with this combination therapy. However, the role of TMB 
as a biomarker became less evident.478 Modest results of this combination therapy are 
also observed in phase I479 and II480 trials for the treatment-naïve patients with recur-
rent stage IIIb or IVNSCLC, with a TMB cutoff of 10 per megabase as an indicator of 
favorable RR and PFS.480

Recently, the results of the MYSTIC phase III randomized trial were published, 
which showed no added clinical value of the combined tremelimumab and durvalumab 
therapy, compared with conventional chemotherapy, in prolonging OS and PFS, and for 
durvalumab monotherapy, in improving OS of stage IV NSCLC cases with TCPD-L1 
≥25 percent.481 However, in those with blood-derived TMB ≥20 per megabase, combi-
nation therapy exhibited significantly enhanced OS (unadjusted HR, 0.49; 95 percent 
CI, 0.32–0.74) and also increased PFS and RR.481

The remarkable outcomes of ICI therapy for advanced NSCLC have made them 
potential agents for the treatment of the early-stage or driver-oncogene mutated 
NSCLCs (combined with targeted therapies). For example, a small phase I trial showed 
that despite serious toxicities, a combination therapy consisting of ipilimumab and 
either erlotinib or crizotinib (for EGFR and ALK gene aberrations, respectively) might 
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have the potentials for improving PFS and OS.482 Recently, in a phase II trial of NSCLC 
patients who have been amenable to surgical resection (stage IB to III), neoadjuvant 
combination therapy with atezolizumab, carboplatin, and nab-paclitaxel has shown 
robust outcomes. 57 percent achieved a major pathological response, including 33 per-
cent with CR (which is less than 10 percent for neoadjuvant conventional chemothera-
pies), 68 percent of those with N2 stage showed nodal downstaging, and 87 percent 
underwent successful surgery.483 Obviously, due to the small sample size and limitations 
in assessing responses, larger phase III trials are needed to validate these descriptions.

Other immunotherapies
Because of the high prevalence and extensive mortality rates, a wide variety of immu-
notherapies have been explored in patients with lung cancer. As was expected, most of 
them have resulted in severe toxicities and/or minimal clinical benefits. Here, only some 
of the more prominent interventions will be reviewed.

Co-administration of nivolumab and ALT-803 (an IL-15 superagonist that acts on 
the IL-2Rβγ pathway) for 21 previously treated stage IIIB or IV NSCLC patients pro-
vided evidence for its manageable adverse effects and possible roles in restoring response 
to anti-PD-1 therapy in the case of resistance.484

Cancer vaccines have been evaluated in patients with NSCLC. However, the out-
comes have been discouraging. Immunotherapies with recMAGE-A3 (combined with 
AS15 immunostimulant) and tecemotide (MUC1 antigen-specific immunotherapy) 
were similar to placebo in improving OS of NSCLC patients.485,486 Of note, TG4010 
(an IL-2 contained MUC1 immunotherapy) in combination with chemotherapy as 
first-line therapy could increase PFS of stage IV NSCLC.487

Until now, to our knowledge, there are no published results of a large trial for 
the investigation of CART-cell therapies. Hopefully, ongoing trials are evaluating this 
modality for NSCLC (e.g., NCT03638206 and NCT04153799). The list of FDA-
approved immunotherapies for NSCLC is provided in Table 4.7.

Immunotherapies for small cell lung cancer
Immune checkpoint inhibitors (ICIs)
Although modest, but ICIs have also altered the care of patients with SCLC. Based 
on the investigations of the landmark IMpower133 trial, the FDA approved combi-
nation therapy with atezolizumab, carboplatin, and etoposide as upfront therapy for 
ED-SCLC.501 Recently, the FDA also approved a regiment composed of durvalumab 
combined with etoposide and either carboplatin or cisplatin for the same indication as 
to the previous one.502 Nivolumab and pembrolizumab are also approved for metastatic 
SCLC with progression after (and for pembrolizumab during) platinum-based chemo-
therapy and at least one other line of therapy. The key features of other trials of ICI for 
SCLC are provided in Table 4.8.
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Table 4.7 List of currently FDA-approved immune checkpoint inhibitors (ICIs) for the treatment of 
non-small cell lung cancer.

Agent (s) Indication Trial identifier

Ipilimumab plus 
nivolumab

As the first-line treatment for metastatic NSCLC 
expressing PD-L1 ≥1 percent with no EGFR or 
ALK genomic aberrations, in combination with 
nivolumab

CheckMate 227488

Ipilimumab plus 
nivolumab

As the first-line treatment for adult patients 
with metastatic or recurrent NSCLC with no 
EGFR or ALK genomic aberrations, in com-
bination with nivolumab and 2 cycles of plati-
num-doublet chemotherapy

CheckMate 9LA489

Nivolumab Metastatic NSCLC and progression on or 
after platinum-based chemotherapy. Patients 
with EGFR or ALK genomic tumor aberra-
tions should have disease progression on FDA-
approved therapy for these aberrations prior to 
receiving nivolumab.

CheckMate 017490 and 
CheckMate 057491

Pembrolizumab As the first-line treatment for metastatic non-
squamous NSCLC with no EGFR or ALK 
genomic aberrations, in combination with 
pemetrexed and platinum chemotherapy

KEYNOTE-189492

Pembrolizumab As the first-line treatment for metastatic squa-
mous NSCLC, in combination with carboplatin 
and either paclitaxel or paclitaxel protein-bound

KEYNOTE-407493

Pembrolizumab As the first-line treatment of patients with 
NSCLC expressing PD-L1 (tumor proportion 
score)
≥1 percent, with no EGFR or ALK genomic 
aberrations, and stage III where patients are not 
candidates for surgical resection or definitive 
chemoradiation, or metastatic disease

KEYNOTE-042494

Pembrolizumab NSCLC expressing PD-L1 (tumor proportion 
score) ≥1 percent with disease progression on 
or after platinum-containing chemotherapy. 
Patients with EGFR or ALK genomic aberra-
tions should have disease progression on FDA-
approved therapy for these aberrations prior to 
receiving pembrolizumab.

KEYNOTE-010495

Atezolizumab As first-line treatment of adult patients with 
metastatic NSCLC TC PD-L1 ≥50 percent or 
IC PD-L1 ≥10 percent and without EGFR or 
ALK genomic aberrations

IMpower110496

Atezolizumab In combination with bevacizumab, paclitaxel, and 
carboplatin, for the first-line treatment of adult 
patients with metastatic nonsquamous NSCLC 
without EGFR or ALK genomic aberrations

IMpower150497
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Agent (s) Indication Trial identifier

Atezolizumab In combination with paclitaxel protein-bound 
and carboplatin for the first-line treatment of 
adult patients with metastatic nonsquamous 
NSCLC without EGFR or ALK genomic 
aberrations

IMpower130498

Atezolizumab Metastatic NSCLC and progression on or 
after platinum-based chemotherapy. Patients 
with EGFR or ALK genomic tumor aberra-
tions should have disease progression on FDA-
approved therapy for these aberrations prior to 
receiving nivolumab

OAK499

Durvalumab Inadult patients with unresectable, stage III 
NSCLC that has not progressed after concur-
rent platinum-based chemotherapy and radiation 
therapy

PACIFIC500

NSCLC, non-small cell lung cancer; EGFR, epidermal growth factor receptor; FDA, Food and Drug Administration; 
PD-L1, programmed death ligand 1; TC, tumor cells; IC, immune cells.

Other therapies
Now there are active trials investigating other novel immunotherapies (such as CAR 
T-cells or BiTEs) and the combination of ICIs (e.g., NCT03708328) for SCLC. Delta‐
like protein 3 (DDL3) is exclusively expressed on SCLC cells and interacts with Notch 
and Snail signaling pathways to further promote neoplastic development.503 Although 
rovalpituzumab tesirine (an antibody-drug conjugate against DDL3) administration was 
associated with serious toxicities and only modest outcomes,504 a CAR T-cell (AMG 
119) and a BiTE (AMG 757) specific for DDL3 are currently under evaluation for 
patients with R/R SCLC (NCT03392064 and NCT03319940, respectively).

Immunotherapies for mesothelioma
Immune checkpoint inhibitors (ICIs)
The proportion of malignant mesotheliomas that express PD-L1 or have high TMB 
is not large.517,518 However, the outcome of ICI therapy for such patients has been 
acceptable in some (but not all) phase II trials (Table 4.9). The results of the post-hoc 
analysis for investigation of associations between PD-L1 expression level and OS are 
not consistent among different studies (significant association in519 and520 but not in521). 
Interestingly, preliminary analysis of a phase III trial (CheckMate 743) has shown the 
superiority of nivolumab and ipilimumab combination to chemotherapy in enhancing 
OS as first-line therapy.522
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Other immunotherapies
There are other modalities of interest for the treatment of this grim malignancy. 
Mesothelin and WT1 are potential candidates for different immunotherapies, including 
CAR T-cells (NCT02414269) and vaccines.523 However, to date, no immunotherapy 
has been approved by the FDA for malignant mesothelioma.

Immunolopathology and immunotherapy of breast cancer

Breast cancer is the most common female malignancy and is also the leading cause of 
death among women.424 It is estimated that in the United States, about 30 percent of 
newly diagnosed cancers and around 14 percent of cancer-related deaths will be related 
to breast cancer.266 Owing to impressive advances in developing screening protocols, 
conservative surgical techniques, and targeted and endocrine therapies, and also due to 
deciphering underpinning molecular and genetic features carcinogenesis, the five-year 
survival rate of breast cancer is now more than 90 percent, with curability of roughly 
all stage 0 and I tumors.266,526 However, the tide turns for those with stage IV meta-
static disease, as only 27 percent will be alive after five years.266 Increased expression of 
estrogen receptor (ER), progesterone receptor (PgR), or both are seen in more than 
80 percent of patients with breast cancer.527 Likewise, HER2 is overexpressed in about 
16 percent of cases.527 Endocrine therapies (including ER blockers, aromatase inhibitors, 
and oophorectomy) and targeted therapies against HER2 (namely, trastuzumab) have 
improved the short-term prognosis of patients. However, as the drug resistance develops, 
most patients will eventually have progressive disease after long-term periods.528

Immunopathology
An investigation of 410 breast cancer samples demonstrated that the proportion of 
tumors with at least 1 percent PD-L1 expression is about 53 percent, 73 percent, 
and 84 percent for ER+HER2-, HER2+, and triple-negative breast cancer (TNBC), 
respectively.529 Naturally, disparities remain, as proportions as low as 40 percent to 
more than 85 percent are reported.530-532 Besides, a relation between IC PD-L1 ≥50 
percent and a favorable outcome is implicated for TNBC.529 Memory T cells express 
high amounts of PD-1 and CTLA-4, and their accumulation within TME of TNBC 
has been associated with a better prognosis.533 Recently, the prognostic value of PD-L1 
expression is also validated for early breast cancers.534 In addition to PD-L1, TIM-3 and 
LAG-3 are expressed in about 11 percent of breast cancers, and the latter one is associ-
ated with increased survival.535,536

Well-established documents reported the association of TNF-α, IFN-γ, and IL-6 
with cancer cell dissemination within the bone marrow,537 IL-6, IL-8, and IL-10 with 
metastasis,538 and IL-17 with reduced disease-free survival.539

TILs are present in the TME of breast cancers and probably have imperative roles 
in determining the prognosis of patients. Several studies have shown a link between the 
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higher TIL population and a more desirable outcome in different clinical scenarios of 
breast cancer.441,540,541 Of note, evaluation of 897 TNBC samples revealed 22 percent 
had TIL ≥50 percent (so-called lymphocyte-predominant breast cancer), with a median 
of 20 percent across all samples.542 The prognostic values of TILs were like previous 
reports.542 On the other hand, a meta-analysis has shown that higher densities of Tregs 
are indicators of a poor OS.543 In fact, there seem to be considerable populations of 
TILs, especially in TNBC and luminal B subtypes of breast cancer (but not in luminal 
A and HER2).544 Further, single-cell transcriptome analysis has disaggregated three 
different populations of immune cells within TME: B-lymphocytes, T-lymphocytes 
(generally with Treg or exhausted phenotype), and TAMs (mainly M2 subtype).544 Like 
other neoplasms, TAMs promote the CTL suppression and invasion, angiogenesis, and 
metastasis of breast cancer.545 Their accumulation within stroma is related to HR- status 
and worse survival.546 Along with these populations, NK cells can also be detected in 
the TME and are predictors of a better pathological complete response (pCR) after 
anti-HER2 therapy.547

Near 10 percent of breast cancers are hereditary and mainly result from mutations 
in BRCA1, BRCA2, TP53, PTEN, PALB1, and STK11.548 The first two genes are 
involved in the genomic stabilizing system and almost always give rise to TNBC and 
ER+/PgR+ breast cancer, respectively.548 Common somatic mutations in different 
subtypes of breast cancer include PIK3CA in luminal A, PIK3CA and TP53 in luminal 
B, TP53 in basal-like, and TP53 along with HER2 amplification in HER2-enriched 
(HER2E).549

Current treatment options for metastatic breast cancer (MBT) are limited to endo-
crine or targeted therapies, with or without chemotherapy (depending on molecular 
characteristics and previous therapies).526 Similarly, therapeutic options for TNBC are 
limited to chemotherapy and surgery.526 There are countless ongoing trials intending 
to investigate the impact of novel immunotherapies on certain groups of patients with 
breast cancers. The findings of a few have been published and will be discussed here.

Immunotherapies
Immune checkpoint inhibitors (ICIs)
The yield of standard chemotherapy for metastatic TNBC is an OS less than 17 
months.550 Hence, trials have first begun to assess the effectiveness of ICIs for such 
patients. KEYNOTE-012551 was a landmark study that paved the way for using ICIs 
against TNBC and subsequently other subtypes (Table 4.10).

In 2019, the KEYNOTE-086 phase II trial reported a median OS of 18 and 
9 months for treatment-naïve552 and pretreated550 patients with metastatic TMBC who 
had received single-agent pembrolizumab. However, the RRs were not high. Therefore, 
ICI monotherapies generally gave their place to the combination therapy strategies. 
Particularly, neoadjuvant combination therapy with pembrolizumab and platinum-
based chemotherapies for early-stage TNBC has been associated with acceptable rates 

(c) ketabton.com: The Digital Library



Ta
bl

e 
4.

10
 S

el
ec

te
d 

tr
ia

ls
 o

f i
m

m
un

e 
ch

ec
kp

oi
nt

 in
hi

bi
to

rs
 (I

CI
s)

 fo
r t

he
 tr

ea
tm

en
t o

f b
re

as
t c

an
ce

rs
.

Tr
ia

l
Co

nd
iti

on
Tr

ea
tm

en
t a

rm
s (

n)

M
ed

ia
n 

fo
llo

w
-

up

Re
sp

on
se

 
ra

te
 (R

R)
 

(p
er

ce
nt

 
pe

rc
en

t)

M
ed

ia
n 

du
ra

-
tio

n 
of

 
re

sp
on

se
 

(m
)

Pr
og

re
ss

io
n-

fr
ee

 s
ur

vi
va

l 
(P

FS
)

O
ve

ra
ll 

su
r-

vi
va

l (
O

S)
Bi

om
ar

ke
r

G
ra

de
 3

 
or

 m
or

e 
ad

ve
rs

e 
ev

en
ts

 
(A

Es
) 

(p
er

ce
nt

 
pe

rc
en

t)

Fi
rs

t-
lin

e

Im
pa

ssi
on

13
0/

II
I/

20
18

53
0 , 

20
20

55
9

U
nr

es
ec

ta
bl

e 
lo

ca
lly

 
ad

va
nc

ed
 o

r 
m

et
as

ta
tic

 
T

N
B

C

A
te

zo
liz

um
ab

 p
lu

s 
na

b-
pa

cl
ita

xe
l44

5
18

.5
56

7.
4

M
ed

ia
n 

of
 7

.2
 

m
on

th
s 

vs
 

5.
5 

m
on

th
s 

(H
R

, 0
.8

; 9
5 

pe
rc

en
t 

C
I 

0.
69

–0
.9

2;
 

P 
=

 0
.0

02
1)

; 
2-

ye
ar

 P
FS

 o
f 

10
 p

er
ce

nt
 v

s 
6 

pe
rc

en
t

M
ed

ia
n 

of
 

21
 m

on
th

s 
vs

 1
8.

7 
m

on
th

s 
(s

tr
at

ifi
ed

 
H

R
, 0

.8
6;

 
95

 p
er

ce
nt

 
C

I 
0.

72
–

1.
02

; P
 =

 
0.

07
8)

2-
ye

ar
 O

S 
of

 4
2.

4 
pe

r-
ce

nt
 v

s 
38

.7
 

pe
rc

en
t

In
 t

ho
se

 w
ith

 
IC

 P
D

-L
1 

≥1
 

pe
rc

en
t, 

m
ed

i-
an

 O
S 

of
 2

5 
vs

 
18

 m
on

th
s 

(S
tr

at
ifi

ed
 

H
R

, 0
.7

1;
 9

5 
pe

rc
en

t 
C

I, 
0.

54
–0

.9
4)

; 
2-

ye
ar

 O
S 

of
 

50
.7

 p
er

ce
nt

 v
s 

36
.9

 p
er

ce
nt

M
ed

ia
n 

PF
S 

of
 7

.5
 v

s 
5.

3 
m

on
th

s 
(s

tr
at

i-
fie

d 
H

R
, 0

.6
3;

 
95

 p
er

ce
nt

 
C

I, 
0.

5–
0.

8;
 

P 
<

 0
.0

00
1)

; 
2-

ye
ar

 P
FS

 o
f 

12
.4

 p
er

ce
nt

 v
s 

7.
4 

pe
rc

en
t

49

Pl
ac

eb
o 

pl
us

 n
ab

-
pa

cl
ita

xe
l44

5
17

.5
45

.9
5.

6
43

(c) ketabton.com: The Digital Library



Tr
ia

l
Co

nd
iti

on
Tr

ea
tm

en
t a

rm
s (

n)

M
ed

ia
n 

fo
llo

w
-

up

Re
sp

on
se

 
ra

te
 (R

R)
 

(p
er

ce
nt

 
pe

rc
en

t)

M
ed

ia
n 

du
ra

-
tio

n 
of

 
re

sp
on

se
 

(m
)

Pr
og

re
ss

io
n-

fr
ee

 s
ur

vi
va

l 
(P

FS
)

O
ve

ra
ll 

su
r-

vi
va

l (
O

S)
Bi

om
ar

ke
r

G
ra

de
 3

 
or

 m
or

e 
ad

ve
rs

e 
ev

en
ts

 
(A

Es
) 

(p
er

ce
nt

 
pe

rc
en

t)

K
E

Y
N

O
T

E
-5

22
/

II
I/

20
20

55
3

Pr
ev

io
us

ly
un

tr
ea

te
d 

st
ag

e 
II

 o
r 

st
ag

e 
II

I 
T

N
B

C

Pe
m

br
ol

iz
um

ab
pl

us
 

pa
cl

ita
xe

l a
nd

 c
ar

-
bo

pl
at

in
78

4

15
.5

T
he

 p
ri

-
m

ar
y 

an
al

ys
is 

of
 p

C
R

1 : 
64

.8
 v

s
51

.2
, e

st
i-

m
at

ed
tr

ea
tm

en
t 

di
ffe

re
nc

e,
 

13
.6

 p
er

-
ce

nt
ag

e 
po

in
ts

; 
95

 p
er

-
ce

nt
 C

I, 
5.

4–
21

.8
; 

P 
<

 0
.0

01

N
R

H
R

 f
or

 
di

se
as

e 
pr

o-
gr

es
sio

n 
(p

re
-

cl
ud

in
g

de
fin

iti
ve

 
su

rg
er

y)
, l

oc
al

 
or

 d
ist

an
t 

re
cu

rr
en

ce
 o

r
a 

se
co

nd
 p

ri
-

m
ar

y 
tu

m
or

, 
or

 d
ea

th
 

fr
om

 a
ny

ca
us

e:
 0

.6
3;

 
95

 p
er

ce
nt

 
C

I, 
0.

43
–

0.
93

 (
fa

vo
re

d 
pe

m
br

ol
i-

zu
m

ab
)

N
ot

 
re

ac
he

d
PD

-L
1 

ex
pr

es
-

sio
n 

st
at

us
 d

id
 

no
t 

af
fe

ct
 t

he
 

ac
qu

isi
tio

n 
of

 
pC

R

77

Pl
ac

eb
o 

pl
us

 p
ac

li-
ta

xe
l a

nd
 c

ar
bo

pl
a-

tin
39

0

N
ot

 
re

ac
he

d
72

K
E

Y
N

O
T

E
-0

86
/

II
/2

01
955

2
M

et
as

ta
tic

 
T

N
B

C
 w

ith
 

po
sit

iv
e 

PD
-L

1

C
oh

or
t 

B
: 

Pe
m

br
ol

iz
um

ab
84

12
.3

21
.4

10
.4

M
ed

ia
n 

of
 

2.
1 

m
on

th
s; 

6-
m

on
th

s 
PF

S 
of

 2
7 

pe
rc

en
t

M
ed

ia
n 

of
 

18
 m

on
th

s, 
1-

ye
ar

 O
S 

of
 6

1.
7 

pe
r-

ce
nt

N
on

e
9.

5

(C
on

tin
ue

d)

(c) ketabton.com: The Digital Library



Tr
ia

l
Co

nd
iti

on
Tr

ea
tm

en
t a

rm
s (

n)

M
ed

ia
n 

fo
llo

w
-

up

Re
sp

on
se

 
ra

te
 (R

R)
 

(p
er

ce
nt

 
pe

rc
en

t)

M
ed

ia
n 

du
ra

-
tio

n 
of

 
re

sp
on

se
 

(m
)

Pr
og

re
ss

io
n-

fr
ee

 s
ur

vi
va

l 
(P

FS
)

O
ve

ra
ll 

su
r-

vi
va

l (
O

S)
Bi

om
ar

ke
r

G
ra

de
 3

 
or

 m
or

e 
ad

ve
rs

e 
ev

en
ts

 
(A

Es
) 

(p
er

ce
nt

 
pe

rc
en

t)

K
E

Y
N

O
T

E
-1

73
/

Ib
/2

02
055

4
H

ig
h 

ri
sk

 
ea

rl
y-

st
ag

e 
T

N
B

C

Pe
m

br
ol

iz
um

ab
 

pl
us

 d
iff

er
en

t 
ch

em
ot

he
ra

pe
ut

ic
 

re
gi

m
en

s60

19
.6

60
 p

C
R

1
N

R
N

R
O

S 
ra

te
 

of
 9

8 
pe

r-
ce

nt
 f

or
 

pl
at

in
um

-
co

nt
ai

ni
ng

 
re

gi
m

en
s 

vs
 

80
 p

er
ce

nt
 

fo
r 

ot
he

r 
re

gi
m

en
s

H
ig

he
r 

PD
-L

1 
C

PS
 a

nd
 p

re
-

tr
ea

tm
en

t 
an

d 
on

-t
re

at
m

en
t 

sT
IL

s 
w

er
e 

sig
ni

fic
an

tly
 

as
so

ci
at

ed
 w

ith
 

pC
R

 r
at

e

90

Fi
rs

t-
lin

e 
or

 la
te

r

K
E

Y
N

O
T

E
-0

12
/

Ib
/2

01
655

1
A

dv
an

ce
d 

T
N

B
C

 w
ith

 
T

C
 P

D
-L

1 
≥1

 
pe

rc
en

t

Pe
m

br
ol

iz
um

ab
32

10
18

.5
N

ot
 

re
ac

he
d

M
ed

ia
n 

of
 

1.
9 

m
on

th
s; 

6-
m

on
th

 P
FS

 
of

 2
4.

4 
pe

r-
ce

nt

M
ed

ia
n 

of
 1

1.
2 

m
on

th
s, 

1-
ye

ar
 O

S 
of

 4
3.

1 
pe

r-
ce

nt

PD
-L

1 
ex

pr
es

-
sio

n 
in

cr
ea

se
d 

th
e 

ch
an

ce
 o

f 
re

sp
on

se

15
.6

Ta
bl

e 
4.

10
 C

on
t’d

(c) ketabton.com: The Digital Library



Tr
ia

l
Co

nd
iti

on
Tr

ea
tm

en
t a

rm
s (

n)

M
ed

ia
n 

fo
llo

w
-

up

Re
sp

on
se

 
ra

te
 (R

R)
 

(p
er

ce
nt

 
pe

rc
en

t)

M
ed

ia
n 

du
ra

-
tio

n 
of

 
re

sp
on

se
 

(m
)

Pr
og

re
ss

io
n-

fr
ee

 s
ur

vi
va

l 
(P

FS
)

O
ve

ra
ll 

su
r-

vi
va

l (
O

S)
Bi

om
ar

ke
r

G
ra

de
 3

 
or

 m
or

e 
ad

ve
rs

e 
ev

en
ts

 
(A

Es
) 

(p
er

ce
nt

 
pe

rc
en

t)

V
in

ay
ak

 e
t 

al
./

II
/2

01
956

0
A

dv
an

ce
d 

or
 m

et
as

ta
tic

 
T

N
B

C

N
ir

ap
ar

ib
 p

lu
s 

pe
m

br
ol

iz
um

ab
55

14
.8

18
N

ot
 

re
ac

he
d

M
ed

ia
n 

of
 

2.
3 

m
on

th
s; 

1-
ye

ar
 P

FS
 o

f 
14

 p
er

ce
nt

N
R

N
um

er
ic

al
ly

 
hi

gh
er

 r
es

po
ns

e 
in

 t
ho

se
 

w
ith

 B
R

C
A

 
m

ut
at

io
n 

or
 

PD
-L

1+
 s

ta
tu

s

58

H
o 

et
 a

l. 
/

II
/2

02
056

1
M

et
as

ta
tic

 
T

N
B

C
Pe

m
br

ol
iz

um
ab

 
pl

us
 r

ad
ia

tio
n 

th
er

ap
y17

34
.5

 
w

ee
ks

17
.6

4.
5

M
ed

ia
n 

of
 

2.
6 

m
on

th
s; 

6-
m

on
th

s 
PF

S 
of

 1
8 

pe
rc

en
t

M
ed

ia
n 

of
 

7.
6 

m
on

th
s, 

1-
ye

ar
 O

S 
of

 4
1 

pe
r-

ce
nt

PD
-L

1 
ex

pr
es

-
sio

n 
st

at
us

 d
id

 
no

t 
co

rr
el

at
e 

to
 

R
R

 o
r 

PF
S

24

Se
co

nd
-li

ne
 o

r 
la

te
r

K
E

Y
N

O
T

E
-0

86
/

II
/2

01
955

0
M

et
as

ta
tic

 
T

N
B

C
C

oh
or

t A
: p

em
-

br
ol

iz
um

ab
17

0
9.

6
5.

3
N

ot
 

re
ac

he
d

M
ed

ia
n 

of
 

2 
m

on
th

s; 
6-

m
on

th
s 

PF
S 

of
 1

4.
9 

pe
rc

en
t

M
ed

ia
n 

of
 

9 
m

on
th

s, 
1-

ye
ar

 O
S 

of
 6

9.
1 

pe
r-

ce
nt

N
on

e
12

.9

(C
on

tin
ue

d)

(c) ketabton.com: The Digital Library



Tr
ia

l
Co

nd
iti

on
Tr

ea
tm

en
t a

rm
s (

n)

M
ed

ia
n 

fo
llo

w
-

up

Re
sp

on
se

 
ra

te
 (R

R)
 

(p
er

ce
nt

 
pe

rc
en

t)

M
ed

ia
n 

du
ra

-
tio

n 
of

 
re

sp
on

se
 

(m
)

Pr
og

re
ss

io
n-

fr
ee

 s
ur

vi
va

l 
(P

FS
)

O
ve

ra
ll 

su
r-

vi
va

l (
O

S)
Bi

om
ar

ke
r

G
ra

de
 3

 
or

 m
or

e 
ad

ve
rs

e 
ev

en
ts

 
(A

Es
) 

(p
er

ce
nt

 
pe

rc
en

t)

PA
N

A
C

E
A

/
IB

-I
I/

20
19

55
7

A
dv

an
ce

d 
H

E
R

2+
 b

re
as

t 
ca

nc
er

 w
ith

 
pr

og
re

ss
io

n 
on

 
pr

ev
io

us
 t

ra
st

u-
zu

m
ab

-b
as

ed
 

th
er

ap
y

PD
-L

1+
40

 
vs

 P
D

-L
1-

12
 

pa
tie

nt
s 

re
ce

iv
ed

 
Pe

m
br

ol
iz

um
ab

 
pl

us
 s

ta
nd

ar
d 

tr
as

tu
zu

m
ab

52

13
.6

 v
s 

12
.2

15
 v

s 
0

3.
5

M
ed

ia
n 

of
 

2.
7 

m
on

th
s; 

1-
ye

ar
 P

FS
 

of
 1

2 
pe

rc
en

t 
V

S 
m

ed
ia

n 
of

 
2.

5 
m

on
th

s; 
1-

ye
ar

 P
FS

 o
f 

0 
pe

rc
en

t

M
ed

ia
n 

O
S 

no
t 

re
ac

he
d,

 
1-

ye
ar

 O
S 

of
 6

5 
pe

r-
ce

nt
 V

S 
M

ed
ia

n 
of

 
7 

m
on

th
s, 

1-
ye

ar
 O

S 
of

 1
2 

pe
r-

ce
nt

PD
-L

1 
ex

pr
es

-
sio

n 
st

at
us

 a
nd

 
de

ns
ity

 o
f T

IL
s 

in
 m

et
as

ta
tic

 
le

sio
ns

 c
on

-
fe

rr
ed

 b
en

ef
it 

fr
om

 t
hi

s 
co

m
-

bi
na

tio
n 

th
er

ap
y

29

1.
 d

ef
in

ed
 a

s 
yp

T
0/

T
is 

yp
N

0.
T

N
B

C
, t

ri
pl

e-
ne

ga
tiv

e 
br

ea
st

 c
an

ce
r; 

PF
S,

 p
ro

gr
es

sio
n-

fr
ee

 s
ur

vi
va

l; 
H

R
, h

az
ar

d 
ra

tio
; O

S,
 o

ve
ra

ll 
su

rv
iv

al
; P

D
-L

1,
 p

ro
gr

am
m

ed
 d

ea
th

 l
ig

an
d 

1;
 I

C
 P

D
-L

1,
 i

m
m

un
e 

ce
ll 

PD
-L

1 
ex

pr
es

sio
n;

 p
C

R
, 

pa
th

ol
og

ic
al

 c
om

pl
et

e 
re

sp
on

se
; N

R
, n

ot
 r

ep
or

te
d;

 C
I, 

co
nf

id
en

ce
-i

nt
er

va
l; 

C
PS

, c
om

bi
ne

 p
os

iti
ve

 s
co

re
; s

T
IL

, s
tr

om
al

 t
um

or
-i

nf
ilt

ra
tin

g 
ly

m
ph

oc
yt

e;
 R

R
, r

es
po

ns
e 

ra
te

.

Ta
bl

e 
4.

10
 C

on
t’d

(c) ketabton.com: The Digital Library



Tumor immunology 321

of pCR553,554 (Table 4.10). It is also estimated that neoadjuvant chemotherapy plus 
pembrolizumab for early-stage high-risk TNBC and HR+ HER2- breast cancer will 
increase the chance of achieving a pCR more than two times.555

Despite the limited number of trials with published results, major advances have 
been made in understanding the immunologic and molecular mechanisms of breast 
cancer’s response to therapy with ICIs. One of the best examples of such efforts is the 
phase II TONIC trial.531 The authors designed 5 cohorts to receive doxorubicin, cispla-
tin, cyclophosphamide, radiation therapy, or nothing as induction therapy, followed by 
administration of nivolumab. Among 67 cases with metastatic TNBC, the highest ORRs 
were observed for doxorubicin and cisplatin cohorts (35 percent and 23 percent, respec-
tively), whereas only 8 percent of patients in the radiation therapy and cyclophosphamide 
showed a response.531 It was then demonstrated that higher stromal tumor-infiltrating 
lymphocyte (sTIL), CD8+, and PD-L1+ immune cells, upregulation of inflammatory-
related genes (e.g., those involved in the TNF-α and JAK-STAT signaling pathways), 
and lower levels of cancer antigen 15–3 (CA 15–3) all correlate with the response to 
therapy. In fact, the increased TIL infiltration and inflammatory-genes upregulation 
were observed after induction therapy with doxorubicin and cisplatin.531 Noteworthy, 
this study did not find any relationship between the TMB or BRCA1/2 mutations (but 
not BRCA1-like amplification) and response to therapy.531 The role of TILs in enhanc-
ing anti-tumor activities of ICIs is also proven by at least two other trials of ICI for 
TNBC554,556 and HER2+ breast cancer.557

Trastuzumab induces tumor suppression mainly via inhibition of HER2 tyrosine 
kinase. However, it is proposed that its performance is also based on an immunologic-
related fashion.558 Interestingly, a study of pembrolizumab for HER2+ trastuzumab-
resistant breast cancer has suggested that resistance to trastuzumab might be mediated 
via immunologic derangements.557

To date, the FDA has given accelerated approval to atezolizumab usage in combina-
tion with nab-paclitaxel for patients with unresectable, locally advanced, or metastatic 
TNBC with IC PD-L1 expression of ≥1 percent (based on improved PFS described in 
Impassion 130 trial530).

Other immunotherapies
A type of CAR T-cells against c-Met-has been explored for a small number of patients 
with metastatic disease and has resulted in considerable tissue necrosis and induction 
of inflammation, evident under microscopic tissue examinations.562 There are ongoing 
trials investigating CAR T-cells against MUC1 (NCT04020575 and NCT04025216) 
and mesothelin (NCT02792114) for patients with breast cancer. Reparixin, an anti 
CXCR1/2 (IL-8 receptors) antagonist (NCT02370238), M7824, a bifunctional 
agent that acts via inhibition of PD-L1 and sequestration of TGF-β (NCT03524170, 
NCT03524170, and NCT03620201), and NKTR-214 (an IL-2 agonist) in combina-
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tion with nivolumab (NCT02983045) is under investigation for the treatment of breast 
cancer.

XmAb22841 is a novel bispecific antibody against LAG-3 and CTLA-4 that is 
planned to be administered alone or in combination with pembrolizumab for various 
cancers, including TNBC (NCT03849469). Likewise, MGD013 is another bispecific 
antibody targeting PD-1 and LAG-3 and is going to be studied in a phase I trial 
in patients with different neoplasms (NCT03219268). There are other trials under-
way to test different regimens of antibodies against LAG-3 (e.g., NCT03499899, 
NCT03742349, and NCT03250832) and TIM-3 (NCT03652077) for breast cancer.

Future prospective
The stimulator of interferon genes (STING) is a DNA sensing regulatory molecule for 
the transcription of several immune-related genes.435 Activation of STING will trigger 
CTL and DC activation and facilitate their infiltration inside the TME.435 In preclinical 
studies, the administration of STING agonists has induced significant regression of dif-
ferent neoplastic cell lines, including breast carcinoma.563 Together with the evidence of 
putative ICI resistance mechanisms (T cell exhaustion as an example),564 at least theoret-
ically, it seems reasonable that co-administration of ICIs and STING agonists will cul-
minate in enhanced immune system performance and forbiddance of the development 
of resistance to ICIs. Nevertheless, the limitations of ICI for breast cancer are identical 
to those of other neoplasms. Only a fraction of patients respond well to ICIs, and even 
the responses do not last long enough. Perhaps the most required next steps in the field 
of immunotherapies are to construct validated inclusion criteria, establish robust strate-
gies of combination therapies, and increase the immunogenicity of neoplastic cells.

Immunolopathology and immunotherapy of  
gastrointestinal system cancers

Gastrointestinal system malignancies (including esophageal, gastric, colorectal, anal, hepa-
tobiliary, and pancreatic cancers) together are estimated to comprise more than 27 percent 
of new cancer cases and about 37 percent of cancer-related deaths worldwide.424 These 
statistics are less prominent in western countries (18.6 percent and 27.1 percent in the 
United States, respectively), mainly due to lower incidence rates of esophageal and gastric 
cancers.266 Neoplasms of the pancreas, liver, and esophagus are the first three deadliest 
cancers, and their five-year survival rates are around 9 percent, 18 percent, and 19 percent, 
respectively.266 Fortunately, because of the early detection of colorectal cancer by screen-
ing programs and the declined prevalence of Helicobacter pylori infection, the burden 
of colorectal and gastric cancers has reduced in recent years.424 Putative risk factors for 
gastrointestinal cancers are diverse and encompass genetic alterations, dietary habits, infec-
tions, metabolic derangements, and environmental exposures.424 The cornerstone of the 
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treatment of gastrointestinal cancers is surgical resection, with the aid of chemotherapy 
and/or radiation therapy for advanced-stage diseases. Particularly, because of increasing 
trends in the incidence of pancreatic and esophageal cancers in western countries266 and 
virtually no effective therapy for pancreatic and advanced-stage esophageal cancers, there 
is an urgent need for developing novel therapeutic modalities.

Immunopathology
Esophageal cancers
The vast majority of esophageal cancers are either squamous cell carcinoma (ESCC) or 
adenocarcinoma (EAS).565 Although these two subtypes have different etiologic factors 
overall, their clinical feature and therapeutic approaches are similar. Historically, ESCC 
outnumbered EAS and still comprises more than 90 percent of esophageal cancers in 
eastern Asia, but the trend in western countries is now towards EAS.566

Like other neoplasms, immune checkpoints can be detected in esophageal cancers 
and probably have prognostic values. In one study, it has shown that PD-L2 is expressed 
on the neoplastic cells of about 50 percent of EASs and even can be detected in sam-
ples of Barrett’s esophagus (precursor lesions of EAS), and their expression is probably 
induced by cytokines secreted from Th2 cells.567 PD-L1 has been detectable on the 
tumor cells and the infiltrating immune cells of about 30 percent and 40 percent of 
347 samples of ESCC, respectively, and has been linked to a dismal prognosis.568 These 
findings are in concordance with a previously published meta-analysis, which concluded 
that PD-L1 is detectable in 43.7 percent of ESCCs and is significantly associated with 
an unfavorable OS and distant metastasis.569 Pro-inflammatory cytokines IL-6570,571 and 
IL-8,572 and circulating MDSCs573 are suggested to be an indicator of the poor prognosis 
of esophageal cancers. As it is expected, two meta-analyses have found that the bulk of 
TILs and CD8+ TILs are positively correlated to the OS of patients with esophageal 
cancers574 and specifically ESCC.575

Devastating genetic mutations (i.e., in TP53 and CDKN2A genes) are present even 
in Barrett’s esophagus and ESCC samples. Other notable genetic alterations include 
ERBB2 and VEGFA amplification in 32 percent and 28 percent of EASs, respectively, 
and EGFR amplification and PIK3CA/PTEN mutations in 19 percent and 24 percent 
of ESCCs, respectively.565

Gastric cancer
More than 85 percent of gastric cancers are adenocarcinomas, which are further sub-
classified into intestinal and diffuse types (Lauren classification) according to histologic 
features,576 with each type conferring different risk factors and prognostic implications. 
Unlike what has been reported for some other neoplasms (e.g., breast cancer), a meta-
analysis has shown that PD-L1 expression in gastric cancers is associated with lymph 
node metastasis, larger tumor size, and poor OS.577 Likewise, a small study of 52 gastric 
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cancer samples found a significant association between TIM-3 expression and the three 
mentioned parameters for PD-L1 expression.578 A recent study has found higher LAG-3 
and also OX40 expression on the circulating T cells in patients with advanced gastric 
cancers who achieve longer PFS after therapy with nivolumab.579 The prognostic values 
for different cytokines and immune cells are generally identical to what was discussed 
for esophageal cancer and other neoplasms.580

One of the most paramount breakthroughs in understanding the molecular biol-
ogy of gastric adenocarcinomas is its classification to four groups based on the genetic 
features: chromosomal instability (CIN), genomically stable (GS), MSI-associated, and 
EBV positive, that constitutes about 50 percent, 20 percent, 22 percent and 9 percent 
of cases, respectively.576 Each of these subtypes harbors its unique set of genetic aber-
rations. For example, the EBV subtype has frequent PIK3CA mutations, a high rate of 
DNA hypermethylation, and most importantly, 9p amplifications in about 15 percent 
of cases.576 JAK2, CD274 (encoding PD-L1), and PDCD1LG2 (encoding PD-L2) are 
located on chromosome 9p and can turn the EBV subtype into a suitable target for 
ICIs.576 Gastrointestinal stromal tumors (GIST) represent a minority of gastric cancers. 
There is solid evidence consisting of the presence of immune checkpoint molecules 
and other immunosuppressive components inside their TME, and hence, makes them 
potentially suitable targets for immunotherapies.581 However, because of their rarity and 
lack of enough space, GISTs will not be discussed anymore.

Colorectal and anal cancer
PD-L1 expression in colorectal cancer is generally confined to the relatively uncommon 
types that have harbored unique genomic alterations (discussed later). However, like 
other gastrointestinal cancers, PD-L1 expression in colorectal cancer is associated with 
grim OS and shorter disease-free survival, as suggested by a meta-analysis.582 The role of 
the immune system in modifying the behavior of colorectal cancers and affecting their 
prognosis has been long documented. For instance, the presence of CTLs and effector 
memory T cells inside the tumor inversely correlates with the probability of metastasis 
and is an indicator of favorable survival.583,584 The accumulation of immune cells inside 
TME has further shown to be correlated with higher neoantigen loads.585

Based on the mutational burden, TCGA classified colorectal cancers into two 
groups: those with low TMB (defined as less than 8.24 mutations per megabase) and 
those with high TMB (≥12 mutations per megabase), which represent about 16 per-
cent of cases.586 Further, 77 percent, 25 percent, and 25 percent of those with high 
TMB harbored MSI, polymerase epsilon (POLE), and MMR gene mutations, respec-
tively, and ERBB gene family mutations or amplifications were present in 53 percent 
of cases.586 Intriguingly, DNA mismatch repair-deficient/MSI-high (dMMR/MSI-H) 
colorectal cancers have higher densities of CTL and Th1 cells and enhanced expression 
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of CTLA-4, PD-1, PD-L1, and IDO.587 Likewise, another study aimed to delineate 
effective factors on PD-L1 expression in colorectal cancers found significant associa-
tions with B-Raf proto-oncogene (BRAF) mutations, MSI, less differentiation, and 
also higher CD8+ T cell infiltration.588

Hepatobiliary and pancreatic cancers
Approximately 85 percent to 90 percent of all liver malignancies are hepatocellular 
carcinoma.589 The majority of liver cancers are originated from highly inflamed pre-
cursor lesions. Thus, immune system suppression is of the greatest importance for the 
development of hepatocellular carcinoma.589 The expression of PD-L1 in hepatocellular 
carcinoma is associated with post-surgical recurrence,590,591 Tregs infiltration, and poorer 
OS.590 Such prognostic values for PD-L1 are also confirmed by a recent meta-analysis.592 
In addition, the inflammatory gene signature (including signaling pathways of TNF-α, 
NF-κB, and interferons) is associated with a dismal prognosis of hepatocellular carci-
noma.593

Pancreatic ductal adenocarcinoma (PDAC) comprises around 90 percent of all 
pancreatic cancers.594 One of the pathologic hallmarks of PDAC is the scarcity of neo-
plastic cells, as they constitute less than 20 percent of the cellularity.595 Therefore, most 
of the tumoral volume is made of a dense desmoplastic stroma that surprisingly plays 
an important role in the development of the neoplasm.596 Myofibroblasts and fibrous 
stroma establish a hypoxic environment, produce growth cytokines for neoplastic and 
immunosuppressive cells,596 and like other neoplasms, can also disturb T cell activities by 
producing high amounts of NO,597 IL-10, TGF-β, and arginase.598 FAP positive fibro-
blasts of the stroma can produce CXCL12, that when localizing on the cancer cells, 
will prevent the recruitment of CD8+ T cells into the TME.599 Therefore, unlike hepa-
tocellular carcinoma, pancreatic cancers are not recognized as immunogenic tumors.600 
Although functional T cells are almost entirely absent in the TME of PDAC but is pre-
vailed by Tregs, MDSCs, TAMs, and other immunosuppressive cells.601 Recruitment and 
maturations of MDSCs probably depend on the GM-CSF. On the other hand, CD40 
and its agonists might trigger a shifting in macrophages towards an anti-neoplastic phe-
notype.601,602 Of note, PDAC has one of the lowest TMBs among cancers.361 Preclinical 
studies in mice have demonstrated that the co-administration of chemotherapy and an 
αCD40-agonist mAb can overcome the hard-bitten resistance of PDAC to ICIs, and 
enhance survival.603 Similarly, the addition of CSF1 receptor (CSF1R, one of myeloid 
growth factor receptors) blockers to ICIs has instigated tumor regression in a mouse 
model of PDAC.604 As with other gastrointestinal malignancies, PD-L1 expression of 
PDAC is associated with reduced OS, lower differentiation, positive lymph node status, 
and advanced T stage.605
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Immunotherapies for esophageal and gastric cancers
Immune checkpoint inhibitors (ICIs)
ICIs have shown unprecedented outcomes for patients with advanced-stage gastric 
and esophageal cancers. The phase III ATTRACTION-2 trial enrolled 493 pretreated 
patients with gastric or gastro-esophageal junction (GEJ) tumors to receive either 
placebo or nivolumab.606 After a median follow-up of about 8 months, nivolumab 
significantly reduced the risk of death (HR for death, 0.63; 95 percent CI, 0.51–0.78; 
p < 0.0001), irrespective of PD-L1 expression status or different Lauren subtypes.606 
Nivolumab also has shown superior benefit over chemotherapy in prolonging the OS 
of patients with advanced ESCC, as second-line therapy (HR for death, 0.77; 95 percent 
CI, 0.62–0.96; p = 0.019).607

Regarding pembrolizumab, added value in increasing OS over the second-line 
chemotherapy was only observed in those with PD-L1 CPS of ≥10 (for both EAS and 
ESCC).608 Similarly, among GEJ and gastric cancer subjects, only those with CPS ≥10 
or high MSI would achieve a response after receiving pembrolizumab as the second-
line therapy.609 Camrelizumab (an anti-PD-1 mAb) has enhanced the OS of patients 
with advanced or metastatic ESCC in a phase III trial, as compared with second-line 
chemotherapy.610 To date, the FDA has only approved pembrolizumab for the treatment 
of gastric and esophageal cancers (Table 4.11).

Other immunotherapies
The addition of relatlimab (an anti-LAG-3 agent) to nivolumab plus chemotherapy is 
now being tested in a large phase II trial for patients with locally advanced, unresect-
able, or metastatic gastric or GEJ cancers as first-line therapy (NCT03662659). Some 
studies have developed vaccines against different cancer antigens expressed in esophageal 
cancer cells, but minor activities have been observed.611 According to the outcomes of 
the mentioned trials, ICIs are suitable modalities for gastric and esophageal cancers, and 
future attempts should focus on improving their duration of responses.

Immunotherapies for colorectal cancers
Immune checkpoint inhibitors (ICIs)
Early trials of different ICIs for metastatic colorectal cancer did not report any response to 
the therapy.454,455,612,613 Due to Compelling immunologic and genetic features of dMMR/
MSI-H colorectal cancer, and the restricted robust outcomes after the therapy with 
pembrolizumab to those with mismatch-repair deficient colorectal cancer,614 and also 
the emergence of new evidence demonstrating the effectiveness of anti-PD-1 therapy 
for other mismatch-repair deficient tumors,615 succeeding trials focused on this specific 
type and reached to convincing outcomes. In a phase II trial of nivolumab for pretreated 
dMMR/MSI-H metastatic colorectal cancer patients, 31 percent of cases achieved a PR, 
and the one-year OS and PFS were found to be 73 percent and 50 percent, respectively.616 
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Table 4.11 The list of the FDA-approved immune checkpoint inhibitors (ICIs) for the treatment of 
gastrointestinal malignancies.

Agent Indication Trial

Pembrolizumab Recurrent locally advanced or metastatic gastric 
or GEJ adenocarcinoma with PD-L1 CPS ≥1 
with disease progression on or after 2 or more 
prior lines of therapy, including fluoropyrimi-
dine- and platinum-containing chemotherapy 
and if appropriate, HER2 targeted therapy.

KEYNOTE-059642

Pembrolizumab Recurrent locally advanced or metastatic ESCC 
with PD-L1 CPS ≥10 with disease progres-
sion after one or more prior lines of systemic 
therapy.

KEYNOTE-181608

Nivolumab dMMR/MSI-H metastatic colorectal cancer in 
patients aged ≥12 who have progressed disease 
following treatment with fluoropyrimidine, 
oxaliplatin, and irinotecan (single therapy or in 
combination with ipilimumab).

CheckMate 142643

Ipilimumab plus 
nivolumab

dMMR/MSI-H metastatic colorectal cancer in 
patients aged ≥12 who have progressed disease 
following treatment with fluoropyrimidine, 
oxaliplatin, and irinotecan (only in combination 
with nivolumab).

CheckMate 142644

Pembrolizumab dMMR/MSI-H unresectable or metastatic 
colorectal cancer that has progressed following 
treatment with fluoropyrimidine, oxaliplatin, 
and irinotecan.

Several trials

Ipilimumab plus 
nivolumab

previously treated with sorafenib hepatocel-
lular carcinoma (only in combination with 
nivolumab).

CheckMate 040645

Nivolumab previously treated with sorafenib hepatocellular 
carcinoma (single therapy or in combination 
with ipilimumab).

CheckMate 040645

Pembrolizumab previously treated with sorafenib hepatocellular 
carcinoma

KEYNOTE-224646

GEJ, gastro-esophageal junction; PD-L1, programmed death ligand 1; CPS, combined positive score; ESCC, Esophageal 
squamous cell carcinoma; dMMR/MSI-H, DNA mismatch repair-deficient/ microsatellite instability-high.

Of note, exhibiting a response was independent of PD-L1 expression status and BRAF 
or KRAS mutations. In fact, the RR of patients with BRAF mutation to nivolumab was 
higher than that of other regimens.616

Administration of nivolumab plus ipilimumab for another cohort of the previously 
mentioned trial (CheckMate-142) showed tremendous activities. 54.6 percent achieved 
a response (including CR in 3.4 percent), with a one-year OS of 85 percent.616 Similar 
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to the nivolumab monotherapy cohort, PD-L1 expression and BRAF or KRAS muta-
tions did not affect the acquisition of response.616 Furthermore, nivolumab plus low-
dose ipilimumab therapy has shown to be effective even as the first-line therapy in 
such patients, with an ORR of 60 percent.617 Avelumab monotherapy also exhibited a 
modest clinical activity in patients with dMMR/MSI-H metastatic colorectal cancer 
but not in those with POLE mutation. Albeit, the small size of the trial permits reaching 
definitive conclusions.618

A phase III trial tried to overcome the cold immune environment of colorectal 
cancer by adding cobimetinib (a MAP kinase pathway inhibitor, which is postulated 
to be involved in the immunosuppressive mechanisms of neoplasms) to atezolizumab 
and compared this combination against regorafenib monotherapy. Unfortunately, this 
trial did not meet its primary endpoint (increasing OS).619 However, this is probably 
because the trial tried to close the proportion of patients with MSI-H status to that 
of the general population (5 percent).619 The same disappointing findings have been 
reported for combination therapy with durvalumab and trametinib (another MAP 
kinase pathway inhibitor) for microsatellite-stable (MSS) patients.620 Recently, a phase 
II trial composed mainly of MSS metastatic colorectal cancer patients has described 
only mild superior benefit in adding durvalumab and tremelimumab to best support-
ive care (BSC) (HR for death, 0.72; 90 percent CI, 0.54–0.97; p = 0.07), but notably, 
those with a plasma TMB ≥28 per megabase have had significantly elongated OS 
after the ICI therapy, compared with only BSC (median OS, 5.5 versus 3.0 months; 
p = 0.004).621

Interestingly, preliminary analysis of a trial combining pembrolizumab, tremeli-
mumab, and modified FOLFOX6 (oxaliplatin, 5-fluorouracil, and leucovorin) as the 
first-line therapy for MSS metastatic colorectal cancer with RAS mutation has been 
intriguing, as 5 of 16 patients have shown a CR.622 In addition, a combination therapy 
consisting of avelumab, cetuximab, and modified FOLFOX6 as first-line therapy for 
BRAF/RAS wild-type MSS metastatic colorectal cancer has shown unprecedented 
results.623 The List of the FDA-approved ICIs for colorectal cancers is mentioned in 
Table 4.11.

Other immunotherapies
The CEA-CD3 TCB is a BiTE specific for CD3 and CEA, which has been used for 
metastatic colorectal cancer and demonstrated modest clinical activities.624 Likewise, a 
CAR T-cell specific for CEA has been studied in colorectal cancer, and the prelimi-
nary outcomes have been promising.625,626 Now there are various trials underway to 
evaluate different agents (e.g., antibodies against LAG-3, TIM-3, TIGIT, and glucocor-
ticoid-induced tumor necrosis factor receptor (GITR)), alone or combined with each 
other for the treatment of colorectal cancers (e.g., NCT01968109, NCT03219268, 
NCT03119428, NCT02740270, and NCT02318394).

(c) ketabton.com: The Digital Library



Tumor immunology 329

Immunotherapies for hepatocellular carcinoma
Immune checkpoint inhibitors (ICIs)
Early attempts for integrating ICIs in the therapeutic approach of patients with hepato-
cellular carcinoma were done using anti-CTLA-4 antibodies. Administration of tremeli-
mumab for a small number of advanced hepatocellular carcinoma cases with concurrent 
HCV infection resulted in an ORR of 17.6 percent.627 Of note, the RR of the FDA-
approved agent, sorafenib (an inhibitor of Raf-1, B-Raf, VEGF receptor (VEGFR), and 
PDGFR-β) is only 2 percent for patients with advanced hepatocellular carcinoma.628 
In the CheckMate 040 trial, nivolumab demonstrated encouraging clinical activity in 
advanced hepatocellular carcinoma patients, as 20 percent achieved an overall response, 
and nine-month PFS and OS were 28 percent and 74 percent, respectively.629 Of note, 
the responses were seen regardless of PD-L1 positivity, the setting of the therapy (first-
line or after sorafenib), and the presence of viral infections.629 In addition, combina-
tion therapy with nivolumab and ipilimumab as the second-line therapy for advanced 
hepatocellular carcinoma has resulted in even higher clinical benefit, with an ORR and 
two-year OS of 31 percent and 40 percent, respectively.630

Despite promising anti-tumor activities of nivolumab as second-line therapy for 
hepatocellular carcinoma, its administration as the frontline agent for advanced hepato-
cellular carcinoma did not meet the significance level in prolonging OS over sorafenib 
in the CheckMate 459 trial.631 However, both OS and ORR were numerically higher 
in the nivolumab arm (median OS of 16.4 versus 14.7 months, the two-year OS of 36.8 
percent versus 33.1 percent, and ORR of 15 percent versus 7 percent).631

Pembrolizumab has shown similar efficacy as second-line therapy for advanced hepa-
tocellular carcinoma, with ORR, one-year PFS, and one-year OS of 17 percent, 28 per-
cent, and 54 percent, respectively, as described by a phase II trial (KEYNOTE-224).632 
Unfortunately, in a large phase III trial aimed to compare pembrolizumab versus placebo 
as the second-line therapy, despite the superior risk-to-benefit ratio of pembrolizumab, 
the OS and PFS did not differ significantly (due to prespecified p values) between the 
pembrolizumab and placebo arms.592

The results of the IMbrave150 phase III trial, which enrolled patients with locally 
advanced metastatic and/or unresectable hepatocellular carcinoma to receive either 
atezolizumab plus bevacizumab or sorafenib as the first-line therapy are published 
recently.633 After a median follow-up duration of 8.6 months, the combination therapy 
culminated in both superior OS (one-year OS of 67.2 percent versus 54.6 percent; 
HR for death 0.58; 95 percent CI, 0.42–0.79; p < 0.001) and PFS (median of 6.8 ver-
sus 4.3 months; HR for disease progression or death, 0.59; 95 percent CI, 0.47–0.76; 
p < 0.001)633 and, hence, makes this combination therapy a potential candidate for such 
groups of patients.

Finally, camrelizumab has shown modest anti-tumor activities in the context of 
advanced hepatocellular carcinoma as a second-line or later therapy (with an ORR 
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of 14.7 percent and six-month OS probability of 74.4 percent).634 To date, three ICIs 
have received accelerated FDA approval for the usage in patients with hepatocellular 
carcinoma (Table 4.11).

Other immunotherapies
A trial conducted late in the 1990s demonstrated lower rates of post-surgical recur-
rence and longer time to the first recurrence in those who had received adoptive 
T cell therapy.635 In recent years, this kind of modality has come to the interest once 
more, and modest outcomes have described.636-638 Glypican3 (GPC3) is a glycoprotein, 
which is exclusively expressed on hepatocellular carcinoma cancer cells, but not nor-
mal liver tissue.639 While the vaccine therapies against GPC3 generally did not alter the 
course of hepatocellular carcinoma,640,641 several ongoing trials are aiming to evaluate 
the applicability and efficacy of CAR T-cells specific for GPC3 (e.g., NCT02905188, 
NCT03884751, and NCT03980288). Combination therapies of checkpoint inhibi-
tors with each other (NCT03298451 and NCT03680508) or with targeted therapies 
(NCT03713593, NCT03847428, and NCT03794440) seem reasonable strategies and 
are being pursued by the mentioned trials.

Immunotherapies for pancreatic cancers
Immune checkpoint inhibitors (ICIs)
Until now, all ICI-based therapies, including BMS-936,559 (anti-PD-L1 mAb),455 
ipilimumab,647,648 tremelimumab,649,650 tremelimumab plus durvalumab,650 and pembro-
lizumab651 have failed to alter the clinical course of PDAC. Beyond the well-established 
role of the extreme immunosuppressive environment, fairly low TMB probably is 
another major barrier that ICIs are faced with.652 A comprehensive investigation of the 
different aspects of tumoral immune evasion has shed new light on identifying novel 
putative mechanisms leading to resistance to ICIs. For instance, reduced MHC class I 
expression (by an autophagy-dependent fashion) is an important mechanism of resis-
tance and has been reported in other neoplasms as well as PDAC.653 TGF-β is also impli-
cated in response to ICIs, as its blockade can result in increased PD-L1 expression.654 
CXCL12, mainly produced by FAP+ fibroblasts, is another culprit since the inhibition 
of one of its receptors named CXCR4 has resulted in the accumulation of T cells and 
response to anti-PD-L1 therapy.599 Similarly, preventing the activation of CCR2 will 
facilitate CD8+ T cell and ICI activation by reducing the recruitment of monocytes.655 
One of the well-studied molecules involved in the induction of extremely fibrotic and 
T cell-depleted TME of PDAC is focal adhesion kinases (FAK).656 Like the previously 
mentioned studies, FAK inhibition has resulted in the restoration of the response to 
anti-PD-1 therapy in a preclinical model.656

Nevertheless, as with other gastrointestinal neoplasms, a subset of pancreatic cancers 
demonstrates high rates of MSI.657 Among 22 patients with dMMR/MSI-H pancreatic 
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cancer who participated in the KEYNOTE-158 trial, 4 achieved a response (one CR 
and three PR) after receiving pembrolizumab.658 Regarding the similar observations 
seen in colorectal cancer (discussed earlier), and also high RR reported by another very 
small trial,659 now there are several active trials underway to test the activity of ICIs for 
this subset of patients with PDAC.660

Vaccine therapies
GVAX is an irradiated allogeneic vaccine composed of tumor cells genetically modified 
to express GM-SCF. The mild activity of this vaccine as adjuvant therapy after surgical 
resection showed by two phase I and II trials.661,662 It is also reported that the addition 
of cyclophosphamide can enhance GVAX anti-tumor activities.663

CRS-207 is another cancer vaccine that contains live attenuated Listeria monocy-
togenes expressing mesothelin.664 Despite early encouraging outcomes,664,665 compared 
with chemotherapy, combined GVAX and CRS-207 could not elongate the OS of 
patients with metastatic PDAC.666 Other vaccine therapies (for instance, those against 
CEA, MUC1, Kirsten rat sarcoma virus (KRAS), gastrin, and telomerase) generally have 
not exhibited robust activities in PDAC.667-669

Other immunotherapies
Failure of ICIs in defeating PDAC has forced clinicians to focus on delineating other 
constructors of the desmoplastic immunosuppressed TME of pancreatic cancers. As a 
result, trials now are headed toward targeting metabolic pathways, structural molecules, 
novel immune checkpoints, and tumor-specific antigens.660 Moreover, depicting genetic 
underpinnings of each of these factors might help properly categorize candidates for 
different immunotherapies.

Immunolopathology and immunotherapy 
of endocrine system cancers

It was expected that in 2019, more than 54,000 new cases of endocrine system cancers 
(including thyroid, parathyroid, adrenal, and endocrine pancreas) might be detected 
in the United States, accounting for about 3.1 percent of all cancers.266 More than 
95 percent of these patients were expected to have thyroid cancers.266 Based on patho-
logical findings, thyroid cancers are generally categorized as papillary (85 percent), fol-
licular (2 to 5 percent), anaplastic-poorly differentiated (6 percent), or medullary (3 to 
5 percent).670 The cornerstones of therapy for thyroid cancers are surgery, radioiodine 
ablation (RAI), and systemic chemotherapy for advanced-stage cases.670 Fortunately, the 
five-year survival for these patients is 98 percent. However, about 10 percent of differen-
tiated and most medullary and anaplastic cancers exhibit resistance to therapies, and the 
survival rate of metastatic disease is around 56 percent.671 The development of several 
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targeted therapies (e.g., MKIs) has modestly enhanced the survival of such patients,670 
but there is a need for novel therapies against less-differentiated as well as advanced-
stage papillary and follicular cancers. Malignancies of other endocrine organs are quite 
rare, and due to the lack of enough space, are not discussed here.

Immunopathology
Regarding PD-L1, Tregs extracted from tumoral-involved lymph nodes of patients with 
papillary thyroid cancer were expressing high amounts of PD-L1 on their surface.672 It 
was reported by a study that about 52 percent of patients with papillary thyroid cancer 
have detectable PD-L1, and it is associated with poorer prognosis,673 which was also 
concluded by another study.674 Another study has linked PD-L1 expression status in 
papillary thyroid cancer to lymphocytic thyroiditis because 39 percent of such patients 
were positive for PD-L1, compared with 6.9 percent of those without thyroiditis.675 
However, in contrast to previous reports, this study found no association between 
PD-L1 expression status and overall prognosis, which might be justified by its relatively 
small sample size.675 Like other neoplasms, various immune cells and cytokines can 
contribute to the tumoral invasion or regression. However, the exact mechanism and 
prognostic roles of such factors are less studied in thyroid cancers.

Immunotherapies for thyroid cancers
To our knowledge, to date, there is only one trial of ICIs for thyroid cancer that 
has published its results.676 In this phase Ib trial, 22 patients with PD-L1 positive, 
locally advanced, or metastatic follicular or papillary thyroid cancers enrolled to 
receive pembrolizumab.676 After a median follow-up duration of 31 months, two 
patients (both with papillary thyroid cancer) achieved a response, with a median PFS 
of 7 months.676 Although disappointing, definite conclusions should be made after 
larger phase II and III trials. There are also a relatively small number of trials assess-
ing the efficacy of ICIs, either alone or in combination with other regimens, mainly 
MKIs (Table 4.12).

Future perspective
Fortunately, most thyroid cancers are treatment-responsive papillary and follicular 
carcinoma, but the therapeutic options for metastatic disease and less-differentiated 
cancers are limited. In addition to assessing the effectiveness of immunotherapies, ongo-
ing trials should focus on defining validated predictive biomarkers for such therapies. 
Furthermore, as it was shown for lung cancers, immunotherapy as a neoadjuvant modal-
ity can potentially synergize with the current standard-of-cares for advanced-stage car-
cinomas, but the effectiveness of such approaches is yet to be determined.
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Table 4.12 Selected ongoing trials evaluating novel immunotherapies for thyroid cancers.

Agent Trial identifier Phase Indication Notes

Pembrolizumab NCT02628067 II Advanced (non-resectable 
and/or metastatic) solid 
tumors

Second-line or 
later therapy

Pembrolizumab NCT02688608 II Anaplastic/undifferenti-
ated thyroid cancer

Pembrolizumab 
plus lenvatinib

NCT04171622 II Advanced-stage anaplas-
tic thyroid cancer

Pembrolizumab 
plus docetaxel

NCT03360890 II Poorly chemo-responsive 
thyroid and salivary gland 
tumors

Radiation ther-
apy-refractory 
and after failure, 
intolerance to 
or refusal of 
anti-antiangio-
genic therapy, or 
with evidence 
of dedifferenti-
ated or anaplas-
tic histology

Nivolumab plus 
ipilimumab

NCT03246958 II Metastatic RAI refracto-
ry differentiated thyroid 
cancer

Exploratory 
Cohorts in 
Medullary 
and Anaplastic 
Thyroid Cancer

Nivolumab, ipi-
limumab, and 
cabozantinib

NCT03914300 II Advanced differentiated 
thyroid cancer

Anaplastic thy-
roid cancer or 
medullary thy-
roid cancer are 
not eligible

Atezolizumab 
plus chemo-
therapy

NCT03181100 II Anaplastic or poorly dif-
ferentiated thyroid cancer

Atezolizumab 
plus cabozantinib

NCT04400474 II Advanced and progressive 
neoplasms of the endo-
crine system, including 
anaplastic thyroid cancer

Avelumab plus 
regorafenib

NCT03475953 II Radioiodine-refractory 
differentiated thyroid 
cancer

Durvalumab plus 
tremelimumab

NCT03753919 II Progressive, refractory 
advanced thyroid 
carcinoma

(Continued)
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Agent Trial identifier Phase Indication Notes

AIC100 CAR 
T-cell

NCT04420754 II R/R thyroid cancer CAR T-cells 
containing the I 
domain of LFA-
1and targeting 
its overexpressed 
physiological 
ligand, ICAM-
1 on thyroid 
cancer.

GI-6207 cancer 
vaccine

NCT01856920 II Recurrent medullary thy-
roid cancer

Recombinant 
yeast-based vac-
cine engineered 
to express the 
full-length 
human carci-
noembryonic 
antigen.

RAI, radioiodine ablation; R/R, relapsed or refractory; CAR T-cells, chimeric antigen receptor T-cells; LFA-1, lympho-
cyte function-associated antigen-1; ICAM-1, intercellular adhesion molecule-1.

Table 4.12 Cont’d

Immunolopathology and immunotherapy of urinary system cancers

With more than 158 000 estimated new cases of urinary system cancers in 2019, these 
neoplasms constitute about 9 percent of all cancers in the United States.266 The great 
preponderance of urinary system neoplasms is originated from the kidney and its 
pelvis (50 percent) and bladder (46 percent).266 Generally, the prognosis of these two 
neoplasms is relatively good, and their five-year survival rates are around 75 percent. 
However, this comes to rates as low as 12 percent and 5 percent for metastatic renal and 
bladder cancers, respectively.266

About 90 percent of all kidney cancers are renal cell carcinoma (RCC), and the 
remaining are mostly urothelial carcinoma of the renal pelvis.677 Based on pathological 
and genetic features, RCCs are further subdivided into various subtypes, with clear-cell 
RCC (ccRCC, 70 to 90 percent of cases), papillary RCC (pRCC, 10 to 15 percent), 
and chromophobe RCC (chRCC, 3 to 5 percent) as the most common ones.678 Well-
known risk factors of RCC are obesity, cigarette smoking, and hypertension, but a role 
for chronic kidney disease, diabetes, and red meat consumption is implicated by some 
reports.679 Historically, kidney cancers are recognized as silent tumors, as exhibit no 
clinical signs and symptoms until the advanced-stage disease, but owing to the grow-
ing trends in the acquisition of abdominal imaging (mainly by computed tomography), 
more renal masses are incidentally detected.680 This along with advances in developing 
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novel therapeutic techniques has culminated in increased OS of RCC during the 
past decades.680 Notwithstanding, still 16 percent of RCCs are detected when have 
metastasized to distant sites.266 Surgery is the cornerstone of the treatment of localized 
and regional RCC.680 Interestingly, the approach to early-stage disease is now experi-
encing a shift toward active surveillance for selected cases, which mainly results from 
observations showing slow growth rates and a low probability of metastasis in such 
tumors.680 Metastatic RCC is one of the oldest targets for cancer immunotherapies. 
In the 1980s, IL-2 and IFN-α started to be administered to those with such tumors.680 
Although these agents did not significantly improve the OS of patients, remained the 
main therapeutic options for metastatic RCC for many years, and high-dose IL-2 even 
received FDA approval in 1992.680 The characterization of the underpinning signaling 
pathways involved in tumorigenesis of renal neoplasms paved the way for developing 
novel targeted therapies against PDGFR, VEGFR, receptor tyrosine kinase (c-Kit), and 
mammalian target of rapamycin (mTOR) that are now approved as the first-line agents 
against metastatic RCC.680 However, the short duration of responses is still one of the 
major drawbacks of these drugs.680

Between 90 to 95 percent of bladder cancers are originated from the urothelium 
lining the inner surface of the bladder.681 Cigarette smoking is an established risk fac-
tor for bladder cancer.680 Besides, schistosomiasis (associated with squamous cell cancer, 
which constitutes 10–40 percent of bladder cancers in endemic areas, such as Egypt),682 
diets low in vegetables and high in alcohol,683,684 occupational exposure to dyes, arse-
nic, and petroleum,685,686 and ambient air pollution685 are all linked to increased risk of 
developing bladder cancers, although controversies remain.687 Tumoral invasion of the 
detrusor muscle is one of the most important determinants of subsequent therapeutic 
strategies. At diagnosis, about 75 percent of patients have non-muscle-invasive bladder 
cancer (NMIBC), 20 percent present with muscle-invasive bladder cancer (MIBC), and 
the remaining 5 percent have the metastatic disease.681 It is believed that the precursor 
lesions of NMIBC and MIBC have different genetic and pathological features and are 
recognized as papillary and non-papillary (solid) tumors, respectively.688 Papillary tumors 
harbor del9 and activating mutations in FGFR3, telomerase reverse transcriptase (TERT), 
and PIK3CA. In contrast, solid tumors show mutations in TP53, RB1, and PTEN, fea-
tures that are also seen in flat dysplasia and carcinoma in situ of the bladder.688 Another 
categorization of bladder cancer is based on the patterns of gene expression and con-
sists of basal and luminal types.681 The first one usually expresses markers of EMT, 
upon which metastasis is a usual phenomenon in this type. The basal type is indolent 
and usually is found in NMIBC. Another important aspect of this classification is the 
differences seen in their immune cell infiltrations, as discussed later.681 The common 
approach to NMIBC is to first classify the disease into three groups according to the 
various factors, including number, size, grade, and stage of the tumor, the risk of recur-
rence, and the presence of carcinoma in situ.688 After the resection of the tumor using 
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transurethral resection of bladder tumor (TURBT), bacillus Calmette-Guérin (BCG) 
for high and intermediate-risk groups and immediate intravesical chemotherapy (most 
commonly, mitomycin or doxorubicin) for the low-risk group will be administered.689 
Along with IL-2 for RCC, BCG is one of the earliest immunotherapies approved by the 
FDA in 1990 for the treatment of bladder cancers and has significantly reduced the risk 
of tumoral recurrence and progression.688 Certain high-risk patients and those who fail 
after adjuvant immunotherapy usually undergo cystectomy. MIBC is managed by radical 
cystectomy and concurrent pelvic lymphadenectomy.688 However, about 50 percent of 
MIBCs will relapse after radical cystectomy, usually in the form of metastatic disease.690 
The five-year survival rate of patients with metastatic disease is less than 15 percent after 
systemic chemotherapy, which depicts the need for novel, more efficient therapies.681

Immunopathology
Kidney cancer
A study of 738 resected localized RCC samples has demonstrated that 8.2 percent and 
7.6 percent of tumors are positive (defined as tumoral and immune cell PD-1 expression 
of ≥5 percent) for PD-L1 and PD-1, respectively.691 For PD-L1 expression, proportions 
as high as 29 percent are also reported in those with metastatic RCC.692 In these studies, 
PD-L1 expression status has been linked to a worse outcome693 after surgical resection691 
and targeted therapies.692,694 A recent meta-analysis of 3389 RCC patients has reported 
the pooled prevalence of PD-L1 positivity as 27 percent that again has been strongly 
and negatively correlated to the OS, PFS, and cancer-specific survival.695

Although ccRCC is recognized as one of the most extensively CD8+ T cell infil-
trated neoplasms,696 but T cells often exhibit an exhausted phenotype, which is thought 
to result due to alterations in metabolic pathways and expression of immunosuppres-
sive molecules and cytokines, such as VEGF.697,698 The prognostic value of infiltrating 
CTLs for ccRCC is interpreted in the presence of other immune cells: high CD8+ 
T cell/Treg ratio696 and high CD8+ T cell and mature DC infiltration along with low 
immune checkpoint expression699 are associated with a more favorable prognosis. The 
importance of cytokines in the clinical course of RCC is mainly studied in the milieu 
of targeted therapies, where high levels of IL-6 and IL-8 have been associated with a 
shorter PFS.700 Although the TMB of RCC is not high, it has the highest rate of indel 
mutations among tumors.701 Somehow paradoxical, a study has observed high TMB 
RCCs are less infiltrated with CD8+ T cells and DCs, which has further correlated 
with a poor prognosis.702

Bladder cancer
The PD-L1 positivity of urothelial bladder cancers is associated with a higher-grade 
tumor, reduced survival,703-706 BCG-therapy resistance, and mononuclear cell infil-
tration.704 In contrast to these findings, PD-L1 mRNA expression is reported to be 
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positively correlated to a better outcome for patients with T1 NMIBC.707 Likewise, 
the presence of PD-L1 positive infiltrating mononuclear cells (but not cancer cells) can 
be an indicator of longer survival in patients with metastatic disease.708 Discouragingly, 
urothelial bladder cancers are not hot, as about 36 percent of MIBCs are non-T cell 
inflamed (i.e., lacking expression of PD-L1, TIM-3, LAG-3, IDO, and FOXP3).709 The 
impact of CTLs, Tregs, and MDSCs is similar to those of other types of neoplasms, as 
discussed throughout this chapter.710-713 The genetic landscape of bladder cancers is quite 
complicated, and different studies have proposed several models for both NMIBC and 
MIBC, discussed elsewhere in detail.688 The prognostic value of such classifications is 
not fully elucidated yet. However, the identification of certain candidate gene altera-
tions for targeted therapies (e.g., FGFR3, PARPG, HER2, and EGFR) have shaped the 
efforts toward engineering novel therapies.688 Regarding TMB, urothelial bladder cancer 
is amongst neoplasms with substantial loads,361 which can partly explain its relatively 
high response to ICIs.714 Also, a study has reported that higher TMB is associated with 
increased CTL infiltrations and improved survival of affected individuals.715

Immunotherapies for renal cell carcinoma
Immune checkpoint inhibitors (ICIs)
Like most of the advanced-stage neoplasms discussed throughout this chapter, ICIs 
have yielded most among immunotherapies for RCC. A phase III trial from 2015 
(CheckMate 025) showed that compared with everolimus (an mTOR inhibitor), 
nivolumab administration for patients with advanced ccRCC (previously treated with 
anti-angiogenic agents) could significantly increase median OS and ORR (irrespective 
of PD-L1 expression status) with a favorably lower rate of side effects.693 Intriguingly, 
the PFS was not different across the total population, but the difference was signifi-
cantly favored nivolumab arm among those who had no disease progression or death at 
6 months,693 which is in concordance with the delayed responses to immunotherapies 
seen in other cancers (discussed earlier) and ccRCC.716 Recently, the results of the 
extended follow-up (minimum of 64 months) of this trial were published and are in 
concordance with the previous reports.717 Importantly, five-year OS probabilities have 
been 26 percent and 18 percent, respectively, and nivolumab has inferred an incre-
ment in the median survival by 6.1 months. In addition, PFS has remained in favor of 
nivolumab (HR, 0.84; 95 percent CI, 0.72–0.99; P = 0.0331).717

Subsequently, first-line combination therapy with nivolumab and ipilimumab 
resulted in higher OS and overall response among patients with advanced ccRCC 
with intermediate- and poor-risk diseases (based on International etastatic Renal Cell 
Carcinoma Database Consortium (IMDC)), as compared with sunitinib.716 Such ben-
efits were observed across all PD-L1 expression groups but were higher among those 
with at least 1 percent expression level. Notably, a benefit from sunitinib in improving 
overall response and PFS was observed among patients with the favorable-risk disease, 
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although it was not significant and definitive interpretations were limited by the low 
sample size of such patients.716 The findings of the extended follow-up of these patients 
were consistent with previous results, with the addition of significantly prolonged PFS 
observed for the combination therapy group.694 Furthermore, the outperformance of 
sunitinib for favorable-risk patients became less prominent than the preliminary analysis. 
Finally, a worrisome caveat revealed by this study was greater death rates among the 
combination therapy group (8 versus 4 deaths).694

Regarding combination therapies, another phase III trial demonstrated the superior-
ity of first-line avelumab and axitinib combination therapy over sunitinib in improving 
ORR and PFS of advanced ccRCC patients.718 Similar prominent outcomes, in addi-
tion to enhanced OS, were also described for pembrolizumab plus axitinib frontline 
therapy, compared with sunitinib.719 Notably, the efficacy of these combined immuno-
therapies has been observed across all groups of PD-L1 expression status and prognostic 
risk groups (according to Memorial Sloan Kettering  Cancer Center (MSKCC) and 
IMDC criteria).718,719

Despite these encouraging results, ICI-based combination therapies have not always 
ended up in robust outcomes. For instance, the added benefit of frontline atezolizumab 
and bevacizumab combination therapy over sunitinib was limited to enhanced PFS 
of patients with a PD-L1 expression of at least 1 percent.720 Interestingly, this study 
found that tumors harboring a sarcomatoid histology component show a substantial 
response to dual therapy, which was observed across all PD-L1 expression groups.720 
Better responses of RCCs with sarcomatoid features to ICIs are also described in the 
CheckMate 214 trial.694,721 Besides, this post-hoc analysis found a higher prevalence 
of tumors with PD-L1 expression ≥1 percent among those with sarcomatoid features, 
compared with the total pool of samples.721

Most clinical trials of ICIs are conducted for patients with ccRCC, and little is 
known about their efficacy in non-clear cell renal cell carcinoma (nccRCC). As an 
example, the first-line pembrolizumab for advanced nccRCC culminated in ORRs of 
25.4 percent for papillary, 9.5 percent for chromophobe, and 34.6 percent for unclas-
sified subtypes.722 Notably, 33.3 percent of patients with CPS ≥1 percent achieved a 
response, compared with only 10.3 percent of cases with CPS <1.722 A small retrospec-
tive study on metastatic nccRCC cases who received nivolumab revealed that 20 per-
cent showed a PR and 29 percent achieved stable disease, mostly seen for unclassified, 
papillary, and collecting duct subtypes.723 These data suggest the effectiveness of ICIs for 
nccRCC too, which is now being tested by some ongoing trials (Table 4.14).

Taking the PD-L1 expression status as a biomarker for response to ICIs has shown 
to be inconclusive by different trials. Generally, problems such as different measurement 
methods, heterogeneity in the expression across tumoral tissue,724 and variable expres-
sion in the primary and metastatic sites leading to sampling bias,724 temporal alterations 
in the level of expression,725 and more importantly, its potential effects on the overall 
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prognosis of RCC patients (discussed earlier) prevent establishing PD-L1 expression 
status as a predictive biomarker. The importance of other commonly recognized bio-
markers is not fully delineated in the field of RCC. The IMmotion 150 was a Phase 
II trial for the evaluation of atezolizumab alone or in combination with bevacizumab 
versus sunitinib for advanced treatment-naïve RCC.726 At the end of the study, it was 
revealed that TMB and neoantigen burden do not alter the PFS, whereas angiogenic, 
effector T cells and myeloid inflammatory gene expression signatures are significantly 
associated with enhanced PFS in response to anti-VEGF, anti-PD-L1, and combination 
therapy, respectively.726 However, the subsequent phase III IMmotion 151 trial only 
reported a positive association between effector T cell gene signature and improved OS 
after combined atezolizumab and bevacizumab therapy.720 Analysis of patients enrolled 
in JAVELIN Renal 101 trial718 demonstrated the positive impact of an immunologic 
gene expression signature (consisted of genes involved in effector and inflamed T cells, 
angiogenesis, and pathways related to T- and NK-cell activation and IFN-γ signaling) on 
PFS after administration of avelumab combined with axitinib.727 In addition, no impact 
was found for TMB as a predictor of PFS.727

It also should be noted that, like other trials of ICIs, the pre-specified amendments 
for enrollment in ICI trials for RCC include a good performance status and the absence 
of active CNS metastases. Together, the robust performance of ICI-based combination 
therapies has led to a striking transformation in the therapeutic armamentarium of 
advanced RCC. The list of current FDA-approved ICIs for the treatment of RCC is 
provided in Table 4.13.

Future perspective
Now several phase III trials are testing the efficacy of combination ICIs with targeted 
therapies as adjuvant or even neoadjuvant regimens for localized or advanced ccRCC 
and nccRCC (Table 4.14). IMA901 is a cancer vaccine containing nine HLA class 

Table 4.13 List of FDA-approved immune checkpoint inhibitors (ICIs) for the treatment of renal cell 
carcinoma (RCC).

Agent Indication Trial

Avelumab In combination with axitinib, as the frontline 
therapy for advanced RCC

JAVELIN Renal 101694

Pembrolizumab In combination with axitinib, as the frontline 
therapy for advanced RCC

KEYNOTE-426728

Ipilimumab plus 
nivolumab

As first-line combination therapy for interme-
diate- or poor-risk, advanced RCC

CheckMate 214716

Nivolumab Asthe second-line therapy for advanced RCC, 
after the disease progression on at least one 
anti-angiogenic agent

CheckMate 025729

RCC, renal cell carcinoma.
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Table 4.14 List of selected ongoing trials of novel immunotherapies for renal cell carcinoma (RCC).

Agent (s) Trial identifier Phase Indications Notes

Advanced or metastatic ccRCC

Nivolumab plus 
cabozantinib vs 
sunitinib

NCT03141177 III As the first-
line therapy for 
advanced/meta-
static RCC

ccRCC,including those 
with sarcomatoid features, 
are eligible. 
Based on interim analy-
ses, the trial has met its 
primary and secondary 
endpoints in improving 
ORR, PFS, and OS732.

Nivolumab plus 
ipilimumab and 
cabozantinib vs 
nivolumab plus 
ipilimumab

NCT03937219 III As the first-
line therapy for 
advanced/meta-
static ccRCC 
with intermedi-
ate- or poor-
risk disease

Adjuvant setting

Nivolumab vs 
nivolumab plus 
ipilimumab vs pla-
cebo

NCT03138512 III As adjuvant 
therapy for 
localized RCC 
after radical or 
partial nephrec-
tomy and high 
risk of relapse

patients with RCC with 
predominantly clear cell 
histology, including sar-
comatoid features, are 
included.

Atezolizumab vs 
placebo

NCT03024996 III As adjuvant 
therapy for 
non-metastatic 
RCC after 
radical or partial 
nephrectomy 
and high risk 
of recurrence/
metastasis

Patients with RCC with 
a component of either 
clear cell histology or sar-
comatoid histology that 
has not been previously 
treated in the adjuvant or 
neoadjuvant setting are 
included

Pembrolizumab vs 
placebo

NCT03142334 III As adjuvant 
therapy after 
radical or partial 
nephrectomy 
and presence of 
intermediate-
high risk, high 
risk, or “M1 
with NED” 
RCC

RCC with clear cell 
components with or 
without sarcomatoid 
features is included.
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Agent (s) Trial identifier Phase Indications Notes

Durvalumab plus 
tremelimumab vs 
durvalumab vs 
placebo

NCT03288532 III As adjuvant 
therapy for 
localized RCC 
after radical or 
partial nephrec-
tomy and inter-
mediate or high 
risk of relapse

All cell types of RCC are 
eligible, except for pure 
oncocytoma, collecting 
duct, medullary and tran-
sitional cell cancer.

Neoadjuvant setting

Nivolumab NCT03055013 III Nivolumab 
administration 
and then par-
tial or radical 
nephrectomy of 
RCC, 7 to 28 
days after the 
final round

Non-clear-cell RCC

Nivolumab plus 
Ipilimumab

NCT02982954 IIIb/
IV

Previously 
untreated, 
advanced, or 
metastatic RCC

patients with nccRCC 
with KPS ≥70 percent 
and RCC regardless of 
any histology or existing 
non-active brain metas-
tasis, with KPS 50 per-
cent−60 percent, are also 
included.

Nivolumab plus 
ipilimumab vs 
sunitinib

NCT03075423 II Previously 
untreated, 
advanced 
(unresectable 
or metastatic) 
nccRCC

At least 50 percent non-
clear cell component 
according to actual WHO 
classification is needed.
Patients with active brain 
metastases requiring cor-
ticosteroids are excluded.

Combination therapy of ICI with other novel immunotherapies

Nivolumab plus 
NKTR-214 (bem-
pegaldesleukin) 
and other agents

NCT02983045 I Advanced RCC 
and other solid 
tumors

Nivolumab plus 
NKTR-214 (bem-
pegaldesleukin) vs 
sunitinib or cabo-
zantinib

NCT03729245 III Previously 
untreated 
advanced RCC

RCCs with a clear-cell 
component, with or 
without sarcomatoid fea-
tures are included.

(Continued)
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Agent (s) Trial identifier Phase Indications Notes

Durvalumab plus 
tremelimumab 
and personalized 
neoantigen DNA 
vaccine

NCT03598816 II As the second 
or third-line 
therapy for 
advanced meta-
static RCC

Neovax (personal-
ized neoantigen 
cancer vaccine 
combined with 
poly-ICLC) plus 
ipilimumab

NCT02950766 I High-risk RCC

GEN-009 (per-
sonalized cancer 
vaccine combined 
with poly-ICLC) in 
combination with 
nivolumab or pem-
brolizumab

NCT03633110 I/Ia Advanced RCC 
who with prior 
anti-angiogenic 
therapy, or 
treatment-naïve 
intermediate or 
poor-risk RCC 
based on the 
IMDC

RCC, renal cell carcinoma; ccRCC, clear-cell renal cell carcinoma; ORR, objective response rate; PFS, progression-free 
survival; OS, overall survival; NED, no evidence of disease; nccRCC, non-clear cell renal cell carcinoma; KPS, Karnofsky 
Performance Status Scale; WHO, world health organization; ICI, immune checkpoint inhibitor; IMDC, International 
metastatic renal-cell carcinoma database consortium.

I and one HLA class II binding tumor-associated peptides.730 Although the results 
of a phase II trial of IMA901 were promising, the phase III trial (IMPRINT) did 
not show any added value of its combination therapy with sunitinib versus sunitinib 
monotherapy in the first-line setting for advanced RCC.730 Another trial examin-
ing the combination therapy of autologous tumor lysate DC vaccine with IL-2, 
IFN-α, and bevacizumab for advanced RCC was terminated due to low efficacy 
(NCT00913913). Generally, cancer vaccines, including DC-based (NCT00050323) 
and anti-von Hippel-Lindau (VHL) (NCT00001703) ones have not been successful 
in treating RCC. Hence, trials of novel personalized vaccines are now underway to 
evaluate their effectiveness for this malignancy. NKTR-214 (also known as bem-
pegaldesleukin) is a novel CD122 agonist that acts via stimulation of IL-2 related 
pathways, leading to enhanced proliferation and activation of CTLs and NK cells.731 
NKTR-214 combined with nivolumab is being tested for patients with advanced 
RCC (Table 4.14).

Table 4.14 Cont’d
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Immunotherapies for bladder cancer
Immune checkpoint inhibitors (ICIs)
Unlike RCC, to date, there are only three phase III randomized trials that have explored 
the efficacy of ICIs for bladder cancers.733-735 It is also important to consider that these 
trials have been conducted on patients with locally advanced or metastatic urothelial 
carcinoma that mostly but not exclusively originates from the bladder (other sites of 
origin include ureter, urethra, and renal pelvis).

The first phase III trial in 2017 (KEYNOTE-045) met one of its primary endpoints. 
Compared with the investigator’s choice of chemotherapy (vinflunine, paclitaxel, or 
docetaxel), pembrolizumab significantly increased OS (and also ORR) of patients who 
had progressive disease after receiving platinum-based chemotherapy. This was achieved 
regardless of the PD-L1 expression level. However, PFS did not differ significantly 
between the two arms.733 Later in 2018, phase III IMvigor211, with similar inclusion 
criteria and chemotherapeutic regimens to the KEYNOTE-045 trial, failed to prove 
the superiority of atezolizumab in increasing OS and ORR of patients with PD-L1 
IC ≥5 percent.734 This was in contrast to the descriptions of cohort 2 of the phase II 
IMvigor210 trial736 and made the FDA put new restrictions on the indications for 
atezolizumab administration against advanced urothelial carcinoma.737 Notwithstanding, 
atezolizumab is still considered eligible by the FDA for certain subgroups of these 
patients (Table 4.15).738 The results of the IMvigor130 trial published recently, revealing 
the effectiveness of frontline combination therapy with atezolizumab and platinum-
based chemotherapy over their monotherapies in prolonging PFS of patients with 
locally advanced or metastatic urothelial carcinoma.735

Putting phase III trials aside, there are several phase I and II trials with promising 
outcomes out of ICI therapy for advanced urothelial cancers (discussed elsewhere in 
detail739). Of note, the FDA approval of some ICIs is based on these phase II trials (Table 
4.15). Hence, it is not unexpected that the current approvals might change substantially 
as more mature outcomes will be published by phase III trials.

Future perspective
There are now several large phase III trials aiming to determine the performance of 
ICIs, either alone or in combination with each other or chemotherapeutic regimens, 
in patients with advanced urothelial carcinomas (NCT02603432, NCT03036098, and 
NCT02516241). Among numerous novel immunotherapies, anti-B7-H3 (enoblituzum-
ab, also known as MGA271, in NCT01391143 and NCT02475213), anti-CD3 bispe-
cific antibody (MGD009, NCT02628535), and combination therapy of atezolizumab 
plus recombinant human IL-7 (CYT107, NCT03513952) are remarkable ones being 
under investigation for urothelial carcinoma and other tumors in phase I trials. As briefly 
mentioned, the immunogenetic of urothelial cancers are quite intricate, and numerous 
dark sides are yet to be elucidated. What is currently apparent is that ICIs solely will 
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Table 4.15 List of the FDA-approved immune checkpoint inhibitors (ICIs) for the treatment of 
urothelial carcinomas.

Agent Indications Trial

Avelumab As a maintenance therapy for patients with 
locally advanced or metastatic urothelial car-
cinoma that has not progressed with frontline 
platinum-based chemotherapy.

JAVELIN Bladder 100 
(NCT02603432, official 
results are not published yet)

Avelumab For patients with locally advanced or 
metastatic urothelial carcinoma who have 
disease progression during or following 
platinum-containing chemotherapy or within 
12 months of treatment with a platinum-
containing neoadjuvant or adjuvant chemo-
therapy.

JAVELIN Solid Tumor740

Nivolumab Same as above CheckMate 275741

Durvalumab Same as above NCT01693562742

Atezolizumab Patients with locally advanced or metastatic 
who:
Are ineligible for cisplatin-containing 
therapy, and have IC PD-L1 ≥5 percent; or
Are not eligible for any platinum-containing 
therapy, regardless of PD-L1 expression status.

Cohort 1 of IMvigor210738

Pembrolizumab Patients with locally advanced or metastatic 
who:
Are ineligible for cisplatin-containing therapy 
and have CPS PD-L1 ≥10 percent; or
Are ineligible for any platinum-containing 
chemotherapy regardless of PD-L1 expres-
sion status; or
Have disease progression during or following 
treatment with platinum-containing chemo-
therapy, or within 12 months of neoadjuvant 
or adjuvant therapy with platinum-containing 
chemotherapy.

KEYNOTE-052743

KEYNOTE-045733

Pembrolizumab Highrisk, NMIBC with carcinoma in situ, 
with or without papillary tumors, which is 
unresponsive to Bacillus Calmette-Guérin 
and is not eligible for cystectomy.

KEYNOTE-057744

IC, immune cell; PD-L1, programmed death  ligand 1; CPS, combined Positive Score; NMIBC, non-muscle-invasive 
bladder cancer.
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not substantially change the treatment armamentarium of urothelial cancers. The best 
example is enfortumab vedotin, an antibody-drug conjugate against Nectin-4, which 
received FDA approval for being used by patients with advanced/metastatic urothelial 
carcinoma who have received platinum-containing chemotherapy and an anti-PD-1 or 
anti-PD-L1 antibody.745 Therefore, developing strategies devoted to clarifying eligibil-
ity criteria (including predictive biomarkers) and illustrating protocols of combination 
therapies are desired for future efforts.

Immunolopathology and immunotherapy of skin cancers

It was expected that in 2019, melanomas of the skin (cutaneous melanoma) might be 
detected in 5.4 percent of American patients who are newly diagnosed with cancer.266 
Data from the 2008–14 time period demonstrate that about 84 percent of melanomas 
are first detected in the localized form, while regional and distant diseases constitute 
9 percent and 4 percent of all cases, respectively.266 These statistics translate into favor-
able survival rates. In the same period, the five-year survival rate of all stages of cutane-
ous melanomas has been 92 percent. The five-year survival rates are disaggregated to 
98 percent for localized, 64 percent for regional, and 23 percent for distant forms.266 
Uncommonly, melanomas can arise from sites other than the skin, including mucosal 
melanomas of the oral and nasal cavity, upper esophagus, anogenital area, and also men-
ingeal and uveal melanomas which can be found in a small subset of patients.746

Exposure to the ultraviolet radiation emitted from the sun (and also tanning beds), 
the existence of melanocytic, dysplastic, or giant congenital nevi, light pigmentation of 
the skin, and fair skin phenotype are known risk factors contributing to the develop-
ment of melanoma.747 The first phase of the malignant proliferation of melanocytes 
gives rise to the radial growth, from which different traditional clinicopathological 
subtypes can be derived, including superficial spreading, the most common subtype 
(50–70 percent) that usually is seen in sun-exposed areas stemming from a precursor 
melanocytic nevus, the indolent lentigo maligna (10 percent), nodular that is an aggres-
sive subtype with minimal radial growth (10–30 percent), acral lentiginous (30 percent) 
that is considered as a subtype unrelated to the sun exposure, and desmoplastic mela-
noma, with characteristic neuronal invasion and fibrotic reactions.748

Melanomas are the first among all cancers that have achieved FDA approval for the 
administration of ICIs. Based on the results of a landmark trial conducted by Hodi 
and colleagues,749 in 2011 FDA approved ipilimumab for stage III and IV unresectable 
melanoma. Since then, numerous large-scale trials have evaluated the effectiveness of a 
variety of combination therapies and even different ICIs against each other, upon which 
solid predictive biomarkers and inclusion criteria have been generated.

Basal cell carcinoma (BCC) and cutaneous squamous cell carcinoma (CSCC) are the 
most diagnosed malignancies worldwide and comprise almost all cases of non-melano-
ma skin cancer (NMSC). Most cases of these neoplasms are facilely managed by wide 
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excision and, therefore, are not documented in cancer registries, which estimates their 
incidence inconvenient.266 According to the latest predictions, more than 4.3 million 
cases of BCC and one million cases of CSCC are diagnosed in the United States each 
year.750 BCCs very rarely metastasize, their five-year cure rate is near 100 percent,751 and 
therefore, are not discussed here anymore. CSCCs generally proffer a good prognosis, 
and their five-year cure rate can reach 98 percent with the Mohs micrographic surgi-
cal technique.752 However, there is a small but considerable chance of metastasis. For 
instance, a prospective study found that 4 percent of CSCCs with a thickness between 
2.1 to 6 mm, and 16 percent of those with more than 6 mm in thickness metastasized.753 
Other features related to the increased probability of metastasis are immunosuppressive 
state, radiation exposure, an origin from burn scars, greater horizontal size, localization 
of the lesions at ear, invasive Bowen’s disease, and de novo lesions.753,754 In recent years, 
metastatic CSCC has been studied by some trials as a potential candidate for immuno-
therapies.

Merkel cell carcinoma (MCC) is an uncommon neuroendocrine tumor of the skin 
(in the United States, 2000 new cases are diagnosed each year),755 which infers a less 
favored prognosis compared with other skin cancers.756 ICIs have earned triumphs 
in hampering the aggressive behavior of this cancer and are almost the only effective 
therapeutic options for metastatic MCC. However, due to the lack of enough space, 
immunotherapies for MCC756,757 and CSCC758-760 will not be discussed here.

Immunopathology
Based on various reports, between 30 percent to 40 percent of metastatic cutane-
ous melanomas have a PD-L1 expression level of ≥5 percent.761,762 When the cutoff is 
1 percent, proportions as high as 72 percent are reported.763 Like other tumors, there 
are discrepancies in PD-L1 expression levels across tumoral tissue and between primary 
and metastatic sites.763,764 The role of PD-L1 expression status in predicting response 
to ICI therapy is extensively studied by different trials and retrospective studies, and as 
expected, the conclusions are in absolute discordance. Although it is stated as a valid 
predictor of overall response, OS, and PFS,747 until the development of sound criteria, 
the patient selection for ICI therapy should not be based on the sole PD-L1 expres-
sion status. What is clear now is that the expression of immune checkpoints is strongly 
correlated to the infiltration densities of immune cells, important determinants of the 
response to ICIs.763,764

Efforts are now toward unraveling the different determinants of PD-L1 expression 
and the mechanisms behind resistance to ICI therapy. For example, in a preclinical mela-
noma model, continuous activation of the WNT/β-catenin pathway could result in the 
depletion of infiltrating DCs and CTLs, upon which resistance to ICIs would appear.765 
Further, the administration of a small-molecule tankyrase inhibitor (G007-LK) for 
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a mouse melanoma model has resulted in the reversal of anti-PD-1 resistance and 
enhanced IFN-γ and CTL mediated anti-tumor responses.766

PD-L1 can also be expressed on the surface of exosomes (exoPD-L1). In a cohort 
of metastatic melanoma patients, responders to anti-PD-1 therapy had significantly 
higher levels of exoPD-L1 early after the initiation of therapy,767 making it an attractive 
candidate for further investigations for identifying predictive biomarkers for ICIs. It is 
also reported that metastatic melanoma cases who receive anti-PD-1 antibody and have 
higher baseline levels of serum PD-1 and PD-L1 achieve significantly higher PFS and 
OS, respectively.768 LAG-3, another immune checkpoint, can be found on the surface of 
T cells769 and plasmacytoid DCs770 infiltrating melanomas and are being tested as other 
targets for immunotherapies (discussed later). Likewise, TIM-3 can be detected on the 
melanoma TILs and seems to be co-expressed with PD-1.771

The role of immune cell infiltrates in bridling the behavior of malignant melano-
cytes is well established. Higher accumulation of B cells, CTLs, and other T cells is 
linked to enhanced survival of patients with metastatic melanoma.772,773 Similarly, the 
presence of PD-1 or PD-L1 expressing CTLs with a more clonal receptor repertoire 
within and on the invasive brink of tumors can predict the response to ICIs.774

Historically, the genetic alterations of melanomas related to ultraviolet were sepa-
rated into two different signatures, and each was associated with an exclusive pattern of 
ultraviolet exposure.747 Early, intermittent ultraviolet exposure in those with a tendency 
to develop nevi would result in BRAF mutations, while chronic sun exposure would 
induce mutations in N-RAS.747 Besides, ultraviolet-related melanomas usually harbor 
characteristic C > T transitions.775 More recently, TCGA has divided melanomas into 
4 genetic subgroups: BRAF mutated (52 percent), RAS (including H-, K-, and N-RAS) 
mutated (28 percent), NF1 mutated (14 percent), and the triple wild-type subtype 
(6 percent).773 In addition, three transcriptomic subgroups (immune, keratin, and mela-
nocyte lineage-specific oncogene (MITF)-low) were defined, and as expected, the 
presence of the immune subgroups was a predictor of a favorable survival. Furthermore, 
this analysis found that higher expression of lymphocyte-specific protein tyrosine kinase 
(LCK), a protein involved in T cell signaling pathways, is another predictor of enhanced 
survival.773 Of note, Melanomas have one of the highest mutational loads among all 
cancers,361,775 which partially accounts for their robust response to ICIs. In recent years, 
the attempts have deviated toward altering the genetic regulators of the expression of 
cancer-related immunologic molecules. Such strategies have gained success in down-
regulating PD-L1 expression.776,777

The therapeutic landscape of advanced-stage melanoma has changed substantially in 
recent years, owing to the delineation of their exquisite genetic, molecular, and immu-
nologic features upon which multiple targeted therapies (e.g., BRAF, mitogen-activated 
protein kinase (MEK), and KIT inhibitors) and immunotherapies have gained approval 
for the treatment of such tumors (Fig. 4.4).
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Fig. 4.4 Simplified algorithm for the treatment of stage II, III, and IV melanomas. Designed based on 
the guidelines.747,826-828 Note that the algorithms are based on the eighth Edition of the American Joint 
Committee on Cancer (AJCC) staging system. However, protocols of most trials have been based on the 
seventh Edition.
*Sentinel lymph node biopsy is recommended for lesions >1 mm thick and lesions 0.75–1 mm thick with 
high-risk features (e.g., ulceration or lymphovascular invasion).
†Not recommended as the first-line option.
SLNB, sentinel lymph node biopsy; US, ultrasound; CLND, completion lymph node dissection; 
FNA, fine needle aspiration; TLND, therapeutic lymph node dissection; SRS, stereotactic radiosurgery; 
T-VEC, Talimogene laherparepvec; NED, no evidence of disease; RT, radiation therapy.
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Immunotherapies
Immune checkpoint inhibitors (ICIs)
ICIs are now an integral part of the treatment program for certain patients with stage 
III and IV melanoma (Table 4.17 and Fig. 4.4). Regarding adjuvant setting for stage III 
and IV melanoma, five-year follow-up of patients in EORTC 18,071 trial showed the 
superiority of ipilimumab (10 mg/kg) over placebo in improving relapse-free survival 
(RFS, 40.8 percent versus 30.3 percent; HR for recurrence or death, 0.76; 95 percent 
CI, 0.64–0.89; p < 0.001), OS (65.4 percent versus 54.4 percent; HR for death, 0.72; 
95.1 percent CI, 0.58–0.88; p = 0.001), and distant metastasis-free survival (48.3 percent 
versus 38.9 percent; HR for death or distant metastasis, 0.76; 95.8 percent CI, 0.64–0.92; 
p = 0.002) of patients with surgically resected stage III melanoma with metastasis to 
regional lymph nodes.778 However, these outcomes came at the cost of five immune-
related deaths in the ipilimumab arm.778 These differences remained significant even 
after a median of 6.9 years follow-up.779 Despite these encouraging outcomes, the results 
of the CheckMate 238 trial showed that nivolumab (3 mg/kg) could outperform ipi-
limumab (10 mg/kg) in enhancing one-year RFS (70.5 percent versus 60.8 percent; 
HR for disease recurrence or death, 0.65; 97.56 percent CI, 0.51–0.83; p < 0.001) 
of patients with stage IIIB, IIIC, or IV melanoma who underwent complete regional 
lymphadenectomy or resection (including those with resected brain metastases), with a 
remarkably better safety profile (rate of grade three or more AEs, 14.4 percent vs 45.9 
percent, treatment discontinuation in 9.7 percent vs 42.6 percent, two deaths in ipili-
mumab arm).780 Of note, the benefit of nivolumab was observed irrespective of BRAF 
mutation status.780

Following the effectiveness of anti-PD-1 antibodies, long-term follow-up of patients 
enrolled in EORTC 1325/KEYNOTE-057 trial781 (patients with completely resected 
stage IIIA melanoma with a high risk of recurrence, i.e., sentinel node diameter >1 mm, 
and stage IIIB or IIIC (without in-transit metastasis)) showed that after a median follow-
up of 3 years, pembrolizumab (200 mg) could still significantly elongate RFS among the 
overall population (64 percent for pembrolizumab versus 44 percent for placebo; HR, 
0.56; 95 percent CI, 0.47–0.68) and those with PD-L1 positive status (65 percent versus 
46 percent; HR, 0.57; 95 percent CI, 0.43–0.74).782

For the neoadjuvant setting, the data are generally limited to small phase I and II 
trials. In 2018, findings of a randomized, noncomparative phase II trial of neoadjuvant 
combination therapy with ipilimumab and nivolumab or nivolumab alone were pub-
lished.783 The combination therapy resulted in an ORR of 73 percent and a pCR of 
45 percent, but as expected, caused grade three or more AEs in 73 percent of patients. 
Also, nivolumab monotherapy led to ORRs and pCRs of 25 percent, with only 8 per-
cent grade three or more AEs.783 As expected, responders exhibited higher immune cell 
infiltrations after neoadjuvant therapy.783 A phase I study reported that single-dose pem-
brolizumab as neoadjuvant therapy for patients with resectable stage III/IV melanoma 

(c) ketabton.com: The Digital Library
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Table 4.17 List of novel FDA-approved immunotherapies for melanoma.

Agent Indication Trial

Ipilimumab For unresectable or metastatic 
melanoma in previously treated patients 
older than 12.

MDX010-20749

Ipilimumab As adjuvant therapy for cutaneous 
melanoma with pathologic involve-
ment of regional lymph nodes of more 
than 1 mm, after the complete resection 
(including total lymphadenectomy).

EORTC 18,071808

Pembrolizumab For unresectable or metastatic melanoma KEYNOTE-006798

KEYNOTE-002796

Pembrolizumab As adjuvant treatment for melanoma 
with involvement of lymph node(s) fol-
lowing complete resection.

KEYNOTE-054781

Nivolumab (alone or 
in combination with 
nivolumab)

For unresectable or metastatic melanoma CheckMate 037789

CheckMate 066788

CheckMate 067793

Nivolumab As adjuvant treatment for melanoma 
with involvement of lymph node(s) or 
metastasis following complete resection.

CheckMate 238780

Talimogenelaherparepvec For the local treatment of unresect-
able cutaneous, subcutaneous, and nodal 
lesions in patients with recurrent disease 
after the initial surgery.

OPTiM809

can induce a complete or major (defined as less than 10 percent viable tumor cells) 
pathological response in 29.6 percent of subjects.784 In concordance with the previous 
study, this trial also observed an increment in TILs after therapy.784

In line with advanced-stage/metastatic melanomas, several trials have been con-
ducted before 2018, and their advantages and disadvantages are discussed elsewhere in 
detail (Table 4.16). Here, the results of newer trials will be discussed.

The efficacy of nivolumab (either as a single agent or combined with ipilimumab) 
for patients with resected or radiation-treated stage IV melanoma with no evidence of 
disease (NED) was evaluated in a randomized phase II trial.800 After a median follow-
up of 28.4 months, both nivolumab monotherapy and combination therapy groups had 
significantly lower HR of recurrence, as compared with placebo (0.23; 97.5 percent 
CI, 0.12–0.45; p < 0.0001 for combination therapy; and 0.56; 0.33 – 0.94; p = 0.011 
for nivolumab monotherapy). In line with these findings, the two-year RFS was 70 
percent, 42 percent, and 14 percent for combination therapy, nivolumab, and placebo, 
respectively.800 However, combination therapy culminated in treatment-related grade 
three and more AEs in 71 percent of cases, upon which 53 percent discontinued the 
therapy (62 percent due to any grade AEs). Of note, the prevalence of grade three or 
higher AEs in the placebo group has been 26 percent, which is attributed, at least partly, 
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to the advanced-stage of the enrolled patients.800 Another highlight of this trial is the 
enhanced benefit of patients with BRAF mutations from the combination therapy, as 
also reported by other trials, but with unknown reasons.800

Recently, a randomized trial found that the addition of atezolizumab to vemurafenib 
and cobimetinib (BRAF and MEK inhibitors, respectively) as frontline therapy for stage 
IIIC/IV melanoma can significantly elongate PFS from 10.6 to 15.1 months (HR, 0.78; 
95 percent CI, 0.63–0.97; p = 0.025), regardless of PD-L1 expression status, and with 
comparable side effects.801 Although the RR did not differ between the two arms but 
based on the immature survival data, the two-year event-free survival rate has been esti-
mated as 60 percent for atezolizumab and 53 percent for control arms.801 Similarly, in 
a phase I study of trametinib, dabrafenib, and pembrolizumab for metastatic melanoma 
with BRAF600 mutations,802 11 of 15 patients exhibited a response, and 11 experienced 
grade three or more AEs (including three grade four). Another finding of this study 
was an observed increment in the number and function of CTLs and the expression of 
PD-L1 and several MHC class I and class II molecules.802

Regarding brain metastases, a fascinating trial803 aimed to test the performance of 
combined nivolumab and ipilimumab therapy in controlling the brain metastases of 
melanoma. Among 94 enrolled patients with no neurologic symptoms and at least one 
measurable nonirradiated metastasis to the brain, 24 achieved CR, 28 achieved PR, and 
2 showed stable disease.803 Another trial804 found that among patients with asymptom-
atic untreated melanoma brain metastases, 57 percent of those who received combined 
nivolumab and ipilimumab and 20 percent of those who received nivolumab showed 
an intracranial response (either CR, PR, or stable disease). In addition, estimated intra-
cranial six-months PFS was 53 percent and 20 percent for these groups, respectively.804 
Altogether, these data propose a novel approach in managing melanoma brain metasta-
ses, meaning that immunotherapies can precede surgery and stereotactic radiotherapies, 
which in turn can lead to less cognitive-related side effects and radionecrosis.803,804

Predictors of the response to ICI therapy are extensively studied in melanoma 
patients, and as expected, the conclusions are quite heterogeneous in some instances. 
Molecular analysis of patients with metastatic melanoma revealed that MHC class II 
expression, TAP2 (a component of MHC class I) and MHC-I amplification, higher 
tumor ploidy, and immune gene signature expression are associated with response 
to anti-PD-1 therapy, while tumor heterogeneity (proportion of sub-clonal muta-
tions) and loss of heterozygosity of JAK1 are linked to progressive disease after such 
therapies.805 Notably, this study found no significant association between the number 
of immune infiltrated cells and loss of heterozygosity of HLA-A, HLA-B, or HLA-C 
with the response to therapy.805 As other examples, analysis of enrolled patients in the 
CheckMate 064 trial showed that suppressed transcriptions of HLA-A, HLA-B, HLA-C, 
and B2M and subsequent under-expression of MHC class I are linked to the resistance 
to anti-CTLA-4 therapy.806 Besides, higher MHC class II expression has been shown 
to be a predictor of response to anti-PD-1 antibodies.806 Another retrospective analysis 

(c) ketabton.com: The Digital Library



Clinical immunology356

of patients with advanced melanoma who were treated with combined nivolumab and 
ipilimumab (CheckMate 067 trial) revealed that higher levels of baseline IL-8 (≥23 
pg/ml) are associated with shortened survival (HR, 3.06; 95 percent CI, 2.13–4.41).807 
Further, higher tumoral expression of IL-8 could increase the infiltration of tolerogenic 
monocytes and neutrophils inside the tumoral tissues.807

Oncolytic viruses
Talimogene laherparepvec (T-VEC) is a genetically modified HSV-1 based onco-
lytic immunotherapy that has shown clinical activity for both injected and uninjected 
melanoma lesions. This vaccine can eliminate lesions by replicating inside and lysing 
neoplastic cells and also by producing GM-CSF that can enhance the local and systemic 
immune responses against tumoral tissues.809

The effectiveness of T-VEC for melanoma has been proved by a phase III random-
ized trial of patients with unresected stages IIIB and IV melanoma.809 Compared with 
GM-CSF, T-VEC exhibited significantly higher rates of durable responses (defined as 
overall response lasting continuously for at least 6 months, 16.3 percent versus 2.1 percent; 
odds ratio (OR), 8.9; p < 0.001). Similar trend also observed for ORR (26.4 percent; 
95 percent CI, 21.4 percent−31.5 percent vs 5.7 percent; 95 percent CI, 1.9 percent−9.5 
percent).809 Further investigation of the patients enrolled in the T-VEC arm showed that 
injected administration of T-VEC could decrease the size by ≥50 percent in 64 percent of 
lesions, whereas systemic effects of T-VEC induced the same shrinkage in 34 percent of 
non-visceral lesions.810 In addition, 47 percent of injected and 22 percent of uninjected 
non-visceral lesions were completely resolved. Furthermore, 10.8 percent of patients 
in the T-VEC arm achieved a CR, and 15.6 percent achieved a PR.810 Common AEs 
reported after T-VEC therapy were fatigue (50 percent), chills (49 percent), pyrexia 
(43 percent), nausea (36 percent), influenza-like illness (30 percent), and injection-site 
pain (28 percent).809 Besides, 36 percent of T-VEC arm patients experienced grade three 
or more AEs, compared with 21 percent of those in the GM-CSF arm (p = 0.003).809 An 
intriguing observation in this trial was the pseudo-progression of lesions, as more than 
50 percent of patients who achieved a response initially showed a ≥ 25 percent increase in 
the size of their lesion or appearance of new lesions.809

Owing to the considerable efficacy of T-VEC, a phase II trial811 planned to compare 
the combination therapy with ipilimumab and T-VEC with ipilimumab monotherapy. 
Of 198 patients with unresectable stages IIIB to IV melanoma, 39 percent in the com-
bination arm and 18 percent in ipilimumab arm exhibited an OR (2.9; 95 percent CI, 
1.5–5.5; p = 0.002). The rate of grade three or more AEs was 45 percent and 35 per-
cent for combination and ipilimumab arms, respectively.811 Interestingly, 18.4 percent of 
responders in combination arm initially experienced a pseudo-progression pattern of 
lesions, emphasizing the continuation of therapy irrespective of early progression of the 
lesion (unless occurrence life-threatening events).809,812
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Interferon-α
In the era before the introduction of immunotherapies and targeted therapies, the only 
available systemic therapies for high-risk resectable melanomas were usually confined to 
IFN-α.747 A meta-analysis showed that compared with observation or vaccination (GMK 
and GM2-KLH/QS-21), IFN-α significantly increase the event-free survival (HR, 0.86; 
CI, 0.81–0.91; p < 0.00001) and OS (HR, 0.90; CI, 0.85–0.97; p = 0.003), with absolute 
differences of 3.5 percent and 3 percent at five-year, respectively.813 More importantly, this 
meta-analysis found that higher doses of IFN-α confer no added benefit.813 The clinical 
activity of IFN-α seems trivial and with considerable side effects.814 As a matter of fact, 
the results of an ongoing phase III trial (ECOG 1609) confirmed that ipilimumab (3 mg/
kg, but not 10 mg/kg) could modestly but significantly increase the OS of patients with 
resected stage IIIB, IIIC, M1a, and M1b melanoma over high-dose IFN-α−2β (HR, 0.78, 
95.6 percent repeated confidence interval (RCI), 0.61–1.00; p = 0.044).814 In conclusion, 
ICIs and targeted therapies have supplanted IFN-α, and it is not recommended anymore 
as first-choice adjuvant therapy for high-risk melanomas.815

Interleukins
Discussions about the fate of IFN-α can be imputed for IL-2. In the past, it was the 
first-choice option for systemic therapy of metastatic melanomas and even gained FDA 
approval in 1998. A meta-analysis of 34 studies about the application of IL-2 (alone 
or combined with different modalities) found that CR rate is 4 percent (range, 0 per-
cent−23 percent; 95 percent CI, 2.8 percent−5.3 percent), PR rate is 12.5 percent 
(95 percent CI, 10.1 percent−15 percent), and ORR is 19.7 percent (95 percent CI, 
15.9 percent−23.5 percent).816 In addition, low-dose IL-2 was found superior to both 
intermediate- and high-dose IL-2 in inducing CR.816 Despite these modest results, 
side-effects of systemic IL-2 injection are serious and, therefore, systemic IL-2 should 
be administered only in advanced medical centers with experienced staff.815

Another advantage of IL-2 is its intralesional injection for cutaneous and subcuta-
neous metastases seen in locoregional disease (in-transit melanoma).817 A meta-analysis 
about this therapeutic modality concluded that 50 percent of patients and 78 percent of 
lesions completely responded to intralesional IL-2, and it was associated with only three 
grade three AEs.817 Commonly reported grade one and two AEs were pain and swelling 
restricted to the injection site and flu-like symptoms.817

Other ILs are also studied for patients with melanoma. For instance, Pegilodecakin, 
a pegylated IL-10 receptor agonist, in combination with pembrolizumab administered 
for 31 patients with stage IV melanoma, of whom 20 were anti-PD-1 refractory.818 
Unfortunately, only 3 patients achieved an overall response, all belonging to the “not 
PD-1 refractory” group, a finding that hampered the advancement of trial for melanoma 
patients.818 As another example, an IL-15 analog has shown promising activities in a 
mouse melanoma model.819
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Other immunotherapies
One of the oldest immunotherapies for melanoma was the topical injection of BCG 
for metastatic lesions.820 Although the responses were considerable821 due to its serious 
regional AEs, today, its administration is not generally recommended.

Imiquimod is a TLR-7 agonist and an immune response modifier that acts via the 
induced production of various pro-inflammatory cytokines (e.g., IFN-α and IL-1).822 
This will result in enhanced activation of Langerhans cells and CTLs.822 Indications for 
the application of imiquimod for melanoma (Fig. 4.4) are usually confined to lesions 
with positive margins after resection and lesions of patients who are ineligible for sur-
gery or radiation therapy.815

Before the major advancements in the characterization of immune checkpoints, 
adoptive cell therapy with TILs was an area of interest for cutting-edge research. Using 
this approach, a phase II trial of patients with metastatic melanoma refractory to IL-2 
and chemotherapy reported a promising ORR of 50 percent.823 However, due to tech-
nical complexities823 and unprecedented results of ICIs, adoptive cell therapy lost much 
of its popularity, although is still under limited investigation. For example, results of a 
more recent trial of adoptive cell therapy and low dose IL-2 for treatment-refractory 
metastatic melanoma are consistent with an ORR of 42 percent and a median OS of 
21.8 months.824 Administration of such regiment for 12 metastatic melanoma patients 
with progression after therapy with ICI (except one patient) has been able to induce PR 
in 3 patients (one unconfirmed) and stabilize the disease in another 6 ones.825

Future perspective
Adaptive cell therapies are now under investigation as a part of combination thera-
pies (NCT03374839, NCT03475134, and NCT03158935). Regarding CAR T-cells, 
active trials are generally limited to melanomas that express disialoganglioside (GD)2 
(NCT03635632) or CD70 (NCT02830724).

RO7247669 (NCT04140500) and RO7121661 (NCT03708328) are bispecific anti-
bodies (anti-PD-1/LAG-3, and anti-PD-1/TIM-3, respectively), which are now being 
evaluated for patients with metastatic melanoma and other solid tumors. XmAb20717 
(anti-CTLA-4/PD-1), XmAb23104 (anti-PD-1/T cell co-stimulator inducible co-
stimulatory  (ICOS)), and XmAb22841 (anti-CTLA-4/LAG-3) are other bispecific 
antibodies that are being evaluated in phase I trials for a variety of solid tumors, includ-
ing melanoma (NCT03517488, NCT03752398, and NCT03849469).

Despite unprecedented results of ICI therapies in melanoma, only a subset of 
patients will gain a clinical benefit, and the duration of response are not universally high. 
Some of the mechanisms behind resistance to ICIs are characterized (discussed earlier). 
However, until now, no clinical benefit can be extracted from them. Hence, there is an 
urgent need in classifying best candidates for ICIs, adjusting the dosing and combina-
tion therapy strategies (e.g., integrating radiation therapy with immunotherapies, such 
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as NCT04042506 and NCT02318771),829 and developing novel and personalized830 
immunotherapies for those who do not benefit from ICIs.

Immunolopathology and immunology 
of soft tissue and bone cancers

Sarcomas are rare mesenchymal malignancies and generally are divided into soft tissue 
sarcomas (STS, including sarcomas of nerves, vessels, muscles, tendons, and synovial 
tissue) and bone sarcomas. Soft tissue sarcomas constitute about 80 percent of all sarco-
mas.266 Based on estimates, in 2019, approximately 0.9 percent of all newly diagnosed 
cancers in the United States were sarcomas.266 Albeit, sarcomas are among common 
pediatric cancers and even represent about 20 percent of pediatric solid tumors.831 
Besides, bone sarcomas and STSs are the third and fourth most common causes of can-
cer deaths in patients less than 20 years old.266

Histologically, more than 50 subtypes of sarcomas are identified. However, therapeu-
tic approaches are not as heterogeneous as subtypes.832 The underpinnings of sarcoma 
development are diverse and somehow exclusive to certain types. Surgical resection, 
chemotherapy, and for some subtypes, targeted therapy are the only available therapeutic 
options.832 The five-year survival rate of sarcomas generally falls between 60 percent to 
70 percent. Unfortunately, this rate is 16 percent for distant STS.833

Immunopathology
The proportion of PD-L1 positive STSs (defined as an expression on at least 1 percent 
of tumor cells) ranges from 0 percent in malignant peripheral nerve sheath tumor to 
50 percent in angiosarcoma.834 About 3 percent of Synovial sarcomas, 12 percent of 
leiomyosarcomas (LMS), and dedifferentiated liposarcoma, and 23 percent of undif-
ferentiated pleomorphic sarcomas (UPS) have had detectable PD-L1.834 Furthermore, 
PD-L1 expression is found to be associated with PD-1 positivity, a higher grade of the 
tumor, and a more dismal five-year survival.834 These descriptions corroborate the find-
ings of previous studies.835 Such correlations between PD-1/PD-L1 positivity and grim 
prognosis of STS are also suggested by other studies.836-838

In line with the suggestions of TCGA about the importance of immune cells in 
STS,839 an astonishing study840 analyzed the immune gene expression profiles of patients 
with sarcoma, and after validating the results with immunohistochemical evaluations, 
proposed a classification system according to the features of TME. Sarcoma immune class 
(SIC) A is characterized by a negligible immune gene signature (immune desert). SIC 
C is featured with high endothelial cell-related gene expression (vascularized type). SIC 
E has the highest expression of immune-related genes (e.g., those related to CTLs, NK 
cells, chemotaxis of T cells and myeloid cells, MHC class I and B cell lineage, and the 
tertiary lymphoid structure-related chemokine CXCL13). Eventually, SIC B and SIC 
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D are considered immune-low and immune-high subclasses.840 In line with immune 
checkpoints, PD-1, PD-L2, CTLA-4, and TIM-3 are highly expressed in SIC E and SIC 
D, while LAG-3 expression is generally limited to SIC E.840 An association between SIC 
and survival was also implicated. In multivariate analysis, SIC E appeared to be associated 
with more favorable survival. Albeit unexpectedly, no association between CTL density 
and survival was inferred. Instead, the B cell lineage signature was found to be significantly 
associated with prolonged OS (p = 0.0004).840 Other noteworthy findings of this study 
are homogeneously low TMB across different SICs and the significant association between 
SIC E and response to anti-PD-1 therapy (p = 0.026).840 The latter finding is also reported 
by another study841 of the same patients enrolled in a trial (SARC028, discussed later). Of 
note, PD-L1 positivity has been reported in all five subclasses, and it might be deducted 
that the prognostic role of PD-L1 should only be interpreted with the constellation of 
other immunologic components. To make the maze of PD-L1 more complex, a study has 
shown that higher levels of soluble PD-L1 (sPD-L1), but not tumoral PD-L1, are associ-
ated with shortened metastasis-free survival and OS of STS patients.842

The proportion of PD-L1 positive osteosarcomas varies widely among different 
studies and ranges between 5.9 percent to 75 percent.843 Regarding Ewing’s sarcoma, 
the prevalence of PD-L1 positive tumors is reported to be 19 percent, which is also 
unrelated to the prognosis of patients.844 Albeit, higher proportions (33 percent and 
39 percent) are also reported838,845 and is linked to a worse prognosis.838 Like other sarco-
mas, Ewing’s sarcoma is generally considered a “cold” tumor. They have low HLA class 
I expression,846 are depleted of CD8+ T cells,844 and instead have measurable clusters of 
CD68+ macrophages.847

Different subtypes of chondrosarcoma exhibit considerable discrepancies in express-
ing PD-L1. A study found that none of the conventional, mesenchymal, and clear-cell, 
but 41 percent (and 52 percent in the validation cohort) of dedifferentiated subtypes 
are positively stained for PD-L1.848 In this study, PD-L1 expression has been associated 
with a higher accumulation of TILs, but not with the OS.848 Further characterization of 
the immune cells of dedifferentiated chondrosarcomas has revealed that 85 percent of 
them are heavily infiltrated with CD14+ CD163+ immunosuppressive macrophages, 
and 45 percent harbor high populations of T cells (predominantly CTLs).

In summary, based on the results of a meta-analysis, PD-L1 expression in osteosar-
coma and chondrosarcoma is negatively associated with OS (HR, 1.987; 95 percent CI, 
1.22–3.22; p = 0.005) and event-free survival (HR, 3.868; 95 percent CI, 2.298–6.511; 
p = 0.000), but positively with accumulation of PD-1-positive T cells (OR, 4.012; 
95 percent CI, 2.391–6.733; p = 0.000).843

As previously discussed, the neutrophil-to-lymphocyte ratio is known as a prog-
nostic factor and a predictor of response to immunotherapies for some cancers. A large 
retrospective survey of patients with STS has provided information about the negative 
associations between higher neutrophil-to-lymphocyte ratio (>2.5) and OS, irrespective 
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of the stage or histologic type of tumors.849 Besides, neutrophil-to-lymphocyte ratio 
has been higher in tumors with a larger size, higher grade, and metastases.849 Still, the 
therapeutic advantage of these findings is yet to be determined. Likewise, higher values 
of neutrophil-to-lymphocyte ratio, c-reactive protein, platelet-lymphocyte ratio, and 
lower values of the lymphocyte-monocyte ratio are described as predictors of a worse 
prognosis for patients with osteosarcoma.850

Immunohistochemical analysis of 1242 sarcoma specimens has shown that the density 
of CD163+ macrophages (M2-like) is higher than that of CD68+ macrophages (M1-like) 
and TILs. Also, this study found that non-translocation associated sarcomas (especially 
undifferentiated pleomorphic sarcoma and dedifferentiated liposarcoma) have higher 
densities of macrophages compared with translocation-associated tumors (discussed later).

Following in the path of immunology, the influence of cytokines on different aspects 
of sarcomas behavior has also been explored. In osteosarcoma, significantly higher lev-
els of IL-8 are seen in patients with metastatic disease.851 This probably results from its 
secretion by circulating tumor cells, which in turn enhances cancer cell proliferation and 
invasiveness.851 A similar role in promoting capability to metastasize is also implicated for 
IL-6 in osteosarcoma852 and Ewing’s sarcoma,853 and IL-1 and TNF-α in osteosarcoma.854

The genetic landscape of STSs is855 quite intricate. However, by and large, can be 
classified into simple (20 percent, euploid with chromosomal translocations, including 
Ewing’s sarcoma and synovial sarcoma) and complex (80 percent, aneuploid or poly-
ploid, including UPS and LMS) karyotypes. Of note, the TMB of STSs is quite low 
(about 1 mutation per megabase)(839).

Immunotherapies
Immune checkpoint inhibitors (ICIs)
As expected, most of the scarce trials of novel immunotherapies for sarcomas are dedi-
cated to ICIs.

SARC028 phase II landmark trial832 aimed to evaluate the response of different 
types of unresectable/metastatic sarcomas to pembrolizumab. Unfortunately, after a 
median follow-up of 17.8 months, only 18 percent of all STS patients showed an 
overall response, including 40 percent of UPS, 20 percent of dedifferentiated lipo-
sarcoma, and 10 percent of synovial sarcoma patients. Among 40 patients with bone 
sarcoma, only two (one with osteosarcoma and another with chondrosarcoma) showed 
an overall response. None of the patients with Ewing’s sarcoma and LMS achieved a 
response. Therefore, patients with UPS and LPS enrolled in two expansion cohorts. 
Unfortunately, the ORR for UPS and LPS in the expansion cohort is reported as 
16.6 percent and 6.6 percent, respectively.856 The pre-determined cutoff for ORR to 
be meaningful has been 25 percent, and rates less than 10 percent have been considered 
ineffective. Hence, despite encouraging outcomes of the original trial, pembrolizumab 
is not effective for at least LPS.856 In concordance with these observations, no response 
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was observed after the administration of nivolumab for patients with advanced uterine 
LMS,857 and also ipilimumab in patients with synovial sarcoma.858

Another trial of nivolumab has culminated in PRs only in 3 of 24 sarcoma patients 
(one dedifferentiated chondrosarcoma, one epithelioid sarcoma, and one maxillary 
osteosarcoma).859 Likewise, despite the modest clinical activity, camrelizumab plus 
apatinib combination therapy for advanced osteosarcoma has not met its pre-specified 
cutoff for six-month PFS to be considered effective.860

Transforming the preclinical data to clinical benefits, a phase II trial of combined 
pembrolizumab and cyclophosphamide for STS has proposed that the extremely low 
activity of ICIs (only one PR among 50 patients and a six-month non-progression rate 
of 0 percent for LMS and UPS) is attributed to the high accumulation of CD163+ 
IDO1 producing macrophages, low expression of PD-L1, and low densities of CD8+ T 
cells.859 As confirmation, the only patients with PR have had an IC PD-L1 >10 percent 
and high accumulation of CD8+ T cells.859

The futility of nivolumab monotherapy is also documented by another trial. Alliance 
A091401,861 a phase II non-comparative trial, administered single nivolumab or com-
bined with ipilimumab for patients with advanced, unresectable, or metastatic sarcoma. 
Despite nivolumab monotherapy, the combination therapy met its primary endpoint in 
inducing acceptable ORR (5 percent versus 16 percent, including one uterine LMS, 
one non-uterine LMS, one myxofibrosarcoma, two UPS or malignant fibrous histiocy-
toma, and one angiosarcoma). However, this activity is offset by serious yet manageable 
toxicities.861 Although the benefits seem modest, the authors have claimed the ORR 
and median OS (14.3 months; 95 percent CI, 9.6-not reached) of treated patients with 
combination therapy is comparable to those who are being treated with standard che-
motherapies.861

Alveolar soft part sarcoma (ASPS) is a rare sarcoma characterized by uninhib-
ited transcription of hypoxia-inducible factor (HIF)−1α that results in overexpression of 
VEGF.862 The immunosuppressive essence of VEGF has been discussed earlier (part 13). 
Therefore, the combination of VEGFR inhibitors and ICIs seems rationale. A phase 
II study862 was designed to test the performance of such combination therapy (plus 
pembrolizumab) on the PFS of STS patients. After a median follow-up of 14.7 months, 
three-month, six-month, and 12-month, PFS was revealed to be 65.5 percent, 46.9 
percent, and 27.5 percent, respectively. Strikingly, 54.5 percent of ASPS patients, but 
9.5 percent of all other patients achieved a PR. Albeit, the difference in PFS of the two 
groups was not as such.862 The added benefits of this combination therapy were achieved 
regardless of PD-L1 expression status or TIL. However, neutrophil-to-lymphocyte 
ratio >5 was found to be associated with progressive disease.862 For non-ASPS patients, 
the added benefit of pembrolizumab over axitinib monotherapy has been negligible. 
However, at a six-month cutoff, the added benefit has become considerable. For ASPS 
patients, compared with axitinib monotherapy, the combination therapy has resulted in 
substantially higher rates of overall response, but PFS has been comparable.862
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Cancer vaccines
In a phase II trial,863 7 of 20 patients with locally advanced/metastatic sarcoma exhibited 
a PR after receiving pembrolizumab and T-VEC (part 14) combination therapy (two 
angiosarcomas of head and neck, two UPS, one myxofibrosarcoma, one epithelioid 
sarcoma, and one unclassified sarcoma). The 24-week PFS rate was 39.4 percent. Thus, 
the trial met its primary endpoint.863 Histologic analysis of tumor samples showed that 
responding patients had more clusters of CD8+ T cells in the infiltrating border of their 
tumors.863

Treatment of pediatric patients with metastatic or recurrent sarcoma with a tumor-
lysate primed DC vaccine (and with autologous lymphocytes, with or without IL-17) 
resulted in a five-year OS of 63 percent for patients with Ewing’s sarcoma and rhab-
domyosarcoma.864 Vigil is a personalized vaccine that contains DNA-transfected tumor 
cells by GMCSF/bi-shRNAfurin (which induces expression of GM-CSF and prevents 
the production of functional TGF-β

1
 and TGF-β

2
).865 A three-year follow-up of patients 

with advanced-stage Ewing’s sarcoma showed that those who received Vigil had an 
increase in OS by 17.2 months.865 In addition, the one-year OS of patients who received 
and those who did not receive Vigil was 73 percent and 23 percent, respectively.865 Given 
these promising outcomes, Vigil is now being tested in a phase IIb trial for patients with 
Ewing’s sarcoma (NCT02511132). The outreaching outcomes of these two trials and 
virtually no response to ICIs will shape the future direction of immunotherapies against 
Ewing’s sarcoma. As a matter of proof, another study has examined neoadjuvant injec-
tion of DCs in combination with radiotherapy for large high-grade resectable STS and 
has reached a one-year PFS of 70.6 percent.866

Sarcoma cells can express different types of TAAs on their surface. Several cancer 
vaccines and adoptive immunotherapies have been developed based on these antigens. 
Administration of an SYT-SSX-derived peptide vaccine with and without IFN-α led 
to radiologically stable disease in 6 of 12 and 1 of 9 patients with synovial sarcoma, 
respectively.867

Adoptive cell therapy
For patients with refractory metastatic synovial sarcoma, administration of autologous 
T cells transduced with TCR against NY-ESO-1 demonstrated an extraordinary activ-
ity, as 4 of 6 treated patients achieved a response.868 The outcome of the expansion 
cohort of this trial corroborates the mentioned outcome, which was 11 of 18 enrolled 
patients with synovial sarcoma demonstrated objective clinical response.869

Other immunotherapies
In addition to these novel modalities, older methods of immunotherapies have also 
been tested for sarcomas. For instance, mifamurtide (liposomal muramyl tripeptide 
phosphatidylethanolamine or MTP-PE) is an immunomodulator that is supposed to 
act by activating the nucleotide-binding oligomerization domain (NOD)2 receptor that 

(c) ketabton.com: The Digital Library



Clinical immunology364

eventually leads to NF-κB activation and promotion of the innate immune system.870 
The clinical activity of mifamurtide was examined in a large phase III trial of patients 
with newly diagnosed resectable osteosarcoma.871 The addition of mifamurtide to the 
conventional chemotherapeutic regimens increased the six-year event-free survival by 
8 percent (p = 0.03) and also demonstrated a minor but significant benefit in enhanc-
ing OS (HR, 0.71; 95 percent CI, 0.52–0.96).872 However, the trial was not originally 
designed to compare combination therapy and chemotherapy. Thereby, mifamurtide is 
not approved by the FDA for administration in osteosarcoma.

Future perspective
The immune and genomic landscape of sarcomas and CNS tumors share several com-
mon features, including both having low TMB, being “immune desert”, and having 
diverse mutations that are potential candidates for targeted therapies.873 ICIs have not 
exerted clinical activity in sarcomas and ideally will be candidates just for a minority 
of tumors with high immune cell infiltrates. Also, vaccine and adoptive immuno-
therapies have demonstrated unprecedented results in some instances and are potential 
immunotherapies of the future for sarcomas. Indeed, most active trials of sarcomas 
belong to these modalities (NCT02992743, NCT01169584, NCT02239861, and 
NCT04052334).

Immunolopathology and immunotherapy of cancers of  
men reproductive system

It was expected that in 2019, more than 174 000 prostate cancer patients might be 
diagnosed in the United States, making it the most common malignancy of men.266 
Fortunately, the wide availability of PSA-based screening programs have prevented 
delays in the diagnosis, and now, only 10 percent of cancer-related death among men are 
attributed to prostate cancer.266 More than 90 percent of prostate cancers are detected in 
localized or regional forms, and their five-year survival rates are more than 99 percent. 
Adversely, just 30 percent of patients with a distant form of the disease will be alive after 
five years.266 The principles of therapy for localized high-risk prostate cancer are radical 
prostatectomy, radiation therapy (using external-beam radiotherapy and brachytherapy), 
and adjuvant androgen deprivation. Active surveillance can be appropriate for certain 
patients with the localized low-risk disease.874 Castration (via surgical or medical inter-
ventions) is the initial step for the management of the advanced disease.874 Unfortunately, 
recurrence after treatment of both localized and metastatic disease is common, which 
eventually leads to metastatic castration-resistant prostate cancer (mCRPC). There are 
several therapeutic options for such subjects, but there are ongoing debates about the 
best choices for them.874 Conventional immunotherapies for prostate cancer constitute 
different types of vaccines.874 ICIs have come to the interest in recent years. Hence until 
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now, there are not many robust trials of those, and their role in treating prostate cancer 
is still evolving (discussed later).

The vast majority of testicular cancers are germ cell tumors that are further catego-
rized as seminomas and nonseminomas.875 Testicular cancers are rare, as less than 10,000 
new cases were estimated to be diagnosed in 2019.266 Fortunately, more than 95 percent 
of all stages and 80 percent of metastatic testicular cancers are curable, an achievement 
that has not been accomplished for any other cancer yet.875 The therapeutic options for 
refractory cases are limited and ineffective, prompting the need for more novel effective 
therapies.

Immunopathology
Like what was mentioned in the previous parts, there are profound debates about the 
percentage of PD-L1 positive prostate cancers. However, a large survey on 508 pros-
tate acinar adenocarcinomas and 57 mCRPC has detected PD-L1 in 7.7 percent and 
31.6 percent of samples, respectively.876 Another immune regulator TIM-3 is reported 
to be expressed by 25.2 percent of metastatic prostate cancers and surprisingly can be 
used as a predictor of hormone sensitivity of disease and a better OS of patients with 
mCRPC.877

Prostate cancers have long been considered immunologically “cold” tumors. This 
fact can create challenges in the way of developing effective immunotherapeutic strat-
egies against the disease. Hence, a better understanding of its microenvironment and 
classifying it with regard to the immunological aspects is guarded. A recent study has 
introduced a classification for prostate adenocarcinoma with eight clusters according 
to the different mechanisms of tumoral immune evasion.878 Of note, 89 percent of 
included samples showed an immunological ignorance phenotype, corroborating older 
reports. Some of these clusters are characterized by more than one immune ignorance 
and immune tolerance mechanisms.878 Thereby, at least theoretically, single-agent immu-
notherapies will not demonstrate considerable activities in such tumors.878 Another 
sound strategy is to turn these immune desert tumors into “hot” ones. As an example, 
high dose-rate brachytherapy has been shown to do such in localized prostate cancer.879

Like other neoplasms, different roles of cytokines and ILs in contributing to or prohib-
iting tumorigenesis of prostate cancers have been described. Examples are IL-17 and IL-7 
that can enhance invasiveness by increasing the expression of MMP7880 and other EMT 
markers,881 respectively. Several different models have been proposed for the genetic aber-
rations in prostate cancer. In brief, about 19 percent of primary prostate carcinomas882 and 
23 percent of mCRPCs883 exhibit mutations in DNA repair genes (e.g., BRCA2, CDK12, 
and ATM). The discrepancy between primary prostate carcinoma and mCRPC also comes 
to mean mutational burden, whereas it is only 0.94 per megabase for the first one882 but is 
as high as 2,884 2.7,885 or 4.4 per megabase883 for mCRPC. Of note, almost all tumors with 
MSI have higher TMB (defined as more than 10 mutations per megabase).883,885
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Immunotherapies for prostate cancer
Immune checkpoint inhibitors (ICIs)
A randomized phase III trial (CA184-043) enrolled patients with mCRPC with at 
least one bone metastasis that had progressed after docetaxel to explore the efficacy of 
ipilimumab plus radiation therapy versus radiation therapy alone in improving OS.886 
Despite some activity, the resulted p-value was greater than the prespecified cutoff 
(HR, 0.85, 95 percent CI, 0.72–1.00; p = 0.053). Also, the benefit of ipilimumab came 
at the cost of four treatment-related deaths.886 Following the lead of the previous trial, 
another large randomized phase III trial of ipilimumab for asymptomatic/minimally 
symptomatic patients with chemotherapy-naïve mCRPC without any visceral metas-
tases could not meet its primary endpoint in lengthening OS.887 Indeed, median OS 
was one month longer in the placebo arm (probably attributed to therapies after study 
discontinuation). Besides, nine treatment-related deaths occurred in the ipilimumab 
arm. However, ipilimumab could significantly improve PFS (HR, 0.67; 95.87 percent 
CI, 0.55–0.81) and PSA response (23 percent versus 8 percent).887 Of note, one of the 
hypotheses of the CA184-043 trial, the superior activity of ipilimumab among patients 
without visceral metastases,886 was rejected by the disappointing results of this trial. 
Overexpression of V-domain Ig suppressor of T cell activation (VISTA, an inhibitory 
immune checkpoint) and PD-L1 on T cells and CD68+ macrophages was docu-
mented after treatment with ipilimumab and was considered as a putative mechanism 
of resistance to this agent.888

Regarding pembrolizumab, three cohorts of patients with mCRPC (PD-L1 posi-
tive (CPS ≥1), PD-L1 negative, and bone predominant disease) enrolled in phase II 
KEYNOTE-199 trial889 to receive the agent as at least third-line therapy (after docetaxel 
and targeted endocrine therapies). Median OS and disease control rates (DCRs) for these 
cohorts were 9.5 months and 10 percent, 7.9 months and 9 percent, and 14.1 months 
and 22 percent, respectively.889 Although seems trivial, the median duration of responses 
has been acceptable (not reached; range, 1.9 to ≥21.8 months; and 10.6 months; range, 
4.4 to 16.8 months; respectively), making further exploration of pembrolizumab for 
such patients reasonable. Of note, this study has not reported any apparent association 
between DNA damage repair gene mutation or PD-L1 expression status and response 
to therapy.889 Pembrolizumab is collectively approved by the FDA for dMMR/MSI-H 
solid tumors.890 Only a small fraction (3.1 percent) of prostate cancers is dMMR/MSI-
H.891 However, it might proffer predicting roles. For example, among 11 patients with 
dMMR/MSI-H mCRPC, 6 (54.5 percent) had a PSA reduction of ≥50 percent after 
treatment with anti–PD-1/PD-L1 agents.891 Similarly, a retrospective study on dMMR 
and/or MSI-H metastatic PC showed that 53 percent of patients had a PSA reduction 
of ≥50 percent in response to pembrolizumab.892 These promising outcomes heralded 
the importance of MSI in determining response to pembrolizumab. Pembrolizumab 
is being evaluated along with other therapies (olaparib, abiraterone, enzalutamide, 
and prednisone) for patients with mCRPC in phase Ib/II KEYNOTE-365 trial 
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(NCT02861573). The interim analysis of cohort A (pembrolizumab plus olaparib for 
docetaxel pretreated subjects) has shown modest efficacy (PSA decline ≥50 percent in 
9 percent).893

Nivolumab has been explored in combination with ipilimumab in patients with 
asymptomatic/minimally symptomatic mCRPC who have received second-generation 
hormone therapy alone (cohort 1) or with taxane-based chemotherapies (cohort 2).894 
After a minimum follow-up of six months, ORRs have been 26 percent for cohort 
1 and 10 percent for cohort 2. Intriguingly, the RR has been higher in patients 
with DNA-repair defects, PD-L1 expression ≥1 percent, and above-median TMB.894 
Likewise, significant differences have been observed in PSA responses, ORR, PSA-PFS, 
and PFS after nivolumab plus ipilimumab administration between those with DNA-
repair deficiencies (BRCA2, ATM, and ERCC4 mutations) and those without.895

Based on the observations of increased PD-L1 expression on APCs after the devel-
opment of resistance to enzalutamide (an androgen receptor inhibitor),896 a trial was 
designed to investigate the effects of combined pembrolizumab and enzalutamide on 
decreasing PSA of mCRPC.897 Among 28 participants, 5 (18 percent) experienced a 
reduction in PSA ≥50 percent that appeared to be independent of PD-L1 expression 
status or DNA-repair defects.897

Vaccines
Poxvirus-based PSA-targeting vaccines are more conventional immunotherapies for 
prostate cancer. One of them (PROSTVAC-VF, encoding PSA, B7-1, ICAM-1, and 
LFA-3, and in combination with GM-CSF) was investigated in a phase II trial for 
patients with mCRPC, and although could not meet its primary endpoint (PFS), it 
showed significantly prolonged OS of treated patients (median of 25.1 months versus 
16.6 months for placebo arm) and reduced rate of death by 44 percent.898 Unfortunately, 
the phase III trial of PROSTVAC-VF did not reach its effectiveness criteria and, 
therefore, stopped prematurely.899 Another therapeutic approach included GVAX in 
combination with ipilimumab, and despite demonstrating modest outcomes in a phase 
I trial,900 further evaluations were halted by the manufacturer (NCT01510288).

A novel vaccine is now being explored in patients with early-stage prostate cancer. 
VANCE is a virus-based vaccine targeting oncofetal self-antigen 5T4 and has been 
able to induce immune responses.901 It is now being investigated in combination with 
nivolumab for mCRPC in the ADVANCE trial.

The most known vaccine therapy for mCRPC is sipuleucel-T.902 It is an active 
autologous mononuclear cell-derived immunotherapy. Derived cells are activated ex 
vivo by a recombinant fusion protein named PA2024 (contained a prostate antigen, 
prostatic acid phosphatase, and GM-CSF).902 Being tested by a phase III trial, sipuleu-
cel overperformed placebo in reducing the risk of death by 22 percent (HR, 0.78; 95 
percent CI; 0.61–0.98; p = 0.03) and increasing median OS by 4.1 months902 among 
patients with asymptomatic mCRPC. The vaccine was well-tolerated, and its major side 
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effect was flu-like symptoms.902 However, there were several drawbacks. The vaccine 
could not  increase time to objective disease progression (although this might be due 
to pseudo-progression), the manufacturing process was personalized and costly,902 and 
there were some interfering differences in harvesting cells of two arms.903 Nevertheless, 
sipuleucel-T is still approved by the FDA for the treatment of patients with asymptom-
atic or minimally symptomatic mCRPC.904

Immunotherapies for testicular cancer
Studies with published results of immunotherapies for testicular cancers are limited to case 
series905,906 and two phase II trials. The first one administered pembrolizumab for 12 refrac-
tory nonseminomas (including one in mediastinum), and only two achieved radiologically 
stable disease, which made the trial close prematurely.907 In the second trial, durvalumab 
monotherapy led to catastrophic hyperprogressive disease, but the combination with 
tremelimumab resulted in one PR, one stable disease, and also four hyperprogressive.908

Future perspective
Putting cancer vaccines aside, cancer immunotherapies had not been studied for prostate 
and testicular cancers until very recent years. Just like some of the other previously reviewed 
neoplasms (CNS tumors and sarcomas), these cancers harbor a cold immunophenotype. 
Hence, future strategies should focus on evading this phenotype or targeting more than one 
immunosuppressive pathway (Table 4.18) and controlling its subsequent side effects. As an 
example, a double checkpoint blockade has demonstrated promising clinical activities, but 
the high rate of grade three or more AEs makes its widespread usage troublesome.

Immunolopathology and immunotherapy of cancers of  
women reproductive system

Ovarian and uterine cervical cancers constitute a large proportion of gynecological 
malignancies.266 Worldwide, uterine cervical cancer is the fourth commonly diagnosed 
and fourth lethal cancer among women.424 However, their incidence varies widely 
around the world, as cervical cancer is the most common cancer in 28 countries and 
the leading cause of cancer-related deaths in 42 countries.424 In contrast, it was predicted 
that in 2019, 22,000 new cases of ovarian cancer and 13,000 new cases of cervical 
cancer might be detected among the United States population.266 In the United States, 
ovarian cancer ranks fourth for cancer-related mortalities among females, while cervical 
cancer is not even among the 10 most common cancers for both incidence and mortal-
ity, owing to the widespread screening programs and vaccination against HPV.266 When 
diagnosed, more than 80 percent of uterine cervical cancers are localized or regional. 
Conversely, about 60 percent of ovarian cancers have metastasized at the time of detec-
tion.266 Thereby, five-year survival rates for all stages of cervical and ovarian cancers are 
66 percent and 47 percent, respectively.266
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Table 4.18 Selected ongoing trials of novel immunotherapies for male cancers.

Agent Trial identifier Phase Indication Notes

Prostate cancer

DCVAC (autolo-
gous immunother-
apy) with chemo-
therapy

NCT02111577 III Chemotherapy 
eligible mCRPC

Nivolumab and 
ipilimumab

NCT03570619 II CDK12 mutated 
mCRPC

MVA-BN-
Brachyury plus 
PROSTVAC-V 
plus atezolizumab

NCT04020094 II Unfavorable 
intermediate, 
high-risk, or very 
high-risk localized 
prostate adenocarci-
noma

In the neoadjuvant 
(pre-operative) 
setting

Pembrolizumab NCT04009967 II Non-metastatic 
localized Gleason 
≥8 prostate cancer 
with positive tumor 
by 18FDG-PET 
Scanning (PICT-01)

In the neoadjuvant 
(pre-operative) 
setting

Pembrolizumab 
pTVG-HP plus 
pTVG-AR plus 
rhGM-CSF plus

NCT04090528 II mCRPC pTVG-HP con-
tains plasmid DNA 
encoding human 
prostatic acid phos-
phatase
pTVG-AR con-
tains plasmid DNA 
encoding the human 
androgen recep-
tor ligand-binding 
domain

Sipuleucel-T plus 
ipilimumab

NCT01804465 II mCRPC Immediate versus 
delayed administra-
tion of ipilimumab 
after the final dose 
of sipuleucel-R

Sipuleucel-T plus 
CYT107

NCT01881867 II Asymptomatic or 
minimally symptom-
atic mCRPC

CYT107 is a glyco-
sylated recombinant 
human IL-7.

Durvalumab plus 
Tremelimumab

NCT03204812 II Asymptomatic or 
minimally symptom-
atic chemotherapy-
naïve mCRPC

(Continued)
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Agent Trial identifier Phase Indication Notes

Nivolumab plus 
degarelix plus 
BMS-986,253 
(HuMax IL8)

NCT03689699 Ib/II Hormone-sensitive 
prostate cancer with 
rising PSA

BMS-986,253 is 
a fully human-
sequence IgG1κ 
mAb directed 
against human IL-8

Utolimumab, 
PF-04,518,600, 
avelumab, and radi-
ation therapy

NCT03217747 I/II mCRPC and 
other advanced 
malignancies

Utolimumab is a 
fully human IgG2 
agonist mAb that 
binds to human 
4–1BB/CD137
PF-04,518,600 
is a fully human, 
mAb that targets 
the OX40 protein 
(CD134)
Various combina-
tion regimens are 
designed in the trial

Adenoviral PSA, 
MUC1, and 
brachyury vaccine

NCT03481816 I mCRPC

Testicular cancer

Nivolumab plus 
ipilimumab

NCT02834013 II Testicular cancer and 
other rare tumors

Durvalumab plus 
tremelimumab

NCT03158064 II R/R germ cell 
tumors

mCRPC, metastatic castration-resistant prostate cancer; IL, interleukin; PSA, prostate-specific antigen; mAb, monoclonal 
antibody, Ig, immunoglobulin; R/R, relapsed/refractory.

Immunopathology
There is wide variability of the percentage of PD-L1 expressing ovarian tumors and 
their prognostic values. Analysis of high-grade serous carcinomas revealed that about 
54 percent of the samples are positive for PD-L1 staining, and its expression is an indi-
cator of better prognosis.909 However, the results of a recent meta-analysis showed that 
except for a negative correlation between PD-L1 mRNA expression and PFS, there is 
no association between PD-L1 protein expression and clinical variables (OS, PFS, grade, 
stage, histologic type, and lymph node involvement).910

The positive prognostic role of CD3+ tumor-infiltrating T cells has long been 
shown for ovarian cancer.911 Also, it has been reported that only 54.8 percent of the 
samples are positive for such cells.911 Further characterization of immune cell infiltrates 

Table 4.18 Cont’d

(c) ketabton.com: The Digital Library



Tumor immunology 371

shows that a higher CD8+ T cell density and higher CD8+ T cell to Treg ratio are 
associated with elongated survival.912 On the other hand, IL-4, IL-6, IL-10, and TGF-β 
are implicated as conducive cytokines in the tumorigenesis of ovarian cancers.913

Unlike ovarian cancer, high PD-L1 expression in cervical cancer is a marker of 
adverse OS.914 Of note, the mean TMB for cervical and ovarian cancer is less than the 
average number.361,915

Immunotherapies for ovarian cancer
Immune checkpoint inhibitors (ICIs)
One of the earliest trials of ICIs was designed to evaluate the effectiveness of an anti-
PD-L1 antibody (MDX1105-01) for several advanced cancers, including ovarian can-
cer.916 Unfortunately, among 17 cases of ovarian cancer, only 1 achieved a PR.916

The response of recurrent ovarian carcinoma to pembrolizumab monotherapy 
has been correlated to PD-L1 positivity, as 4.1 percent of cases with CPS <1 and 
10 percent of those with CPS ≥10 have achieved a response.917 However, in this trial, 
the performance of pembrolizumab has not been promising, with only 7.4 percent of 
patients in cohort A (one to three prior therapies) and 9.9 percent of patients in cohort 
B (four to six prior therapies) showing a response.917 Of note, PFS (2.1 months) and 
DCR (37.2 percent and 37.4 percent) was similar between the two cohorts.917 In addi-
tion, pembrolizumab has demonstrated remarkable activity in patients with dMMR/
MSI-H ovarian cancer. In the CheckMate 158 trial, two CRs and three PRs recorded 
for such patients after receiving pembrolizumab, which comes to a promising ORR 
of 33.3 percent.918

Following in the path of ICI monotherapy, avelumab has shown modest activity 
among patients with recurrent/refractory ovarian cancer (ORR of 9.6 percent, an 
overall DCR of 52 percent, a one-year PFS rate of 10.2 percent, and median OS of 
11.2 months).919 The response to therapy has been independent of PD-L1 expression 
status or BRCA mutations, but a positive correlation was found for the lower number 
of prior treatments.919

Regarding combination therapies, administration of durvalumab plus olaparib (a 
poly adenosine diphosphate-ribose polymerase (PARP) inhibitor) for germline BRCA 
mutated platinum-sensitive relapsed ovarian cancer has resulted in very encouraging 
outcomes. Among 32 enrolled patients, 26 achieved disease control at 12 weeks, includ-
ing 6 with a CR (all with one or two prior chemotherapies) and 14 with a PR.920 
Likewise, combination therapy with pembrolizumab and niraparib (another PARP 
inhibitor) for recurrent ovarian carcinoma have resulted in promising durable ORR and 
DCR of 18 percent and 65 percent, regardless of PD-L1 positivity, platinum sensitivity, 
and BRCA mutations.921 Another trial of combined nivolumab and bevacizumab for 
subjects with relapsed epithelial ovarian cancer culminated in an ORR of 28.9 percent 
with an acceptable safety profile (23.7 percent grade three or higher treatment-related 
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AEs).922 Notably, the RR was 40 percent for platinum-sensitive and 16.7 percent for 
platinum-resistant patients. Also, PD-L1 expression status has not been an indicator of 
response to therapy.922

More recently, the superiority of dual checkpoint blockade over monotherapy has 
been confirmed by a phase II study, in which nivolumab and ipilimumab combination 
therapy for recurrent/persistent ovarian cancer led to significantly higher ORR and PFS 
compared with nivolumab monotherapy (RR of 12.2 percent versus 31.4 percent; over-
all response, 3.28; 85 percent CI, 1.54-infinity; p = 0.034; and median PFS of 2 versus 
3.9 months; HR, 0.53; 95 percent CI, 0.34–0.82).923 Similar to some other trials, there 
was not a possible correlation between PD-L1 positivity and response to therapy.923

Other immunotherapies
Regarding cancer vaccines, combination therapy with durvalumab and TPIV200 (a can-
cer vaccine against folate receptor-α) against advanced platinum-resistant ovarian cancer 
was not successful, as only 1 unconfirmed PR and 9 stable disease have been recorded 
among 27 participated patients.924

The application of CAR T-cells against ovarian cancers has been an area of inter-
est during recent years. A phase I study of mesothelin-directed CAR T-cells reported 
that there was evidence of infiltrated CAR T-cells in three of four available samples.925 
Besides, all 6 patients were in stable disease one month after receiving the therapy.925 
Other types of CAR T-cells have shown promising activities in preclinical models of 
ovarian cancer.913,926

Immunotherapies for cervical cancer
Immune checkpoint inhibitors (ICIs)
There are few trials with published results about the outcome of therapy with ICIs in 
patients with cervical cancers. A phase I/II trial of pretreated patients with metastatic HPV-
related cervical carcinoma showed that ipilimumab has little efficacy for such patients.927 
Among 42 subjects, only 1 achieved a PR, and 10 showed stable disease, with a median PFS 
and OS of 2.5 months and 8.5 months, respectively.927 Administration of pembrolizumab 
for a similar cohort of patients resulted in an overall response in 12 subjects (including three 
CRs)(928). Although ORR and median OS were like those of conventional regimens, the 
duration of responses was higher for pembrolizumab (median duration of response was not 
reached; range, ≥3.7 to ≥18.6 months). Of note, all responses were seen in patients with CPS 
≥. However, the small size of PD-L1 negative patients (16 cases) prevents reaching definite 
conclusions.928 Based on the results of this trial (KEYNOTE-158), the FDA approved 
pembrolizumab for patients with R/M cervical cancer with disease progression on or after 
chemotherapy and a CPS ≥1.929

Regarding nivolumab, its effectiveness has been very promising in the CheckMate 
358 trial.930 In this phase I/II trial, 19 pretreated patients with recurrent/metastatic SCC 
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of cervix enrolled. After a median follow-up of 19.2 months, 5 cases (26.2 percent) 
achieved an overall response, which was persistent in 3 of them at the time of data 
cutoff. The DCR was 68.4 percent, and median OS and PFS were 21.9 months and 
5.1 months, respectively.930

Cancer vaccines
Several Listeria monocytogenes-based vaccines have been investigated for cervical cancers. 
One of them is Lm-LLO-E7, a live-attenuated vaccine that secretes a fusion protein 
composed of HPV-16 E7 antigen and a non-hemolytic fragment of listeriolysin O.931 
Being evaluated by a phase I trial of 15 advanced cervical cancers, Lm-LLO-E7 was able 
to induce PR in 1 case and stable disease in another 7 cases.931

Following these results, axalimogene filolisbac (ADXS11-001, a cancer vaccine simi-
lar to Lm-LLO-E7) was explored in combination with cisplatin for recurrent/refractory 
cervical cancer in phase II randomized trial.932 Compared with cisplatin monotherapy, 
the combination therapy showed similar median OS, median PFS, and ORR. However, 
the one-year survival rate was 8 percent higher for the combination arm (38.9 percent 
versus 30.9 percent).932

Adaptive cell therapies
Administration of cultured TILs against HPV-16 or HPV-18 E6 and E7 for patients 
with metastatic cervical cancer culminated in an ORR of 28 percent (5 of 18 subjects, 
including two CRs with durations of 53 and 67 months).933 This outcome is quite 
prominent. However, in addition to technical difficulties (discussed in previous parts), 
no definite biomarker of response was detected in this study.933

Future perspective
The results of novel immunotherapies for gynecological cancers are still immature. 
Nevertheless, considering modest activities of single-agent immunotherapies and the 
extreme immune desert phenotype of ovarian cancers, the only putative triumphant 
strategies are combination therapies. For cervical cancer, the administration of single-
agent ICI has been promising and is now being explored by some phase III trials (Table 
4.19). This finding is reminiscent of the tumor control described in patients with unre-
sectable stage IV melanoma treated with nivolumab plus ipilimumab, who discontinued 
because of treatment-related AEs.

Immunotherapy in combination with other therapeutic approaches

Considering tumor sub-clones and TME heterogeneity in addition to host systemic 
reaction as the major determinants of final therapeutic response, apparently, none of the 
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Table 4.19 Selected ongoing trials of novel immunotherapies for ovarian and cervical cancers.

Agents Trial identifier Phase Indication Notes

Ovarian cancer
Atezolizumab, 
bevacizumab, 
and acetylsali-
cylic acid

Atezolizumab 
versus placebo, 
plus bevaci-
zumab plus 
platinum-based 
chemotherapy

Nivolumab 
and/or ruca-
parib

NCT02659384 II Recurrent, histologically prov-
en, platinum-resistant, epithelial 
ovarian, fallopian tube, and 
primary peritoneal cancer in 
advanced or metastatic stage

NCT02891824 III Progressive non-mucinous epi-
thelial ovarian cancer, primary 
peritoneal adenocarcinoma, 
and/or fallopian tube adeno-
carcinoma

NCT03522246 III Newly diagnosed advanced 
(stage III or IV) epithelial ovar-
ian, fallopian tube, or primary 
peritoneal cancer, with com-
plete cytoreductive surgery, 
including at least a bilateral sal-
pingo-oophorectomy and par-
tial omentectomy, either prior 
to chemotherapy (primary sur-
gery) or following neoadjuvant 
chemotherapy (interval debulk-
ing) and completed first-line 
platinum-based chemotherapy 
and surgery with a response.

As for main-
tenance 
therapy

Atezolizumab 
versus Placebo 
plus paclitaxel, 
carboplatin, and 
bevacizumab

Chemotherapy 
plus pembroli-
zumab or pla-
cebo followed 
by olaparib or 
placebo

Durvalumab, 
olaparib, beva-
cizumab, and 
chemotherapy

NCT03038100 III Newly diagnosed stage III or 
IV ovarian, fallopian tube, or 
primary peritoneal carcinoma

As frontline 
therapy

NCT03740165 III BRCA non-mutated advanced 
(stage III or IV) epithelial ovar-
ian cancer with completed 
primary debulking surgery or 
eligibility for primary or inter-
val debulking surgery

As frontline 
therapy

NCT03737643 III Advanced (stage III or IV) 
high grade epithelial ovarian 
(including serous, endometri-
oid, and clear cell) cancer or 
carcinosarcoma, primary peri-
toneal cancer, and/or fallopian 
tube cancer

As frontline 
and main-
tenance 
therapy
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Agents Trial identifier Phase Indication Notes

REGN4018 
with or without 
cemiplimab

NCT03564340 I/II Relapsed/progressive advanced, 
epithelial ovarian cancer 
(except carcinosarcoma), pri-
mary peritoneal, or fallopian 
tube cancer which has received 
a platinum-containing therapy

REGN4018 
is a bispecific 
antibody 
against CD3 
and MUC16

MGD013 with 
or without mar-
getuximab

NCT03219268 I Unresectable or metastatic 
ovarian cancer

MGD013 is 
a bispecific 
antibody 
against PD-1 
and LAG-3

CDX-527 NCT04440943 I Recurrent, locally advanced, or 
metastatic ovarian cancer

CDX-527 is 
a bispecific 
antibody 
against 
PD-L1 and 
CD27

Cervical cancer

Cemiplimab NCT03257267 III Recurrent, persistent, and/or 
metastatic cervical cancer with 
squamous cell histology and 
resistance to platinum-based 
chemotherapy

Chemotherapy 
plus pembro-
lizumab or 
placebo

NCT03635567 III As frontline therapy for per-
sistent, recurrent, or meta-
static squamous cell carcinoma, 
adenosquamous carcinoma, or 
adenocarcinoma of the cervix 
which has not been treated 
with systemic chemotherapy 
and is not amenable to cura-
tive treatment (surgery and/or 
radiation)

Chemotherapy 
(cisplatin and 
paclitaxel) plus 
bevacizumab 
with or without 
atezolizumab

NCT03556839 III As frontline therapy for meta-
static (stage IVB), persistent, 
or recurrent squamous cell, 
adenocarcinoma, or adenosqua-
mous cervical cancer which 
is not amenable for curative 
treatment with surgery and/or 
radiation therapy

ALT-803, pem-
brolizumab, 
nivolumab, 
avelumab and 
atezolizumab

NCT03228667 II R/M cervical cancer with 
progression on or after pem-
brolizumab, with combine 
positive score ≥1, and other 
solid tumors

ALT-803 
is an IL-15 
superagonist

(Continued)
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Agents Trial identifier Phase Indication Notes

Ipilimumab NCT01693783 II R/M HPV-related cervical 
cancer of squamous, adeno-
carcinoma, or mixed histology 
type not suited to definitive 
localized therapy

Nivolumab NCT02257528 II R/M squamous cell carcinoma, 
adenosquamous carcinoma, or 
adenocarcinoma of the cervix 
with documented disease pro-
gression and at least one target 
lesion

Brachytherapy 
plus chemother-
apy and concur-
rent or adjuvant 
pembrolizumab

Radiotherapy 
plus chemo-
therapy with or 
without atezoli-
zumab

AGEN2034 
(anti-PD-1) 
with or without 
AGEN1884 
(anti-CTLA-4)

AK104
ADXS11-001

NCT02635360 II Advanced cervical cancer

NCT03612791 II Squamous cell carcinoma, 
adenosquamous carcinoma, or 
adenocarcinoma of the cervix 
with at least one evaluable 
lesion

NCT03894215 II Metastatic, locally advanced, 
and/or unresectable squamous-
cell carcinoma, adenosquamous 
carcinoma, or adenocarcinoma 
of the cervix and measurable 
disease on imaging

NCT04380805 II R/M squamous carcinoma or 
adenosquamous carcinoma of 
the cervix, measurable disease 
on imaging, and no more than 
two prior therapies for R/M 
disease

AK104 is 
a bispecific 
antibody 
against 
CTLA-4 
and PD-1

NCT02853604 III As adjuvant therapy (after 
chemoradiation) for locally 
advanced squamous cell, 
adenocarcinoma, or adenosqua-
mous carcinoma of the cervix

Table 4.19 Cont’d
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Agents Trial identifier Phase Indication Notes

Ovarian and cervical cancer
XmAb22841 
with or without 
pembrolizumab

NCT03849469 I Advanced or metastatic epi-
thelial ovarian cancer, fallopian 
tube cancer, or primary perito-
neal cancer
Advanced or metastatic cervical 
carcinoma
Oher advanced solid tumors

XmAb22841 
is a bispe-
cific anti-
body against 
CTLA-4 
and LAG-3

XmAb20717 NCT03517488 I Advanced ovarian or fallopian 
tube carcinoma
Advanced cervical carcinoma
Other advanced solid tumors

XmAb20717 
is a bispe-
cific anti-
body against 
CTLA-4 
and PD-1

SNK01, trastu-
zumab, and 
cetuximab

NCT04464967 I/II Advanced HER2 or EGFR 
cancers, including ovarian and 
cervical carcinoma

SNK01 is a 
natural-killer 
cell-based 
therapy

R/M, recurrent or metastatic; PD-1, programmed cell death protein-1; LAG-3, lymphocyte activation gene-3; PD-L1, 
programmed death ligand 1; R/M, recurrent or metastatic; IL, interleukin; HPV, Human Papillomavirus; CTLA-4, cyto-
toxic T lymphocyte-associated protein-4; EGFR, epidermal growth factor receptor.

cytotoxic or surgical therapeutic modalities are alone efficient enough to overcome these 
pre-existing barriers or their tumor-promoting side effects.934-936 Interestingly, cytotoxic 
therapies can go beyond expectations through inducing an intramural pool of TAA and 
danger signal (damage-associated molecular patterns (DAMPs)), overexpressing antigen-
presenting MHC I that stimulates APCs, activate tumor-resident CD8+ T cells, and 
attract more CTLs toward tumor to prime a fatal anti-tumor response.937 Paradoxically 
chemotherapy, radiotherapy, and surgery have an undeniable dark side. Post-therapy 
tumor immune microenvironment (TIME) and systemic inflammatory response create 
a potent cellular and molecular immunosuppressive collection that harshly compete 
with CTL-mediated anti-tumor response. Indeed the winning force drives tumors fate 
and patients prognosis.938 Knowing these complex post-therapeutic interactions brings 
to mind that adding immune-modulating modalities for either augmenting the induced 
anti-tumor response or eliminating the local and systemic immunosuppressive condition 
might significantly increase the chance of positive clinical response.934,935,939 Although 
choosing the appropriate time window and optional immunotherapy plan for combina-
tion therapy is still challenging.

Desirable immunotherapeutic approaches for combination are those that directly or 
indirectly enhance CTLs infiltration and functions.940,941 For instance, using viral vaccines 
or using potent cytokines such as IFN-I that is the key mediator of the adaptive immune 
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response, would sensitize and stimulate APCs and adaptive T cells.942-944 Transferring 
adaptive T cells immediately after chemotherapy or stimulating their intra-tumoral infil-
tration can augment anti-tumor response and break the post-chemotherapy peri-tumoral 
ring of Tregs.945 Also, DC-based therapies or systemic administration of TLR agonists 
might improve CTLs activation.946,947 Although chemotherapy and radiotherapy increase 
expression and presentation of MHC type I molecules on tumor cells and target them 
to synapse with T cells, in parallel, tumor cells or therapy-induced immunosuppressive 
tumor-infiltrating myeloid cells (TIMs) express T cells inhibitory molecules such as 
PD-L1 and CTLA-4 that results in T cells exhaustion and dysfunction following binding 
to associated receptors. Therefore, combining ICIs such as systemic anti-PD-1/PD-L1 
therapy and CTLA-4 antagonists with cytotoxic therapies might prevent further local T 
cells dysfunction and overcome therapeutic resistance.948-955 Further, in the case of radio-
therapy, CTLA-4 blockade enhances CTLs anti-tumor performance in distant sites and 
consequently increase the efficacy of the abscopal effect.956 In addition, immune modula-
tion of solid tumors can sensitize therapy-resistant variant tumor cells or modify tumor 
immune phenotype.936,957 As it was discussed, conventional cancer therapies are often 
followed by systemic host inflammatory response and mobilization of bone marrow-
derived progenitor cells (BMDCs), leading to an increased crowding of TIMs or Tregs 
with pro-tumor features. Thus, targeting this inflammatory burst and immunosuppressive 
infiltrating cells seems to be a rationale option for combination therapies. This purpose 
can be yielded through either using systemic anti-inflammatory agents, antagonizing 
chemo-attractants such as CCL2, and CSF-1, blocking recruiting pathways, eliminating 
Tregs and TIMs, and skewing TAMs toward an anti-tumor phenotype.938,945,958-964

Tumor immune microenvironment (TIME) after 
other therapeutic approaches
TIME Post-Chemotherapy
As unwelcome strangers in the TME, chemotherapeutic agents do not merely kill tumor 
cells. Not only does chemotherapy induces DNA damage and upcoming cell death in 
a number of cancer cells, but also visualizes them to the host immune system and pro-
vokes a local inflammatory status that re-builds the cellular and molecular composition 
of the TME.937,965 The latter occurred mainly through reprogramming the pre-existing 
stromal and non-stromal cells along with recruiting innate and adaptive immune cells 
toward the tumor site. However, the recruited cells might behave unexpectedly in 
the post-chemotherapy microenvironment.966-968 Since altered TIME at early hours of 
therapy later brings both immunogenic and immune-suppressive responses, the unpre-
dictable balance of these forces drives the tumor’s final destiny.969

Cellular death frequently happens in tumors as a natural consequence of tumor 
growth. By focusing on the morphology of dying cells, cell death could be broadly 
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categorized into two types of apoptosis and necrosis.970,971 While remains of apoptotic 
cells are silently engulfed by resident phagocytes, during necrosis, the DAMPs released 
from smudged tumor cells signal the adjacent cells and macrophages via pattern rec-
ognition receptors (PRRs), namely TLRs, priming an extensive inflammatory immune 
response followed by migration of more macrophages and aiding adaptive immune cells 
seeking released TAAs.967 Along with this, by considering the reaction of the immune 
system to dead cells, it is assumed that while necrosis is a noisy immunogenic death, 
apoptosis is silent and tolerogenic.971,972 Although cytotoxic drug-induced death is 
mainly apoptotic, a number of chemotherapy agents such as anthracyclines, cyclophos-
phamide, and oxaliplatin are capable of inducing DNA damage, ER stress, and ROS 
production in exposed tumor cells and drive them toward an apparently apoptotic 
death, but in nature similar to necrosis with the upcoming immunogenicity named as 
immunogenic cell death (ICD).973-977

The chemotherapy-induced ICD is tightly engaged with a collection of DAMPs 
and stress-associated molecules and their tandem translocation to the extracellular 
milieu.972 Instantly after the cytotoxic exposure, tumor cells accept and declare their 
obligatory pre-apoptotic state via translocating a chaperon named Calreticulin from 
ER to the cell surface.978 Appearing Calreticulin on the outer surface of injured tumor 
cells is translated as an "eat me" signal to immature DCs or other APCs in the neigh-
bor and prompts ICD.978 Synchronously, tumor cells reduce the presentation of regular 
"don’t eat me" signals on their outer surface that make them more visible to APCs. 
Small interfering (si)RNA-mediated knocking down of Calreticulin in a mice model 
of anthracycline-induced ICD was associated with abolished APCs’ phagocytic and 
antigen processing functions.979 Hours later, other chaperons, namely heat shock protein 
(HSP)70 and 90, are translocated from ER to the cell surface as another waving white 
flag for DCs, similar to Calreticulin.971 These signals attract immature DCs and pro-
apoptotic tumor cells to each other and induce a multi-step process leading to activation 
and maturation of DCs and eventually uptake of blebbing tumor cells.978,980 In addition, 
high mobility group protein B1 (HMGB1), another DAMP that leaks from the nucleus 
of dying tumor cells attaches, and signals the activated DCs in a TLR-2/4-dependent 
manner to optimize the antigen processing of released TAAs from engulfed tumor cells. 
ATP, IFN, and IL-1β are among the last released molecules from the dying tumor cells 
that induce local inflammation and regulate the final steps of DC maturation.978 Actually, 
ATP secretion from dying tumor cells is an inseparable characteristic of ICD.968 Before 
chemotherapy, the tumor-infiltrating CD11b+ DCs are low in density and immature 
in phenotype.968,981 Indeed, chemotherapy-induced ICD promotes the maturation of 
pre-existing DCs. ICD also causes an influx of myeloid precursors toward the tumor 
nest to become fully matured DCs in an ATP-dependent manner.968,981 Maturity shifts 
DCs’ immune-suppressive secretory profile to an immune-stimulating one. Specifically, 
released ATP provokes the activation of pyrin-containing NOD-like receptor (NLRP)3 
inflammasome and secretion of IL-1β consequently. This is essential for recruiting and 
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skewing the recruited T cells to polarize into cytotoxic INF-γ producing CD8+ T cells 
and CD4+ T cells.981

Following ICD, DCs receive the "eat me" signals and in tandem catch TAAs and parti-
cles released from dying tumor cells. TAA processing-DCs migrate to the tumor-draining 
lymph nodes, where they present the processed antigens to cytotoxic T cells and conduct 
a T cell-mediated anti-tumor response.969 However, a report indicates that removing the 
tumor-draining lymph node could not suppress the efficacy of anthracycline-induced 
T cell responses.968 Concluding that, probably TAA presenting DCs might not have to 
travel to lymph nodes and instead recruit T cells to DCs rich sites of tumor nests.968,982 
Tumor antigens are processed via APCs and presented to naïve cytotoxic T cells. This pro-
cess is called cross-presentation.981 In the pre-chemotherapy settings, DCs are not capable 
of priming the cross-presentation of TAAs. Although it is a consequence of local immune 
suppression rather than a persistent innate disability.981 In the regular state, tumor cells 
downregulate the expression and presentation of MHC type I that is a strictly essential 
marker to notice naïve cytotoxic T cells to attack tumor cells and remove them.983 This 
deceptive strategy keeps tumors safe from immune attacks and turns them into neglected 
enemies of immunosurveillance right inside the body. Surprisingly, chemotherapy can 
visualize tumor cells to the immune system via increasing the expression of MHC class 
I via an NF-kB pathway in survived tumor cells and guide the seeking T cells to hunt 
them.983-987 In summary, chemotherapy can induce immunogenicity, broaden the load of 
TAAs, and increase the visibility of tumor cells.978,988 Chemotherapy agents inducing ICD 
indirectly vaccinate the host as they kill tumor cells and spread their corpses, and over-
loaded specific antigens in the tumor bed following by adaptive immune responses.937,971

The post-chemotherapy microenvironment of tumors is hardly predictable due 
to the paradoxical effects of drugs on different cell types. The favorable anti-tumor 
response of adaptive immune cells following chemotherapy is explained here in a step-
by-step approach. Even so, chemotherapy itself can hinder this response and paradoxi-
cally induce a supportive condition for tumor cells to escape. It has been reported that 
chemotherapy can temporarily alter the expression of immune inhibitory molecules, 
such as increasing the expression of PD-L1 in tumor cells.984,989-991 Since activated cyto-
toxic T cells express PD-1 checkpoint, their connection with PD-L1 positive tumor 
cells could bring anergy or exhaustion.984,992 Interestingly, in a mouse model of prostate 
cancer treated with oxaliplatin, which is an ICD-induced agent, Shalapour et al. indi-
cated that oxaliplatin can induce the expression of PD-L1 and IL-10 not in tumor cells 
but in IgA+ CD20+ plasma cells, instead.992 The yielded PD-L1+ IL-10+ plasmocytes 
harnessed the proper function of CTLs and inconsistently neutralized the immune-
stimulating effect of ICD.992

Furthermore, in some studies, a number of chemotherapy agents such as gemcitabine, 
5-fluorouracil, doxorubicin, and cyclophosphamide in some tumors were associated with 
the expansion of a population of myeloid cells functionally identical to MDSCs.966,970,993-995 
Mechanistically, chemotherapy causes cell stress and turns on the inflammatory pathways 
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in tumor cells, specifically the NF-kB pathway, which leads to the expression of various 
inflammatory mediators.970 GM-CSF is one of these mediators and is known as a criti-
cal factor in generating MDSCs following chemotherapy.970,993 It has been shown that 
MDSCs exert at least one of their immunosuppressive tricks through the PD-1/PD-L1 
axis to impede CD4+ T cells.966 Surprisingly, these or some other drugs are reported as 
MDSCS eliminating agents in some other experiments.996-1000 In addition to MDSCs, 
tumor-infiltrating macrophages are another myeloid population that are involved in post-
chemotherapy immune escape.1001,1002 Mechanistically, released DAMPs following chemo-
therapy attach to macrophages and stimulate them to hyper product IL-10.1001 It has been 
reported that IL-10 does not silent CTLs directly but hinders the production of IL-12 
in inflammatory DCs. IL-12 subunit B positively regulates the expression of granzyme B, 
IFN-γ, and CD8A in CTLs, which are required for a proper immune response.1001

TIME post-radiation therapy
Radiation therapy is a conventional modality for local ablation of tumors. Ionizing 
radiation is cytotoxic due to inducing destructive DNA damages in exposed cells. Albeit, 
genetic material does rarely exposed to high energy photons directly.1003 Actually, radio-
therapy promotes intracellular water molecules’ breakdown that produces high concen-
trations of ROS and NOS.1003 The radiotherapy-induced oxidative burst is associated 
with oxidation of various cellular macromolecules, and single and double-strand DNA 
breaks, and consequently cell death.1003 Indeed, tumor cells are not selectively exposed 
to ionizing rays, but as they lack proper DNA repair machinery, they are more prone 
to radiotherapy-induced DNA damage and upcoming cell death rather than normal 
cells around.1004 Although it seems that basically low dose radiation is associated with a 
clean apoptotic cell death that is followed by a silent dead body clearance, high doses 
of radiotherapy, as they are utilized in clinical settings, induce noisy immunologic cell 
death, identical to chemotherapy-induced ICD.1005,1006 Tumor debris, DAMPs (danger 
signals), and damaged genetic material promote “eat me“ signals that attract and activate 
DCs or other APCs and prime an IFN-1-mediated CD8+ T cell-dependent anti-tumor 
response.1007–1010 Radiotherapy upregulates the expression of lymphocyte chemo-
attractants such as CXCL9 and CXCL16 that attract helper and cytotoxic T cells.1011 
Interestingly, radiotherapy puts a ”come and catch me” sign on tumor cells via 
increasing MHC class I expression that sensitizes cytotoxic T cells.1012–1014 Surprisingly, 
radiotherapy-induced CTL-mediated response can go beyond the area of radiation in 
primary tumors and kill disseminated tumor cells in distant sites, a not common but 
considerable event known as the abscopal effect.1015–1018 Radiotherapy turns on inflam-
matory signaling pathways in the irradiated tumor, stromal and endothelial cells such 
as NF-kB pathway that promote the production of a collection of pro-inflammatory 
cytokines (such as TNF-α, IL-1, and IL-6), chemokines (such as CXCL4, CCL2, and 
CSF-1) and growth factors such as TGF-β that attract bone marrow-derived cells, 
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especially suppressive myeloid cells such as MDSCs and macrophages toward irriga-
tion site.1003,1019–1024 In addition to CTLs activation, the abscopal effect can be also a 
result of radiotherapy-induced MDSCs reduction in peripheral blood and distant sites. 
Hence, they are attracted to the primary tumor site.1025 Radiotherapy also increases the 
accumulation and cytotoxic activity of NK cells and activates associated pathways via 
overexpressing the NKG2D ligand.1005,1026

Tumor vasculature network and precisely endothelial cells are harshly impressed 
by high-dose radiotherapy. Radiotherapy-induced oxidative burst induces apoptosis 
in endothelial cells that results in hyper-permeable and dysfunctional micro-vessels 
and consequently hypoxia.1003,1005 Since oxygen is the major mediator of radiother-
apy-induced DNA damage, hypoxia can impede tumor radiosensitivity.1027 However, 
radiotherapy mainly shrinkages the tumor size via destroying clusters of oxygenated 
tumor cells at first, leaving behind hypoxic and pre-necrotic areas.1011 These remaining 
hypoxic areas later find a chance to re-oxygenate as the tumor volume is reduced.1003 
Inflamed and damaged vessels also reduce the accumulation of cytotoxic T cells, and 
in turn, attract immunosuppressive populations such as MDSCs and Tregs.1005,1011 
Immune-suppressive crowding, in turn, enhances vascular damage and following 
hypoxia that consequently induce a defective loop and limit tumor radiosensitivity.1011 
In lower doses, endothelial cells are activated and express integrins and adhesion mol-
ecules such as ICAM-1, vascular cell adhesion protein (VCAM)−1, and E-selectin 
that in turn facilitates rolling and arrest of leukocytes in the irritated areas.1005 The 
attracted leukocytes, precisely macrophages, and neutrophils show different faces 
depending on the local polarization cues. Indeed, radiotherapy confusingly can induce 
both tumor-suppressive and tumor-progenic TAMs and tumor-associated neutrophils 
(TANs).1007,1022,1028–1031

Collectively, radiotherapy-induced ICD, released chemokines, inflammatory media-
tors, vascular damage, and endothelial activation conduct an intra-tumoral vaccine 
through activating innate and adaptive immune responses.1011,1032 Albeit, radiation con-
tradictory reduces this vaccine-like effect via attracting tumor-supportive stromal and 
inflammatory cells and upregulation of immune inhibitory molecules such as PD-L1 
or reducing expression of co-stimulatory molecules on APCs that impede adaptive 
immune response.1011,1026,1033

Immune regulation of therapeutic-resistance
Chemo-resistance
During their development, tumors continuously undergo selective environmental pres-
sures such as early immune attacks, hypoxia, and acidosis. Indeed, each of them can be 
life challenging as they select which tumor cells are strong enough to survive. Similarly, 
chemotherapy also seems to be another selection pressure for tumor cells.972,1034
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In most cases, chemotherapy insult is not tolerated by tumors. Resisting against 
chemotherapy is broadly divided into an instantly de novo program and a lately acquired 
one. De novo resistance is in part due to stochastic pre-existing variants of tumor cells that 
were assumed ordinary before chemotherapy exposure, unaware that they silently carry 
death-resisting mutations. The winning mutations might code changes in cellular trans-
porters or metabolic pathways that cause drug efflux or reduced drug uptake and metabo-
lism.1034 In addition, tumor cells containing dysfunctional variants of ICD mediators 
and danger signals, which might not be considered as an advantage before, now turn to 
extraordinary resisting cells.972,1035 Besides, this intrinsic side of the de novo resistance pro-
gram that is more randomly in nature, the extrinsic side known as environment-mediated 
drug resistance (EMDR) that actively interferes in inducing chemo-resistance.1034,1036 
Briefly, EMDR is defined by two mechanisms, soluble factor mediated-drug resistance 
(SFM-DR) and cell adhesion-mediated drug resistance (CAM-DR). The first occurs 
when passing inflammatory cells and neighboring stromal cells in TME that are insulted 
by chemotherapy themselves, contact with tumor cells through soluble factors and para-
crine loops as a damage response, and the second occurs while the tumor cells adhere to 
the surrounding ECM or a distinct stromal component such as collagen, fibronectin or 
laminin. SFM-DR or CAM-DR both eventually support tumor cells similarly through 
inducing them to turn on survival signals, inactivating apoptotic complexes, and beginning 
to express anti-apoptotic proteins. While chemotherapy rapidly kills sensitive phenotypes, 
EMDR buys time for tumors via generating a transiently-resistant population of tumor 
cells that survive as minimal residual of disease. As time passes, further pressures of therapy 
result in more acquired mutations and transcriptional advantages to permanently rescue 
chemotherapy and cause local/distant relapse.1034

Role of macrophages in environment-mediated drug resistance
Sensitive tumor cells cannot overcome the cyclophosphamide-induced damage or ICD, 
but not all tumor cells are as sensitive to being killed. Therefore, the entire tumor is 
more like a wound rather than a corpse, and wounds tend to be healed.973 Several studies 
on different tumor types and under different chemotherapeutic settings have shown that 
chemotherapy-induced damage causes tumor cells to produce monocytes’ chemotactic 
factors. CSF1/CSF1-R and CCL2/CCR2 pathways are the best-known macrophages 
recruitment pathways so far.959,991,1037–1039 IL-34, a second ligand for CSF1-R is produced 
as a result of the activated NF-kB pathway in damaged tumor cells and promotes mac-
rophages recruitment.1040 In a study on pancreatic tumor cells treated with gemcitabine, 
IL-8 is introduced as the chemotactic factor involved in macrophage infiltration.1002 
Monocytes’ migration toward the wounded tumor is accompanied by an M2 phenotype 
polarization.1040–1043 Gene signatures and expression profiles show the predominantly 
upregulation of M2 genes and markers such as arginase1 and TGF-β.1002,1037 In a study 
on cervical and ovarian cell lines, cisplatin and carboplatin-induced DNA damage 
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caused tumor cells to produce IL-6 and PGE2 in an NF-kB and STAT3 dependent 
manner, that in turn, skew recruited macrophages toward an M2 phenotype.1042 In 
another study on NSCLC cell lines, cisplatin induced a similar polarization program via 
promoting tumor cells to secrete macrophage inhibitory factor (MIF).1044

Tumor-infiltrating macrophages are one of the predominant populations of TME 
and the key member of the tumor immune microenvironment. Thus, it is not surpris-
ing that they actively participate in EMDR.1045 Evidence regards TAMs activation in 
drug resistance indicates that they exert their functions mainly by releasing cytokines, 
chemokines, exosomes, and other soluble factors or in a cell-contact basis that starts a 
paracrine or juxtacrine signaling pathway in tumor cells. The activated pathways support 
tumor cells against drug-induced cell death or induce survival signals.

M2 TAMs infiltrated following chemotherapy, suppress drug-induced apoptosis as the 
first plan to transiently rescue tumor cells. Caspase-dependent ICD could be stopped by 
reduced cleavage of caspases or triggered expression of anti-apoptotic genes like BCL-
2. In a model of pancreatic tumor treaded with gemcitabine, M2 TAMs induce tumor 
cells to overexpress cytidine deaminase, the enzyme that metabolizes the drug after 
its transport into the cells, in order to reduce the activation of caspase-3 and upcom-
ing apoptosis.1046 In other settings, 5-fluorouracil-induced JNK/caspase-3 activation in 
colorectal tumors has been suppressed by TAMs.1047 A different mechanism with a similar 
consequence has been reported in MM treated with melphalan. Protective macrophages 
physically contact MM cells and impede caspase-dependent apoptosis in a juxtacrine 
manner through P-selectin glycoprotein  ligand-1 (PSGL-1)/selectin and ICAM-1/
CD18 interactions.1048,1049 In a study on tissues derived from a colorectal tumor, it has 
been showed that TAMs-derived IL-6 induces overexpression of IL-6R, multiple drug 
resistance (MDR)1, and BCL-2 genes and thus, protect tumor cells against chemotherapy-
induced apoptosis. This study also recognized that the IL-6/pSTAT3 signaling pathway 
inhibits mir-204–5p, a tumor suppressor.1045 Paclitaxel-treated breast cancer cells also 
showed the same mechanism to escape paclitaxel-induced programmed cell death but in 
response to IL-10 instead. Following chemotherapy, TAMs-derived IL-10 activates the 
STAT3/BCL-2 pathway.1043 Probably, there might be other mechanisms and pathways 
for macrophage-derived apoptosis protection that are not fully understood yet. As an 
example, in a model of hepatocellular carcinoma, macrophages induce autophagy in 
tumor cells to protect them from oxaliplatin-mediated apoptosis.1050

TAMs transfer regulatory miRNAs via exosomes as another route of connection 
with in-danger tumor cells. In two different reports, macrophages-derived exosomes, 
mir-21 in gastric cancer cells and mir-233 in ovarian cancer cell lines activate PTEN/
PI3K/AKT pathway and induce survival signals.1051,1052 Interestingly, another report 
investigating seven different tumor cell lines describes a macrophage-tumor cell dialogue 
mediated by exosomes, leading to regulation of transferrin receptor protein (TFR)1, a 
telomerase inhibitor, and consequently cellular survival against chemotherapy.1053

(c) ketabton.com: The Digital Library



Tumor immunology 385

Radio-resistance
Similar to chemotherapy, tumor response to radiotherapy is in part dependent on inher-
ent cellular radiosensitivity, existing mutations, and DNA repair machine integrity that 
determines whether the injured tumor cell can survive upcoming cell death or not.1054 
However, radio-resistance is a complicated program beyond merely intrinsic cellular 
mutations. In fact, as irradiation insult is sensed by different molecules and pathways, 
conducts a DNA-damage response program that modifies tumor cells transcriptional 
profile and eventually might yield acquired radio-resistance.1055 A major part of radio-
therapy response is due to CTL-dependent anti-tumor response at the primary tumor 
and magic abscopal effect. Thereafter, acquired radiation resistance is in part based on 
restricting anti-tumor response that indeed is mediated through different mechanisms. 
For instance, DNA-damage response program induces expression and release of a col-
lection of inflammatory cytokines and mediators, including but not limited to CCL2, 
CSF-1, CXCL12, and IL-6 that in turn attract and recruit myeloid bone marrow-
derived myeloid cells such as macrophages, MDSCs, and neutrophils toward the irritated 
area, where they often exert immune suppressive functions and impede radiotherapy-
induced anti-tumor immune response.390,940,958,1056–1058 HMGB1, another molecule 
released as a result of DNA damage, not only directs tumor cells toward autophagy to 
escape radiotherapy-induced apoptosis but also further promotes infiltration of TAMs 
and MDSCs to restrict tumor radiosensitivity.1059 Interestingly, attracted TANs are 
able to induce proliferation in tumor cells via stimulating mitogen-activated protein 
kinase (MAPK), a pro-survival pathway.1060 In addition to attracted TAMs and TANs, 
it has been reported that in brain tumor microglias, CNS resident macrophages rescue 
tumor cells from radiotherapy-induced cell death and cause radiation resistance.1061,1062 
Interestingly, it seems that the transcriptional profile of radio-resistant tumor cells is 
altered and can limit CD8+ T cells infiltration.1063 Furthermore, tumor-derived TGF-β 
under radiotherapy settings hijack resident T cells and alter their cytotoxic programs.1064 
Surprisingly, CTLs might point the pistol toward themselves via augmenting expression 
of PD-L1 on tumor cells in an IFN-γ dependent manner.1065 Radiotherapy is often 
assumed to harshly destroy tumor vascular architecture and induce tumor hypoxia. 
As oxygen is the major mediator of radiotherapy-induced DNA damage, hypoxia can 
directly restrict radiation cytotoxic capacity. Hypoxia also causes the production of 
HIF-1 that attracts and mobilizes BMDCs with pro-angiogenic properties to promote 
angiogenesis, which maybe initially increases radiosensitivity but in the long-term is a 
hallmark of therapeutic relapse.1005,1066,1067

Immune regulation of therapeutic-induced relapse

Almost all available cancer therapies, including chemo- and radiation therapy, surgery, 
and targeted therapies (especially anti-angiogenic drugs) are paradoxically linked to 
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tumor relapse, local re-growth, or outgrowth in distant sites, despite their proven benefi-
cial effects.1054,1068,1069 It is worth mentioning that relapse in this context is not a conse-
quence of therapy failure but a result of therapy-induced reactions. Drugs, radiotherapy, 
and surgical manipulations like biopsies, incisions, and partial resections all shrink the 
tumor or harshly disrupt its structure.1069 In the previous section, it was discussed that 
how these therapeutic-induced alternations are twisted to tumor-resistance. It is hard 
to distinguish the invisible border between tumor-resistance and relapse-bearing events 
from each other.

Therapy induces a dual tumor-host inflammatory response
Apparently, a dual tumor-host response to therapy mediates both resistance, and conse-
quently, local and distant tumor relapse.1070 Briefly, therapy stress causes DNA damage 
response and associated inflammatory and secretory programs in both tumor and stro-
mal cells in TME. Besides, induced hypoxia, tumor-derived debris, and microparticles 
all lead to a chemokine /cytokine burst with local (tumor) and systemic (host) effec
ts.1069,1071,1072 As we explained before, the local effects, as a part of de novo resistance, 
lead to early survival of minor tumor populations that later may earn more aggressive 
phenotypes (future metastatic seeds). The cytokine burst systemically affects normal tis-
sues and reactive host stress-sensing cells in different sites, especially bone marrow that 
consequently causes an acute mobilization of myeloid BMDCs with pro-angiogenic 
features and huge production of inflammatory mediators and growth factors. Mobilized 
BMDCs infiltrate tumor sites and hostile distant sites to create promising niches for 
angiogenesis and re-growth of survived tumor cells at the primary site and successful 
colonization of disseminated seeds in the distant sites (the soil). Thus, it seems that the 
host response can be the missing link between therapy-induced resistance and upcom-
ing relapse.

Loco-Regional relapse
Angiogenesis
Several studies on preclinical and clinical models of cancer have introduced neoangio-
genesis as a potent mechanism of tumor local re-growth following different therapeutic 
modalities.1073–1079 In addition to epithelial progenitor cells (EPCs), bone marrow-
derived myelomonocytic cells (CD11b+) are also a critical source for chemotherapy-
induced angiogenesis, mobilizing toward tumor as a consequence of host response.1074,1080 
Chemotherapy increases the quantity and pro-cancer properties of tumor cell-derived 
microparticles (TMPs). Treating EMT/6 murine breast cancer cells with paclitaxel 
increased TMPs and their osteopontin expression, a factor associated with recruitment 
of myeloid progenitor cells from BMDCs.1071 It has also been shown that paclitaxel 
can imitate the LPS-mediated activation of the TLR-4 pathway in breast cancer cells 
that induces a systemic inflammatory response and produces IL-1β, IL-6, and IL-10 
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that results in the migration of CD11b+ Ly6C+ myeloid BMDCs toward the primary 
tumor site to increase angiogenesis.1081 Furthermore, chemotherapy derives a specific 
population of M2 TAMs with CD206+ TIE2+ CXCR4 high VEGFA+ phenotype.1082 
Apparently, infiltration of CD206+ TAMs is an initial bad omen, predicting upcom-
ing relapse.1083 TIE2+, which is a receptor tyrosine kinase protects macrophages from 
chemotherapy-induced apoptosis via activating the AKT pathway, and it is a hallmark 
of pro-angiogenic features.1073 Interestingly, cyclophosphamide-derived hypoxia can 
induce the expression of TIE2 in previously TIE2- CD11b+ myeloid cells in TME.1073 
Chemotherapy, in part by inducing oxidative stress causes upregulation of CXCL12, a 
ligand of CXCR4, in specific spaces nearby the vessels that are known as perivascular 
niches (PVNs), and thereby, guide TIE2+ CXCR4 high angiogenic TAMs.1066,1082 A 
similar interaction between perivascular expressed CXCL12 and CXCR4hi recruited 
bone marrow-derived myeloid cells also was shown following tumor local radiation and 
vascular-disruptive drugs.1075,1084

Anti-angiogenic targeted therapies and irradiation both destruct the tumor vascu-
lar network and cause hypoxia.1078,1085–1087 This promotes release of chemo-attractants 
such as G-CSF and host inflammatory response that acutely attract MMP-9 expressing 
CD11b+ VEGF+ myeloid cells as regulators of vasculogenesis to recover the damaged 
vessels.1077,1087–1090

Surgery stress caused either by direct trauma, induced hypoxia, or vascular dam-
age is associated with increased levels of pro-angiogenic factors such as VEGF and 
Angiopoietin-2 (Ang-2) and bone marrow-derived endothelial- and myeloid progeni-
tor cells in the circulation.1072,1079,1091,1092

Immune escape and proliferation
Refractory relapses following therapy are not merely due to acquired aggressive behav-
iors in tumor cells, but it is also a result of immune evasion and breaking immune-
mediated limited proliferation.1093,1094 It seems that surgical stress is a well-established 
cue for inducing local and systemic responses. For example, in needle biopsy or partial 
resections, the injured residual tumor mimics a wound and promotes a systemic wound-
healing response that is initiated by attracting neutrophils, macrophages, and fibroblasts, 
releasing inflammatory and regenerative factors such as PGs and TGF-β in TME and 
circulation that eventually continuous with ECM remodeling, angiogenesis, and down-
regulation of the adaptive immune response.1094–1097 Apparently, under the wound-heal-
ing condition, the inflammatory environment recruits and alternatively activates macro-
phages and Tregs that can promptly hinder Th1 and consequently Th2 responses.1098–1100 
TGF-β acts as a critical chemotactic molecule for M2-TAMs and Tregs.1100 Interestingly, 
a report on investigating the effect of surgical stress on a mouse model of breast cancer 
showed that surgery induces mobilization of MDSCs toward the wounded site, and 
MDSCs, in turn, produce high amounts of IL-10 and TGF-β that can attract more 

(c) ketabton.com: The Digital Library



Clinical immunology388

Tregs.1092 As it was mentioned earlier, surgery stress increases the serum level of Ang-2, 
a pro-angiogenic factor that binds to the TIE2 receptor on TIE2+ TAMs. Surprisingly, 
the Ang-2/TIE2 connection activates TIE2+ TAMs to express and release more IL-10, 
which harshly impede CD8+ T cells proliferation and function, and also CCL17, a 
potent chemo-attractant that expands the Treg population in tumors.1101 In addition to 
breaking immune-limited growth, it seems that M2 TAMs can also directly increase the 
proliferation of residual tumor cells.1100,1102

Distant relapse
At the primary site
The tumor heterogeneity, at least in part, is due to the existence of special subpopula-
tions of tumor-initiating cells with stem-like features commonly known as CSCs.1103 
Although classical cytotoxic therapies such as chemotherapy and radiotherapy eliminate 
a massive number of non-CSC, they merely can affect CSCs, remaining a crowd of 
survivors leading to further relapse.1104 It has been reported that treatment-induced 
inflammatory state or post-surgery wound condition can directly induce CSCs pro-
liferation via stimulating their stemness-related signaling pathways such as NF-kB and 
Wnt/β-catenin.1105–1107 Furthermore, mobilization of bone marrow-derived myeloid-
lineage cells, precisely monocytes/macrophages as prompt host response, is linked to 
therapy-dependent self-renewal of CSCs.1108 Attracted TAMs are able to release stem-
ness-inducing cytokines/chemokines such as IL-1β, IL-6, and TNF-α to enhance the 
quantity of CSCs and their stem-like features.1039,1109,1110 CSCs express mesenchymal-
related genes, exert more invasive properties, and have less sensitivity to drugs cytotox-
icity. Thus, their niches can potentially turn into undeniable pockets of pro-metastatic 
seeds.1110 Surprisingly, the therapy-induced tumor-host response is able to provoke 
partial EMT, a phenotype-determining program that can finely tune the expression of 
stemness-related genes in cancer cells and promote a reversible conversion of non-CSCs 
to CSCs that yield more seeds.1054,1110–1113 Indeed, EMT turns on a collection of genes, 
morphological and functional properties that physically enhances the chance of cancer 
cells (seeds) to overcome the obstacles of distant dissemination.1114 Cyclophosphamide-
caused inflammatory burst generally stimulates TAMs, probably both M1 and M2 phe-
notypes, to induce EMT in non-CSCs, and therefore, increases the number of motile 
chemo-resistance cells with metastatic abilities.1115,1116 Few reports indicate that PVNs 
restore CSCs in mouse models of brain tumors.1117–1119 Considering this and the accu-
mulation of TAMs in PVNs following chemotherapy, another possible CSCs-protective 
function of macrophages might be attributed to pro-vascular TAMs (PV-TAMs), though 
it is still not defined.1120 In addition to macrophages, it seems that other types of bone 
marrow-derived myeloid cells such as MDSCs and neutrophils also can drive the EMT 
program in cancer cells.1121,1122 For instance, post-surgical stress in a mouse model of 
breast cancer was associated with the accumulation of CD11b+ Gr1+ MDSCs in the 
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primary tumor, where they stimulate expression of EMT-related genes in cancer cells 
and promote metastasis.1092

It has been shown that there must be a correlation between the number of viable 
disseminated tumor cells and a higher chance for successful colonization in distant 
sites. The number of disseminated tumor cells is dependent on the number of tumor 
cells that can enter the bloodstream and survive from the shear stress and intravascular 
immune recognition.1054 Intravasation seems to occur both in passive and active routs.1123 
Different conventional therapies can increase the number of circulating tumor cells.1124–

1126 Chemotherapy, radiotherapy, and especially surgical procedures are accompanied 
by damage or at least increased permeability of vascular bed and structural disruption 
of tumor nests.1112,1127–1129 Thus, probably shedding viable or apoptotic tumor cells and 
debris can passively enter the fragile and broken blood vessels.1086,1123,1130,1131 However, 
as these populations of circulating tumor cells have been accidentally entered the vas-
culature while they have not the opportunity to acquire invasive traits, they might not 
find the chance to survive and home at distant sites. Therefore, there must be another 
reason to link the increased number of circulating tumor cells and the increased rate of 
successful seeding following therapy. For instance, the increased number of circulating 
tumor cells might be also attributed to the expansion of stem-like and resistant cancer 
cells following therapy-induced host response, as was discussed earlier. Surprisingly, 
there is evidence that cyclophosphamide plus paclitaxel also push survived cancer cells 
actively inside the blood vessels not by inducing a novel mechanism but via enhancing 
the classical routes of active intravasation like through the tumor microenvironment of 
metastasis (TMEM).1132 TMEMs are micro-anatomical gateways through blood vessels, 
predominantly in points with less pericyte coverage, assembled from joining streaming 
Mena-invasive tumor cells to a TIE2+ perivascular TAMs and the neighbor endothelial 
cells.1133,1134 At TMEM, TIE2+ TAMs release VEGFA to transiently loosen tight junc-
tions between endothelial cells and create a tiny tunnel for cancer cells to cross (trans-
endothelial migration).1134 For doing so, tumor cells must be able to form degrading 
feet or invadopodium that is associated with overexpressing Mena-invasive, the invasive 
isoform of an actin-regulatory protein.1135,1136 Apparently, Mena-invasive expression in 
cancer cells is induced through the Notch1 pathway in physical contact with macro-
phages.1136 Two different reports on breast cancer mouse models and patients showed 
that chemotherapy-induced BMDMs mobilization enhances active intravasation via 
increasing TMEM assembly and function and decreasing pericyte coating.1036,1137,1138 
Indeed, chemotherapy-induced host response mobilizes TIE2+ CXCR4 high mono-
cytes from bone marrow to find CXCL12 rich PVNs and reside there, expecting an 
invasive tumor cell to assembly another TMEM.1082,1138,1139 Interestingly, chemotherapy-
induced inflammation provokes EMT program that in turn increases motile tumor 
cells.1140 Also, it recruits more bone marrow-derived monocytes that enhance the pos-
sibility of tumor cells-macrophages physical contacts, and hence, Notch1-dependent 
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Mena-invasive expression, an additional road to resistance.1138,1141 It has not been clearly 
understood whether the stimulation of angiogenesis as a part of tissue-repair response 
after therapy is associated with more intravasation or not, but apparently, it is corre-
lated with distant relapse.1108,1142 Even so, it seems that chemotherapy-induced lymph-
angiogenesis is correlated with higher rates of intravasation and distant metastasis.1143 
Interestingly, the chemotherapeutic agent, paclitaxel, induces infiltration of VEGFR3+ 
cathepsin producer TAMs in TME that further promotes lymphangiogenesis-mediated 
distant metastasis.1144 Actually, M2 TAMs are associated with lymphangiogenesis, lym-
phovascular invasion, and lymph node metastasis that eventually lead to distant metasta-
sis both in pre- and post-chemotherapy settings.1083,1143–1147

At distant sites
Cytotoxic therapies and surgical stress both induce a systemic inflammatory state that 
impedes circulating tumor cells clearance machinery driven by intraluminal innate 
immune cells, precisely NK cells, and in parallel, provokes their arrest and adhesion via 
modulating the endothelial barrier at pre-metastatic sites. Thus, therapy-induced inflam-
mation facilitates circulating tumor cells intraluminal struggle for survival and eventually 
increases the number of survived circulating tumor cells.1069,1100,1137,1148–1150

Interestingly, surgery-induced stress can induce neutrophilia and hijack circulating 
neutrophils to join circulating tumor cells during the last events of the metastatic cascade. 
Briefly, neutrophils increase retention of tumor cells in the pre-metastatic sites mainly 
through three steps. First, they suppress circulatory NK cells, saving circulating tumor 
cells from following clearance.1151 Second, neutrophils capture circulating tumor cells, 
promote their adhesion to endothelial cells, and extravasation.1151–1153 Mechanistically, 
the systemic inflammation following surgery-induced hypoxia or infection triggers 
neutrophils to spread a net made of protruded chromatin fibers known as neutrophil 
extracellular trap (NET) that physically entraps tumor cells.1150,1154,1155 However, NET 
is not only a physical web to capture circulating tumor cells, as these DNA fibers are 
decorated with various inflammatory molecules that aid arrested tumor cells adhesion 
to endothelial wall and extravasation, at least in part with a TLR-9 dependent man-
ner.1150,1154 Neutrophils also express integrins that bind to adhesion molecules expressed 
on circulating tumor cells, make a steady complex to promote their anchorage to endo-
thelial cells or release pro-metastatic molecules such as IL-1β, MMP-9, and cathepsins 
that promote extravasation and following colonization in pre-metastatic sites like liver 
and lung.1151–1153,1156 Third, neutrophils’ secretions such as leukotrienes and NETosis 
promote colonization through inducing survival signals and proliferation in metastatic 
seeds.1150,1156,1157

The normal microenvironment in tissues far from the primary tumor site seems 
to be a hostile soil for foreign metastatic seeds. This normal microenvironment may 
reject the foreign metastatic seeds. Therefore, tumors intelligently release soluble 
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factors, microparticles, and extracellular vesicles into the circulation to affect distant 
sites and prepare a proper niche for circulating tumor cells to arrest and reside, which 
consequently prevent their early rejection.1158 Pre-metastatic niches are inflamed and 
immune-suppressed niches, with re-programmed resident cells, precisely macrophages 
and fibroblasts, remodeled ECM, and leaky vessels prone to arrest and adhesion of circu-
lating tumor cells.1159 The question is how conventional cancer therapies might induce/
amplify these hallmarks in normal tissues far from the disrupted tumor? Evidently, 
therapy-induced local stress, inflammation, and hypoxia ease the production of tumor-
derived soluble factors and debris such as extracellular vehicles (EVs) and micropar-
ticles.1071,1160–1163 For instance, surgery-induced local hypoxia stimulates the production 
and systemic release of lysyl oxidase (LOX) from residual tumor cells. At the lungs, 
released LOX crosslinks type IV collagen fibers and induces adhesion signaling.1161 
Besides surgery, chemotherapy induces tumor cells to send away exosomes, covered 
with ECM remodeling enzymes.1164 Thus, therapy might promote matrix remodeling as 
the first hallmark of pre-metastatic niche formation.1158,1161,1164 Inflammation and immu-
nosuppression, as the second hallmark of pre-metastatic niche formation, is due to the 
accumulation of BMDCs, especially the myelomonocytic lineage.1159,1165 As it was men-
tioned earlier, chemotherapy-induced repair response can both directly or indirectly, 
via increasing tumor-derived secretion and debris, rapidly stimulate the mobilization of 
BMDCs toward primary tumor and pre-metastatic sites.1112,1160,1166 Furthermore, it seems 
that tumor-derived microparticles that are over-released under chemotherapy settings 
also independently accumulate in distant sites like lungs and reprogram resident mac-
rophages to produce CCL2, a potent chemo-attractant for CD11b+ Ly6c+ CCR2+ 
monocytes.1071,1167 In addition to microparticles, chemotherapy-induced EVs from 
breast cancer cells that contain annexin-A6 induce the NF-kB pathway in endothelial 
cells of lung and liver vessels to produce CCL2.1162 Local radiotherapy also generates 
a similar host response and induces BMDCS-dependent pre-metastatic niche forma-
tion.1160,1168,1169 Attracted monocytes turn to metastasis-associated macrophages, adhere 
to the remodeled matrix, and promote further matrix remodeling via releasing MMPs, 
express inflammatory cytokines and growth factors, and increase vascular permeability 
by producing VEGFA to assist circulating tumor cells extravasation and seeding.1167,1170 
MDSCs are another predominant population of BMDCs that induce the infiltration of 
the PMNs, precisely following surgical stress. MDSCs exert their immune-suppressive 
functions via suppressing NK cells’ expansion and cytotoxicity and consequently reduce 
the chance of circulating tumor cells elimination after extravasation.1092,1171,1172

Interestingly, in parallel with attracting inflammatory macrophages and MDSCs to 
pre-metastatic niches, chemotherapy can also activate specific resident macrophages in 
the pre-metastatic tissues or induce differentiation of their progenitor cells to expand 
their population. In the case of bone as the pre-metastatic site, osteoclasts and bone-
specific resident macrophages are “giant bone eaters” that degrade bone via secreting 
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MMPs and consequently create a growth factor-rich lodge for arrived circulating 
tumor cells, resulting in osteolytic bone metastasis. Osteoclasts also turn off the “dor-
mancy switch” and awaken quiescent cancer cells. Chemotherapeutic agents such as 
doxorubicin, melphalan, and methotrexate induce a stress response or release inflam-
matory cytokines such as TNF-α in bone and increase osteoclast progenitor cells and 
their differentiation, which subsequently create a trophic pre-metastatic niche.1173–1176 
Chemotherapy also induces the expression of jagged-1, a ligand that activates the Notch 
pathway, in osteoblast and augments osteoclastogenesis and associated bone reabsorp-
tion.1177,1178 Interestingly, chemotherapy-induced CCL2 overproduction might also have 
a pro-metastatic effect on the bone marrow niche since CCL2 is a key regulator of 
osteoclast formation.1179–1181 Specific resident macrophages in the liver microenviron-
ment, namely Kupffer cells, are activated in response to colorectal surgery and produce 
ROS that damage endothelial cell lining, leading to matrix exposure, which is a selective 
adhesion site for shedding colon tumor cells.1182,1183

Metastatic seeds find themselves in completely foreign soil after extravasation in 
distant sites. Disseminated tumor cells’ innate capacities and interactions with the new 
microenvironment determine whether they will survive or not. However, it seems 
that their fate is not harshly limited to these two ends, but alternatively, they might 
find a chance to remain in a “dormant state” somewhere between apoptosis and 
mitosis, waiting for a second chance to overcome environmental obstacles and escape 
dormancy.1184–1186 Tumor dormancy in metastatic sites is mainly limited to three types. 
Cellular dormancy, angiogenic dormancy, and immunologic dormancy.1186,1187 The 
two latter are related to the foreign microenvironment and can be altered by therapy-
induced host responses.1184 Indeed, permissive niches such as stem cell niche, PVNs, 
and immune niche support disseminated tumor cells dormancy state while existing 
pre-metastatic niches augment their chance of proliferation and outgrowth initially after 
arrival at distant sites.17,1185,1188–1191 Thus, therapy-induced pre-metastatic niche formation 
provides newcomers supportive signals from their new microenvironment that bypass 
dormancy program and accelerate clinical overt metastatic outgrowth.1069,1098,1184

In addition, some tumor cells might detach at earlier stages of tumor progression 
precisely before therapeutic interventions and lodge in named permissive niches in a 
dormant state.1185,1192,1193 Surprisingly chemotherapy might hijack dormancy permis-
sive niches. For instance, inducing osteoclast formation that reabsorbs endosteal sur-
face awakens pre-existing dormant cells in bone marrow stem cell niche and facilities 
their growth.1173,1194 It seems that primary tumor prime innate and adaptive mediated 
anti-tumor responses in secondary sites eliminate early disseminated tumor cells or 
derive them toward immunologic dormancy, and thus, limit metastatic lesion forma-
tion.1170,1193,1195 Interestingly, surgical systemic stress and upcoming inflammation impede 
CD8+ T cell-mediated response and set free immune-restricted dormant disseminated 
tumor cells.1094,1193,1196 Furthermore, therapy-induced inflammation promotes neutrophils 
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and NETosis that in turn remodel extracellular matrix in dormant niches and enhance 
matrix adhesion molecules, and awakening proliferation signals in dormant disseminated 
tumor cells.1150,1197

Even so, disseminated tumor cells, whether as solitary cells or clusters, would not 
proliferate further to form macro-metastatic lesions until they lack adequate vas-
culature.1186 Cytotoxic therapies and surgery both induce a systemic inflammatory 
state, increase pro-angiogenic factors and mobilize BMDCs that altogether turn on 
angiogenesis switch in metastatic sites, in addition to the primary tumor and assist 
new micro-metastatic foci to break angiogenic dormancy. Surprisingly, angiogenic 
dormancy is closely related to primary tumor existence since, in different preclinical 
models and patients, complete resection of the primary tumor is followed by higher and 
earlier metastatic attacks. It is hypothesized that primary tumor paradoxically produces 
and releases both pro- and anti-angiogenic factors such as angiostatin in circulation, 
while anti-angiogenic factors would drive disseminated tumor cells toward angiogenic 
dormancy. Resection of primary tumor means eliminating a source of angiogenesis 
inhibitory factors.1198,1199 Thus, surgical removal of primary tumor induces a somehow 
ghost effect since the removed tumor can continuously grow in distant sites. Overall, 
therapy-induced inflammation and wound-healing responses following surgery directly 
or indirectly promote dormancy escape and reactivate dormant disseminated tumor 
cells and pre-existing silent micro-metastases.964,1102,1184,1200,1201
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Introduction

Immunodeficiency refers to a group of diseases in which defects in one or more 
molecules or cells associated with the immune system lead to defects in the develop-
ment of immune responses to pathogens. Immunodeficiency includes any developmen-
tal, differentiation, proliferative, or functional defect of one or more groups of immune 
system components and is divided into primary and secondary immunodeficiencies. 
Inborn errors of immunity (IEIs) or primary immunodeficiency diseases (PIDs) are 
caused by genetic disorders in one or more parts of the immune system, which are also 
called congenital immunodeficiency diseases. Genetic mutations, polymorphisms, and 
multigene disorders can cause primary immunodeficiencies. On the other hand, sec-
ondary or acquired immunodeficiency diseases are not genetic disorders and are caused 
by infectious agents or environmental factors such as acquired immunodeficiency syn-
drome (AIDS), nutritional disorders, or after taking certain therapies. Immune deficien-
cies can lead to the development of other disorders, including autoimmunity, allergies, 
and cancers.1

Immune deficiencies increase the risk of opportunistic infections. For example, 
antibodies serve a critical role in the eradication of extracellular pathogens. Therefore, 
recurrent infections with encapsulated bacteria are a symptom of insufficient antibody 
generation. In addition, antibodies are an important line of defense against respiratory 
tract infections. Infections with staphylococci, gram-negative organisms, and fungi may 
indicate impaired phagocyte function or a decrease in phagocyte numbers. On the 
other hand, T lymphocytes and macrophages are important in detecting and eradicating 
intracellular infections. Thus, T cell abnormalities or macrophage deficiencies frequently 
predispose individuals to intracellular infections like viruses and intracellular bacteria 
like mycobacteria.2,3

Early diagnosis of immunodeficiency disorders, particularly in childhood, can be 
very beneficial in treating, decreasing symptoms, and reducing mortality in children. 
Understanding deficiency disorders, symptoms, and approaches for diagnosing them 
can thus be a helpful step toward the early detection of these diseases. In this chapter, 
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we aimed to present the types of immunodeficiency diseases, their possible diagnosis 
and treatment.

Initial screening of patients with immunodeficiencies

Recurrent infections are the most common clinical manifestation of immunodeficiency 
in general. The patient may have up to ten respiratory infections per year. As a result, 
a thorough history of the patient is required to evaluate infectious diseases and other 
problems in order to diagnose an immunodeficiency disorder. In a patient with primary 
immunodeficiency, failure to thrive (FTT), upper and lower respiratory tract infec-
tions, and chronic diarrhea are common manifestations. As a result, it is critical to assess 
clinical manifestations in addition to laboratory diagnostic assays. Some laboratory tests, 
including complete blood counts (CBC) and differential (platelet volume, absolute 
lymphocyte count, neutrophil and eosinophil counts), immunoglobulin levels (IgG, 
IgM, IgA), lymphocyte subpopulations, vaccine titers, and complement assessment (e.g., 
CH50, AH50), are considered essential initial tests in order to screen the patients with 
immunodeficiencies.4,5

Since T cells account for roughly 70 percent of circulating lymphocytes, lympho-
penia could indicate a T-cell-related deficiency. A patient who has persistent leuko-
cytosis, particularly between infections, may have a leukocyte adhesion deficiency. 
Thrombocytopenia can be used to screen for Wiskott-Aldrich syndrome. Reduced 
immunoglobulin levels may indicate an antibody deficiency. Although these laboratory 
evaluations are useful for the early screening of patients, additional tests are needed to 
make an accurate diagnosis, which may vary for each immunodeficiency depending on 
the initial screening.6,7

Inborn errors of immunity (IEIs)

IEIs have a genetic basis and can be caused by genetic mutations or polymorphisms in 
any part of the immune system. There are several types of IEIs that can be divided into 
different types based on the specific immunodeficiency8,9:
1. Immunodeficiencies related to B lymphocytes and antibodies:

• Agammaglobulinemia (X-linked and autosomal recessive forms)
•  Hypogammaglobulinemia (selective IgA deficiency, selective IgG deficiency, 

common variable immunodeficiency (CVID), and ICF syndrome)
• Hyper IgM syndrome (HIGM) (X-linked and autosomal recessive forms)

2. Immune deficiencies related to T lymphocyte/ combined immunodeficiencies:
•  Severe combined immunodeficiencies, which in turn include a group of diseases 

such as defects in cytokine signaling (X-linked and autosomal recessive forms), 
defects in nucleotide salvage pathways (ADA deficiency, PNP deficiency), defects 
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in V (D) J recombination (recombination activating genes (RAG)1 and RAG2 
deficiency, double-stranded break repair), and defects in thymus development (Di 
George syndrome, FoxN1 deficiency)

• Wiskott-Aldrich Syndrome
• Ataxia-telangiectasia
• X-linked lymphoproliferative disease (XLP)
• Defects in cytotoxic T lymphocytes (CTL) and natural killer (NK) cell activation
• FoxP3 mutation
• Autoimmune Lymphoproliferative Syndrome (ALPS)

3. Defects in the innate immune system:
• Leukocyte Adhesion Defects (LADI, LADII, LADIII)
• Chronic Granulomatosis Disease (CGD)
• Shwachman-Diamond syndrome
• Kostmann syndrome
• Hyper-IgE syndrome
• Defects in the signaling pathways (TLRs, NF-κB, interferon (IFN)-I
• Defects in the complement system

Humoral immunodeficiencies

Antibodies-related defects are the most common primary immunodeficiency diseases. 
Among them, selective serum IgA deficiency is the most common defect. Patients 
with antibody deficiency are often diagnosed with recurrent infections with encap-
sulated bacteria that often affect the upper and lower respiratory tract. However, the 
severity of the infection may be low in some patients with selective IgA deficiency 
or in infants.10

X-linked agammaglobulinemia (XLA)
Definition
XLA is known as Bruton’s syndrome, and it is characterized by the development of 
defective B lymphocytes. The cause of the disease is a deletion or mutation in the gene 
encoding the enzyme Bruton tyrosine kinase (Btk). The abnormal gene is located on the 
long arm of chromosome X. Btk is a member of the cytoplasmic tyrosine kinases and 
is widely expressed in the B cell lineage, including pre B cells. Btk is involved in the 
pre B cell signaling pathway and is essential for the proliferation of pre B cells and their 
maturation into B cells expressing membrane immunoglobulin. Therefore, due to a 
defect in this enzyme, the development of pre B cells to immature B cells in the bone 
marrow is impaired, resulting in decreased frequencies of B cells in the bloodstream and 
severe hypogammaglobulinemia.11
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Clinical manifestations and diagnosis
Most patients with XLA are healthy in the first 6–9 months of life due to the presence 
of maternal IgG antibodies, which are responsible for protecting the baby during this 
time. The disease is often seen in males. Carriers are detected by mutation analysis, 
and prenatal diagnosis of infected male fetuses is possible. Due to the decreased serum 
antibodies, encapsulated and purulent extracellular infections such as haemophilus, 
pneumococcus, and staphylococcus are common in these patients. Besides, patients with 
XLA are more susceptible to Echoviruses. Chronic fungal infections and neutropenia 
are also seen.

Laboratory characteristics of XLA include a decrease or absence of the number of 
B cells, a lack of blood group antibodies, and a decrease in the gamma band on elec-
trophoresis. The percentage of peripheral blood B lymphocytes is less than one percent, 
percentage of T cell subgroups and T cell function are normal. Clinically, tonsillitis is not 
seen in these patients, or it is very small. Also, their lymph nodes are intangible.

In general, an XLA diagnosis should be considered if lymph node hypoplasia is 
observed on physical examination and the patient has low serum concentrations of IgG, 
IgA, IgM, and IgE with a total immunoglobulin level below 100 mg/dL. In addition, 
in this disorder, the level of natural antibodies against blood group antigens (isohem-
agglutinins) is low. Flow cytometry is an important test to determine the absence of 
circulating B cells.11,12

Treatment
Treatment of XLA is done with frequent broad-spectrum antibiotics along with receiv-
ing intravenous immunoglobulin G (IVIG). IVIG is currently a common treatment 
option for most antibody deficits and is given by infusion weekly or every two to four 
weeks. Dosage and intervals might be altered based on individual clinical responses. 
Antibiotics such as amoxicillin and amoxicillin/clavulanate are administered to prevent 
infections.

Autosomal recessive agammaglobulinemia
Similar to XLA, the number of circulating B cells falls in this disorder, resulting in a drop 
in all antibody isotypes in serum. There is frequently a deficiency in pre-BCR signaling, 
and mutations are found in the heavy chain, the surrogate light chain 5, the p85a subunit 
of phosphatidylinositol 3-kinase (PI3K), and the BLNK genes.13

Hyper IgM syndrome (HIGM)
Definition
In these patients, normal or elevated IgM levels, deficiency or absence of IgG, IgA, and 
IgE indicate a defect in the antibody class switching process. These patients suffer recur-
rent bacterial infections or are predisposed to increased autoimmunity.14,15
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Classification
There are several types of HIGM, which are discussed further below:

Type I hyper IgM (HIgM1)
The disease is x-linked and is caused by a mutation in the gene encoding cluster of 
differentiation (CD)40-ligand (CD154, CD40L). CD40L is expressed on helper T cells 
and its interaction with CD40 on B cells is necessary for isotype switching. Therefore, 
in boys with this syndrome, serum levels of IgG and IgA are very low, but IgM level 
is normal or sometimes elevated. Besides, the number of B cells is usually normal. The 
patients often have severe neutropenia. The lymph nodes are usually palpable. Due to 
T cell deficiency and impaired cellular immunity, pneumocystis carinii and cryptosporidium 
are common among these patients. It has been shown that autoimmune diseases and 
cancer are common in these individuals.

Similar to XLA patients, boys with CD40L deficiency have recurrent purulent 
infections, including otitis media, sinusitis, pneumonia, and tonsillitis in the first and 
second years of life. These patients have a normal number of circulating B lymphocytes, 
but the number of CD27+ memory cells has decreased. The number of circulating 
T cells and the response to mitogens in-vitro is normal.16,17

Hyper IgM due to the NEMO mutation
This syndrome is predominant in boys and is clinically characterized by non-sweating 
ectodermal dysplasia with immunodeficiency. This condition is caused by a mutation 
in the IKBKG gene that encodes NEMO. NEMO is a regulatory protein needed to 
activate the NF-κB transcription factor. Mutations in the coding region of the IKBKG 
are associated with EDA-ID. Most patients show abnormal antibody responses to poly-
saccharide antigens.18,19

Type II hyper IgM (HIgM2)
The disease is an autosomal recessive form of HIGM caused by mutations in the 
activation-induced cytidine deaminase (AID). AID is a DNA deaminase that is required for 
the somatic mutation of immunoglobulin genes. Affected patients usually have a nor-
mal number of circulating B lymphocytes, but their B cells are unable to switch from 
IgM-secreting cells to IgG, IgA, or IgE-secreting cells. Besides, these cells are not able 
to produce these antibodies in vitro even when treated with cytokines.

Histological evaluation of the lymph nodes shows the presence of large germinal 
centers with high frequencies of B cells. These cells express IgM, IgD, and CD38, 
which are thought to be in a transient state that initiates somatic mutations in the vari-
able region of their immunoglobulin genes. Deficiency of AID in these cells leads to 
impaired ultimate differentiation of B cells and lack of somatic mutation.
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In these patients, the serum concentration of IgG, IgA, and IgE is very low, but 
unlike patients with CD40 ligand deficiency, the serum concentration of IgM is 
increased. Patients with this type of HIGM have lymphoid hyperplasia, and their disease 
usually begins at an older age. Most of the patients have isohemagglutinins and are less 
likely to develop neutropenia.20,21

Type III hyper IgM (HIgM3)
This form of hyper IgM is due to mutations in the CD40 molecule with autosomal 
recessive inheritance. CD40 is expressed on various cells, including B cells, macrophages, 
and dendritic cells. Clinical manifestations often include recurrent sinus and lung infec-
tions, pneumonia, and it is usually an indistinguishable disease of HIgM3. These patients 
have very low IgA and IgG levels. However, the level of IgM is normal.22,23

Type IV hyper igm (HIgM4)
Patients with HIGM4 have a milder HIgM syndrome than those with HIGM2, but the 
defective genes in the disease have not yet been identified. The AID gene sequence is 
normal, but the defective expression of AID is thought to account for this disease.

HIgM4 patients, like HIgM2 patients, suffer from recurrent bacterial infections 
throughout childhood with no opportunistic infections, showing that T cell immunity 
is intact. Lymphoid organ hyperplasia in HIgM4 appears to be milder than in HIgM2. 
Autoimmune disorders, especially, cytopenia have been reported in these patients. The 
presence of normal (or high) IgM levels rules out CVID, which is defined by a reduc-
tion in the blood concentration of all Ig isotypes, including IgM. However, there may 
be an overlap between the two diseases.24

Type V hyper igm (HIgM5)
The disease is caused by a mutation in the Uracil N-Glycosylase (UNG) gene. UNG, 
along with AID, is involved in antibody class switching. As mentioned earlier, AID is a 
deaminase enzyme involved in the deamination of cytosine (C) in target DNA and its 
conversion to uracil (U), which is removed by UNG. Defects in these enzymes are asso-
ciated with increased IgM levels and high serum levels of IgG and IgA. These patients 
are also prone to bacterial infections as well as lymphoid hyperplasia.25–27

Treatment
The only curative treatment is stem cell transplantation, and an alternative treatment 
is monthly IVIG injections. Although this therapy is generally used for patients with 
X-linked HIGM or HIgM3. Besides, in patients with severe neutropenia, the use of 
granulocyte colony-stimulating factor (GCSF) is beneficial.
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Selective IgA deficiency
Definition
This disease is the most common congenital immunodeficiency disorder, which is 
characterized by a complete absence or reduction of serum IgA levels. On the other 
hand, the level of IgM or IgG antibodies is normal and sometimes increased. In these 
patients, there are B cells with a normal phenotype in the blood, but the differentiation 
of B cells into IgA-secreting plasma cells is defective. Nevertheless, the phenotype or 
responses of T cells are normal. Because interleukin (IL)−5 and transforming growth 
factor (TGF)-β cytokines play an important role in the production of IgA, the cause of 
the defect is thought to be a defect in the production of these cytokines. Mutations in 
Transmembrane Activator and Calcium modulator and cyclophilin ligand Interactor (TACI) have 
also been reported in some patients.

TACI is one of the receptors of cytokines called B cell activating factor (BAFF) and 
a proliferation-inducing ligand (APRIL). This receptor plays an important role in the 
differentiation and survival of plasma cells. In addition to selective IgA deficiency, it is 
also considered an important cause of CVID, which will be described later. IgA defi-
ciency may also occur transiently due to side effects of some medications.28,29

Clinical manifestations and diagnosis
These patients often suffer from recurrent bacterial or viral sinus-pulmonary infections 
or celiac disease. Of course, some patients may be completely asymptomatic. This disease 
often occurs with CVID. In general, these patients are highly susceptible to allergies 
and often suffer from respiratory, gastrointestinal, and genitourinary tract infections. It 
has been observed that the incidence of autoimmune diseases and malignancies has 
increased in these patients. Laboratory findings include decreased IgA and normal levels 
of IgM and IgG. The frequency and function of T cells are normal.

Treatment
Patients with IgA deficiency are often treated with broad-spectrum antibiotics. 
Treatment using IVIG is not effective because this product contains IgG that these 
patients make naturally. In addition, because some patients have serum antibodies against 
IgA, these patients may produce antibodies against the transmitted IgA, which can lead 
to type III hypersensitivity reactions or severe anaphylactic reactions.28,29

Selective IgG deficiency
Definition
IgG is the most abundant antibody in the serum, which includes four subclasses includ-
ing IgG1-IgG4. It has been proposed that IgG subclass deficiency is one of the most 
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common types of antibody deficiency. William Terry (1968) first described IgG subclass 
deficiency in a patient with recurrent infections. The mechanism causing selective IgG 
subclass deficiency in humans is mostly unknown, but it is probably the abnormal dif-
ferentiation of inactive lymphocytes in this disease. In these patients, the serum level of 
IgG, IgA, and IgM antibodies is normal, but the concentration of one or more subclasses 
of IgG is lower than normal. IgG subclass deficiency has been associated with numer-
ous other main immunodeficiencies, including selective IgA deficiency, selective IgM 
deficiency, and ataxia-telangiectasia. IgG3 and IgG2 deficiency are the most common 
types of deficiency in the IgG subclasses in adults and children, respectively.30–33

Clinical manifestations and diagnosis
Some patients with very low concentrations or no IgG2 also have IgA deficiency. Some 
patients with IgG2 deficiency also develop CVID, indicating that a lack of an IgG sub-
class can be a sign of broader immunodeficiency. These people sometimes have recur-
rent infections and sometimes have no clinical symptoms. Selective IgG2 deficiency can 
be associated with respiratory infections importantly meningitis and pneumococcus. 
Recurrent respiratory infections and lung damage were also reported in patients with 
selective IgA deficiency who were also IgG2 deficient. In general, selective IgG2 defi-
ciency is associated with increased susceptibility to infections with capsulated bacterial 
pathogens (e.g., Streptococcus pneumoniae).30–33

Treatment
IVIG replacement therapy is currently the treatment of choice for individuals with an IgG 
subclass deficit. In addition, antibiotics are generally administered to prevent infections.

Common variable immunodeficiency (CVID)
Definition
CVID is a group of immunodeficiency diseases characterized by a decrease in the serum 
level of immunoglobulins and an increase in the incidence of infections. This abnormal-
ity may be diagnosed in early childhood or late life. Its manifestations and pathogenicity 
are highly variable and are usually diagnosed when other primary immunodeficiency 
diseases are ruled out. The inheritance pattern of this disease is autosomal dominant or 
recessive. Of course, most CVIDs are sporadic or have autosomal dominant inheritance 
patterns. The B cell phenotype is normal, but plasma cells are less present in the lymph 
tissues, which may indicate a defect in the differentiation of B cells into antibody-
producing cells. In this regard, the mutations that cause this disorder include mutations 
in T cell co-stimulator inducible co-stimulatory  (ICOS), TACI, BAFF receptor (BAFFR), 
CD19, CD20, and CD81. ICOS is a marker expressed on activated T cells and by 
binding to its ligand called ICOSL on the B cells, leads to the production of antibod-
ies, follicular helper T cell (TFH) differentiation, and the production of memory cells. 
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TACI is involved in the proliferation and differentiation of B cells and the production 
of antibodies. As mentioned before, the TACI defect is also involved in IgA deficiency. 
BAFF is a cytokine involved in B cell proliferation and antibody production. Therefore, 
a defect in its receptor named BAFFR is associated with a decrease in antibody produc-
tion. The frequency of T cells is usually normal, although T cell function is suppressed 
in some patients.34,35

Clinical manifestations and diagnosis
Patients with CVID are unable to produce antibodies in response to immunization or 
natural infection. Their lymphatic tissues and bone marrow are basically free of plasma 
cells. They have normal or large tonsils and lymph nodes. These people suffer from 
recurrent respiratory infections such as sinusitis, otitis, bronchitis, and pneumonia. Due 
to the lack of mucosal antibodies, these patients are prone to gastrointestinal infections 
caused by Giardia lamblia. These patients are also prone to autoimmune diseases such as 
inflammatory bowel disease, rheumatoid arthritis, and pernicious anemia. In addition, 
the development of malignant tumors, especially lymphomas, is associated with this dis-
ease. These patients are often treated with IVIG and antibiotics. Laboratory symptoms 
include normal B cell count, NK cell count, decreased IgG production, and low serum 
antibodies. These patients may have thrombocytopenia and neutropenia.34,35

Treatment
As with other humoral immunodeficiencies, treatment for patients with CVID involves 
immunoglobulin replacement therapy and preventive antibiotics.

Laboratory assays for humoral immunity deficiencies
Quantitative immunoglobulin evaluations are the most important early screening when 
a humoral immunity-related immunodeficiency is suspected. Serum antibody titers 
may be used for frequent vaccinations like diphtheria, tetanus, and pneumococcus. 
Antibody titers in the serum are frequently detected using enzyme-linked immunoas-
say (ELISA).36,37

Several advanced techniques can be used to evaluate a patient suspected of having 
a humoral immune deficiency. For example, determination of B cell phenotype by 
analyzing the expression of B cell markers (e.g., IgM, IgD, IgG, CD19, CD20, CD27, 
and CD38). In this regard, patients with CVID and XLA (or Bruton) may have lower 
levels of memory B cells (CD27+, IgM-, IgD-) and a low or absent circulating B cell 
population.38 Genome sequencing is another method that can be used to identify a 
specific mutation. For example, XLA is linked to a genetic defect in the BTK gene, 
while CVID and ataxia-telangiectasia are associated with a genetic defect in the TACI, 
BAFFR, and ATM genes, respectively.39–42 Another method for determining whether 
or not a patient has a humoral immunodeficiency disorder is to use Kappa-deleting 
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recombination excision circle (KREC). KRECs are episomal DNA fragments that are 
produced during B lymphocyte development, particularly when the kappa light-chain 
genes are rearranged. KRECs can be detected in newborn blood spots using polymerase 
chain reaction (PCR), which can be used to screen for B cell-related deficiencies such 
as XLA and ataxia-telangiectasia.43

Cellular immunodeficiencies and combined immunodeficiencies

There are a variety of immunodeficiency diseases in which the number and function of 
T cells are impaired. Immunodeficiencies related to T lymphocytes or combined immu-
nodeficiencies are more severe than B cell and antibody deficiencies, and these patients 
rarely live beyond childhood. In this section, we will review types of T cell-associated 
or combined immunodeficiencies.

Di george syndrome
Definition
This immunodeficiency is due to a congenital disorder in the development of the 
thymus epithelium, which is characterized by thymus hypoplasia or lack of thymus 
formation, resulting in impaired cellular immunity. The animal model of this disease is 
nude mice that, in addition to thymus hypoplasia, lack hair and have inherited abnormal 
skin epithelial cells. These patients are susceptible to viral and fungal infections and are 
deficient in response to thymus-dependent antigens. The disease is often caused by a 
deletion on chromosome 22q11. There are several genes in this area, including TBX1, 
which is known to be the main cause of Di George syndrome. It should be noted that 
the FOXN1 gene mutation is also associated with an immunological defect related to 
an alteration of the thymic epithelial stroma. FOXN1 mutation causes severe combined 
immunodeficiencies (SCID) with the phenotype of T-/lowB+NK+ and other several 
features involving the skin and hair.44,45

Clinical manifestations and diagnosis
Children with Di George syndrome may grow normally but are more susceptible to 
infection with opportunistic pathogens, including fungi and viruses. In addition to 
thymus deficiency or thymus hypoplasia, these patients could show a wide spectrum 
of clinical features, including hypothyroidism, cardiovascular disorders, vessel mal-
formations, and facial dysmorphisms. Hypothyroidism is associated with decreased 
parathyroid hormone levels, decreased calcium absorption, as well as increased phos-
phorus levels. Serum immunoglobulin concentrations are usually normal, but IgA 
may be decreased. The number of T cells decreased, and increased levels of B cells 
were found. Early diagnosis of this disease is crucial and can be fatal if left untreated. 
Infants born with primary hypothyroidism should be screened for Di George and 
T cell counts.44,45
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Treatment
Thymus transplantation with major histocompatibility complex (MHC) compatibility 
could be a good therapeutic approach for patients with Di George syndrome.

Severe combined immunodeficiencies (SCID)
SCID includes a group of immunodeficiencies caused by gene mutations that lead to 
defects in both B and T cells. In addition, the function of NK cells may be impaired. 
Affected infants have lymphopenia and develop skin infections, recurrent diarrhea, 
pneumonia, and otitis media in the first few months of life. Patients have a small thymus 
without lymphocytes and no corticomedullary region. However, histologically, the thy-
mus epithelium is normal. In addition, there are no tonsils and lymph nodes and Peyer’s 
patches. Infants with developmental defects are prone to opportunistic infections such 
as Pneumocystis jirovecii, Candida albicans, and Epstein-Barr virus (EBV). Neonates have 
T cell lymphopenia and lack lymphocyte proliferative responses to mitogens in vitro. 
It is a pediatric emergency, and death usually occurs in the first year of life unless stem 
cell transplantation or gene therapy is performed. There are several types of SCIDs that 
we will discuss below. X-linked SCID is caused by mutations in the common gamma 
chain (γc), and autosomal recessive SCID could be caused by mutations in several genes, 
including ADA, PNP, Janus kinase 3 (Jak3), IL-7Rα, RAG1, RAG2, Artemis, DNA protein 
kinases, CD3 and CD45.46,47

SCID caused by gamma chain mutation
It is an X-linked disease and the most common form of SCID. The disease is caused 
by a mutation in a gene encoding γc, an important component for signaling cytokines 
including IL-2, IL-4-IL-7, IL-9, 1L-15, and IL-21. Importantly, IL-7 is needed for the 
development of immature thymocytes, and defects in the IL-7 receptor could result in 
impaired development of thymocytes. In addition, IL-15 is a potent stimulus for NK cell 
proliferation, and its receptor uses the gamma chain for signal transduction. Therefore, a 
defect in the function of IL-15 leads to a deficiency of NK cells. In general, X-linked 
SCID is characterized by defects in the maturation of T cells, NK, and a sharp decrease 
in the frequency of mature T cells and NK cells. However, the number of B cells is 
usually normal or increased that is generally characterized by the T-B+NK- phenotype. 
Because the existence of T cells is also required for B cell responses and antibody pro-
duction, humoral immunodeficiency in these patients is due to a lack of T cell help.48,49

SCID caused by defects in adenosine deaminase (ADA)
This form is the second most common form of SCID after X-linked SCID. The ADA 
gene is on chromosome 20q, and its point and deletion mutations can lead to ADA 
defects. ADA is an enzyme involved in the deamination of adenosine to inosine as well 
as 2-deoxyadenosine to 2-deoxyinosine in the purine salvage pathway. ADA deficiency 
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leads to an increase in 2-deoxyadenosine and adenosine, which have toxic effects on 
T cells. These patients have more severe lymphopenia than other forms of SCID, and the 
number of T, B, and NK cells is very low. However, the function of NK cells is normal. 
Pneumonia, slowed growth, chronic diarrhea, and skin rashes are the earliest symptoms 
of ADA deficiency.50,51

SCID caused by defects in purine nucleoside phosphorylase (PNP)
This disease is another rare autosomal recessive type of SCID that is caused by a defect 
in the enzyme PNP. Like ADA, this enzyme is involved in the catabolism of purines 
(salvage pathway) and the conversion of inosine to hypoxanthine and guanosine to gua-
nine. PNP deficiency is associated with increased deoxyguanosine and deoxyguanosine 
triphosphate, which causes apoptosis of T cells, and also leads to the destruction of the 
nervous system. The disease is characterized by recurrent infections, neurologic symp-
toms, and autoimmune disorders like autoimmune hemolytic anemia, autoimmune 
neutropenia, lupus, and idiopathic thrombocytopenia (ITP).52–54

SCID caused by mutation in RAG1 and RAG2
RAG1 and RAG2 are the important enzymes involved in V(D)J recombination. 
Mutations in these two enzymes lead to the most severe form of SCID with the B-T-
NK+ phenotype. These patients do not have B and T lymphocytes, but the frequency 
of NK cells is normal. These patients have leukocytosis with lymphocytosis and eosino-
philia and low levels of IgG, IgA, and IgM antibodies. In addition to RAG1 and RAG2, 
a defect in another enzyme involved in the recombination process, called Artemis, also 
leads to an inability to V(D) J recombination. Children with these mutations do not 
have B and T lymphocytes.55–57

SCID caused by defects in interleukin-7 receptor a (IL-7Ra)
It is the third most common form of SCID, characterized by a lack of T cells and a 
normal or increased number of B cells (phenotype T-B+NK+). The disease has an 
autosomal recessive inheritance pattern. In general, IL-7R is composed of two chains, 
including IL-7Ra (also known as CD127) and γc, and its expression is essential for the 
normal development of T cells. This receptor is involved in inducing proliferative and 
survival signals to thymocytes during the early stages of T cell development. Patients 
with mutations in the IL-7R gene are prone to recurrent infections, prolonged diarrhea, 
FTT, infection with pneumocystis jirovicii, and lymph node hypoplasia. The frequency 
of T cells is significantly decreased. However, the number of B cells is normal or even 
increased.58,59

SCID caused by defects in CD45
CD45 is a membrane molecule called leukocyte common antigen that is expressed 
on the surface of hematopoietic cells. This molecule has tyrosine kinase activity and 
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is involved in the stimulation of tyrosine kinases involved in the activation of T and 
B cells.60–62

SCID caused by defects in CD3σ, CD3ε, and CD3ζ
CD3σ, CD3ε, CD3ζ are components of the T cell receptor that participate in the sig-
nal transduction of the receptor. These molecules are essential for the development of 
T cells inside the thymus. Thus, mutations in these genes lead to a severe deficiency of 
circulating mature T cells. In this form of SCID, B and T cells are normal and have a 
phenotype similar to IL-7Rα-SCID (phenotype T-B+NK+).63–65

SCID caused by defects in ZAP70
ZAP70 deficiency is a rare autosomal recessive form of SCID caused by a mutation in 
the ZAP70 gene. ZAP70 is a tyrosine kinase that plays a significant role in triggering 
T cell responses and T cell signal transduction. The transition from the double-positive 
stage (CD4+ CD8+) during T cell development in the thymus is arrested in ZAP70 
deficient mice. This form of SCID is characterized by a lack of CD8+ T cells and a 
normal frequency of nonfunctional CD4+ T cells in the peripheral blood. Therefore, 
the patients are susceptible to a variety of infections, and they are fatal if untreated. The 
diagnosis is usually made within the first six months of life.66–68

SCID caused by defects in JAK3
JAK3 gene is located on chromosome 19 and encodes an enzyme, which is critical for 
the function of γc. JAK3 deficiency is also an autosomal recessive form of SCID, and 
patients are clinically similar to other patients with SCID. The patients have a similar 
phenotype to X-SCID patients (T − B+NK-). These patients have a very low number 
of T and NK cells and an increased percentage of B cells.69–71

SCID caused by defects in ORAI1 and STIM1
ORAI1 and STIM1 deficiencies are other rare forms of SCID. Ca2+ influx through 
specific Ca2+ channels in the plasma membrane is required for lymphocyte activation. 
The Ca2+ release activated Ca2+ (CRAC) channel encoded by the gene ORAI1 is the 
most prominent Ca2+ channel in T cells. ORAI1 is triggered by the stromal interaction 
molecule (STIM) 1, which is found in the endoplasmic reticulum (ER) and detects the 
levels of accumulated Ca2+. The activation of STIM1 occurs following antigen bind-
ing to TCR when the Ca2+ stores in the ER are depleted. Subsequently, the ORAI1-
CRAC channels open, leading to the entrance of Ca2+. This process is essential for 
lymphocyte activation. Defects in ORAI1 and STIM1 genes result in the expression of 
non-functional or absent ORAI1 or STIM1. This immunodeficiency is associated with 
muscular hypotonia, anhidrotic ectodermal dysplasia, autoimmunity, and lymphoprolif-
erative disease. These patients’ immunodeficiency is caused by significant impairment in 
T cell activation but not lymphocyte development.72,73
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SCID caused by defects in adenylate kinase 2 (Reticular dysgenesis)
The disease is an autosomal recessive form of SCID caused by a mutation in the gene 
encoding adenylate kinase 2 (AK2). This disorder is extremely rare, accounting for 
approximately 1 percent−3 percent of SCID patients. The AK2 protein regulates the 
amount of adenosine diphosphate, and in its absence, apoptosis of lymphoid and myeloid 
precursors increases. Therefore, the disease is caused by defects in the development of 
lymphoid and myeloid precursors. Monocytes and neutrophils have been reduced sub-
stantially. Despite the lack of monocytes, macrophages are found in normal quantities in 
the dermis and (abnormal) lymphoid tissues. Affected patients lacked peripheral blood 
lymphocytes and granulocytes, and bone marrow.74,75

Treatment
The treatment of choice for patients with various types of SCID is stem cell transplan-
tation. Enzyme replacement therapy can also be performed in patients with ADA and 
PNP deficiency. After stem cell transplantation, B cell function also improves due to 
improved T cell function. For patients with reticular dysgenesis, short-term GM-CSF 
treatment can alleviate the symptoms by increasing stem cell differentiation. However, 
this disease is fatal without bone marrow/hematopoietic stem cell transplantation 
because of overwhelming infections.

Wiskott-aldrich syndrome
Definition
The disease is X-linked and is caused by a defect in the expression of the WASP protein. 
The WASP gene is located on the short arm of the X chromosome and encodes a pro-
tein that is essential for the accumulation of actin filaments needed to form microvesicles 
and rearrange the cytoskeleton. This protein is expressed only in bone marrow-derived 
cells. Defects in this protein lead to defects in the activation and formation of synapses 
in lymphocytes and defective migration of all leukocytes.76,77

Clinical manifestations and diagnosis
The disease is a combination of cellular and humoral deficiencies and is associated with 
eczema, thrombocytopenia, and immunodeficiency. The patients exhibit severe eczema 
and recurrent infections with purulent and opportunistic microorganisms, usually dur-
ing the first year of life. Streptococcus pneumoniae and other bacteria with polysaccharide 
capsules lead to otitis media, pneumonia, meningitis, and sepsis. Platelets and leukocytes 
are small and do not develop normally, and have difficulty migrating. These patients have 
normal IgG levels and increased IgE and IgA. Because of the decreased levels of IgM, 
the patients have a poor response to polysaccharides. Secondary responses to protein 
antigens are absent or very weak. Bleeding in the first six months of life, especially in 
boys, and diarrhea are the first symptoms of this disease. Infections, bleeding, and malig-
nancies associated with EBV are the most common causes of death.76–79
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Treatment
Splenectomy, bone marrow transplantation, IVIG, and antibiotics are treatments for this 
disease.

Ataxia-telangiectasia
Definition
Ataxia-telangiectasia is a complex multisystem syndrome that varies in severity and 
may affect both B and T cells. The disease is caused by a mutation in the ATM gene. 
ATM is located on the long arm of chromosome 11 and encodes a protein kinase that 
is involved in controlling cell cycle checkpoints and apoptosis in response to double-
stranded DNA breaks. Defects in this protein lead to impaired DNA repair, chromo-
somal abnormalities, or impaired production of antigen receptors.80,81

Clinical manifestations and diagnosis
This is an autosomal recessive syndrome characterized by immunological, endocrino-
logical, neurological, cutaneous, and hepatic abnormalities. The disorder is character-
ized by progressive difficulty with control of movement (ataxia) that begins to develop 
usually at the age of 3 to 6 years. Patients are prone to bacterial infections of the upper 
and lower respiratory tract, multiple autoimmune disorders, chromosomal instability, and 
an increased incidence of cancer. The most severe manifestations of the disease, which 
are associated with varying degrees of humoral and cellular immunodeficiency, are 
cerebellar ataxia, ocular-telangiectasia, abnormal control of eye movement, and a high 
incidence of malignancies. Due to the important role of the ATM protein in immuno-
globulin class switching, IgA and IgG are decreased. Increased levels of alpha fetoprotein 
(AFP) could be found in the serum after two years of age. Defects in cellular immunity 
could be associated with thymus hypoplasia.80,81

Treatment
Currently, there is no treatment for this disease. However, treatment is aimed at prevent-
ing neurodegeneration, respiratory infections, and supporting immune system function. 
The treatments are mostly aimed at preventing and managing symptoms.

X-linked lymphoproliferative syndrome (XLP)
Definition
XLP is a rare immunodeficiency characterized by an impaired immune response to infec-
tion with EBV. The inability to remove EBV leads to severe infectious mononucleosis 
and is associated with the development of B cell tumors and hypogammaglobulinemia. 
In this disease, the decreased responses of CTL, NK, and natural killer T cells (NKT) 
and severe EBV infection with the unlimited proliferation of B cells have been found. 
There are two types of XLP, which are determined by the type of mutation. In XLP1, 
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which accounts for about 80 percent of patients, there is a defect in the SLAM-associated 
protein (SAP). SAP is a protein that is encoded by SH2D1A and participates in signal 
transduction to stimulate T and NK cells. This protein transmits signals through the sig-
naling lymphocytic activation molecule (SLAM). In this regard, SAP binds the SLAM 
protein to induce Fyn kinase and trigger cell signaling transduction. Defects in the SAP 
lead to a decrease in the activity of NK and T cell cells and are thus associated with 
increased susceptibility to viral infections. In addition, SAP is necessary for the develop-
ment of helper T cells, and patients with SAP deficiency have difficulty in developing 
the germinal center and producing high-affinity antibodies. In XLP2, there is a defect in 
the gene encoding X-linked inhibitor of apoptosis (XIAP). This defect leads to increased 
apoptosis of T cells and NKT cells.82,83

Clinical manifestations and diagnosis
Nearly half of patients with XLP develop severe, life-threatening mononucleosis 
that is characterized by pharyngitis, fever, swollen lymph nodes, splenomegaly, and 
hepatomegaly. Liver and bone marrow damage could result in life-threatening com-
plications. Aplastic anemia and thrombocytopenia can also be found in XLP patients. 
Thrombocytopenia makes the patients more prone to excessive bleeding. The patients 
may develop B cell lymphomas subsequent to EBV exposure. These lymphomas are 
distinguished by the malignant transformation of abnormally proliferating B lympho-
cytes.82,83

Treatment
Treatment for affected individuals identified with XLP following EBV exposure may 
include medicines to prevent opportunistic infections, such as prophylactic antibiotic 
therapy and IVIG administration.

Familial homophagocytosis lymphohistocytosis syndrome (FHL)
Definition
Familial homophagocytosis lymphohistocytosis syndrome (FLH) is a group of immu-
nodeficiency disorders caused by defects in the activation of killer cells, including CTL 
and NK cells, inherited in an autosomal recessive pattern. Defect in perforin, which is 
the most important component of the CTL and NK cell granules, is the most com-
mon form of FHL. Mutations in various genes, including mutations in RAB27 and 
MUNC13, all of which are involved in granular exocytosis, can contribute to the dis-
ease. Defects in the release of cytolytic granules lead to uncontrolled viral infections 
resulting in the proliferation of unfunctional CTLs producing excessive amounts of 
tumor necrosis factor (TNF) and IFN-γ. Subsequently, macrophages are activated by 
these cytokines, which can be involved in the ingestion of red blood cells (hemophago-
cytosis) and leukocytes.84
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Clinical manifestations and diagnosis
Overactivation and the excessive response of T cells and macrophages to compensate 
for NK and CTL cell defects are thought to lead to hemophagocytosis and lymphade-
nopathy. This overactivation causes fever, and damages the liver and spleen, leading to 
hepatomegaly and splenomegaly, respectively. In FLH, the brain may also be affected, 
resulting in neurological problems. The signs and symptoms of FLH commonly develop 
during infancy, but they can appear later in life as well. Most patients with FLH die 
within a few months if they do not receive therapy.84

Treatment
The disease is usually fatal. However, it may be treated with immunosuppressive drugs 
and hematopoietic stem cell therapy.

Autoimmune lymphoproliferative syndrome (ALPS)
Definition
ALPS is a rare disorder with an autosomal dominant pattern characterized by uncon-
trolled and severe proliferation of lymphocytes accompanied by lymphoma, despite the 
fact that a limited percentage of cases are inherited in an autosomal recessive manner. 
Patients are prone to systemic autoimmune diseases and increased susceptibility to 
chronic viral infections. The main cause of this disease is a mutation in the gene encod-
ing Fas (CD95). Fas is a molecule whose interaction with the Fas ligand (CD178 or 
FasL) expressed on activated lymphocytes is involved in cell apoptosis and the estab-
lishment of immune homeostasis. Fas defect is associated with a lack of apoptosis of 
hyperactive and self-reactive lymphocytes, which leads to uncontrolled proliferation of 
lymphocytes and eventually the development of lymphoma.85

Clinical manifestations and diagnosis
Mutations in Fas are associated with lymphadenopathy, hepatosplenomegaly, and auto-
immune cytopenia. The symptoms of this disease are due to the lack of regulation of 
the immune system, which causes enlargement of the  lymph nodes, liver, and spleen. 
Affected individuals are more likely to develop lymphoma as well as other cancers. They 
may also suffer from a number of autoimmune illnesses, most of which cause blood 
cell, nerve, liver, and kidney destruction. The patients with ALPS also have skin rashes, 
arthritis, vasculitis, and neurological damage.85

Treatment
Depending on the severity of the disorder, treatment may involve steroids or other 
drugs, blood transfusions, and/or splenectomy.
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Immune dysregulation- Polyendocrinopathy-enteropathy 
-x-linked syndrome (IPEX)
Definition
Immune dysregulation- Polyendocrinopathy-Enteropathy-X-linked syndrome (IPEX), 
which is an X-linked disorder, is due to a mutation in the gene encoding FoxP3, a 
critical regulator of regulatory T (Treg) cell gene expression. FoxP3 is responsible for 
the suppressive ability of Tregs. Defects in this molecule lead to dysfunction of Treg 
lymphocytes, and as a result, active self-reactive lymphocytes penetrate the target organs 
and cause damage. IPEX syndrome can be fatal in infancy.86

Clinical manifestations and diagnosis
Symptoms include skin rashes, uncontrolled diarrhea, and insulin-dependent diabetes that 
occurs in the first months of life. Almost all patients with IPEX syndrome have an intes-
tinal disorder known as autoimmune enteropathy that causes severe diarrhea, which is the 
primary symptom of IPEX syndrome and usually manifests in the first few months of life. 
Autoimmune enteropathy could also result in FTT and weight loss. Due to disruption of 
cutaneous and mucosal barriers, dermatitis or skin irritation is common in people with 
IPEX syndrome. The patients might suffer from a variety of endocrine gland disorders. 
Type 1 diabetes mellitus, which can occur within the first few months of life, is the most 
frequent endocrine problem. People with IPEX syndrome may develop autoimmune 
thyroid dysfunction as well. However, these patients may also have other symptoms, such 
as thrombocytopenia, anemia, and neutropenia caused by the immune system responses.86

Treatment
Hematopoietic stem cell transplantation is an effective treatment for this disorder. Of 
course, the use of immunosuppressive drugs could also be effective in the control of 
autoimmunity.

Bare lymphocyte syndrome
Definition
It is a rare disease characterized by defects in MHC II molecules. Because the expression 
of MHC II molecules is essential in the development of CD4+ T cells, a defect in this 
molecule leads to a decrease in CD4+ T cells. In most cases, the expression of MHC 
I is normal or slightly decreased. Their CTL cells are also normal. Decreased CD4+ 
T cells and their cytokines could lead to disruption of the interaction of CD40-CD40L, 
resulting in hypogammaglobulinemia. Mutations in genes such as Class II transactivator 
(CIITA), Regulatory Factor X5 (RFX5), Regulatory Factor X Associated Ankyrin Containing 
Protein (RFXANK), and Regulatory Factor X Associated Protein (RFXAP) can contribute 
to the disease. These are transcription factors involved in the expression of the MHC 
II molecules.
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Autosomal recessive defects in MHC I are also found, which make up less than 
10 percent of cases and lead to CD8+ T cell deficiency. Mutations in the Transporter 
Associated with Antigen Processing 1 (TAP1) and TAP2 genes are involved in this disorder. 
These proteins are involved in the transport of peptides from the cytosol into the ER, 
which ultimately leads to the assembly of MHC I molecules on the cell surface. In this 
disease, the number and selection process of CTLs in the thymus is impaired. Due to 
the presence of normal MHC II molecules, antibody production is normal.87

Clinical manifestations and diagnosis
The disease usually occurs during the first year of life and is usually fatal unless treated 
with a bone marrow transplant. Patients with MHC II Deficiency develop persistent 
diarrhea, which is often caused by enterovirus and cryptosporidium infections. In 
addition, patients are prone to viral herpes infections, bacterial pneumonia, and sepsis. 
Patients with MHC II deficiency have a decreased frequency of CD4+ T cells, but 
CD8+ T cells are normal or increased. MHC II antigens are not detectable at the cell 
surface, and patients have hypogammaglobulinemia.

Patients with MHC I deficiency possess serum MHC I antigens and β2-microglobulin. 
However, the MHC I molecules are not detectable on the cell surface. There is a defect 
in CD8+ T cells, and CD4+ T cells are normal.87

Treatment
As of yet, allogeneic stem cell transplantation is the only treatment that has proven to 
be effective. However, some patients may need IVIG therapy. The treatment for bare 
lymphocyte syndrome aims to alleviate the disease’s symptoms, prevent infections, and 
improve the quality of life.

Laboratory assays for cellular immunity deficiencies
A CBC with differential can be conducted on a patient suspected of having cellular 
immunodeficiency to distinguish newborns with low/absent absolute lymphocyte 
counts. The frequency and function of T cells can then be assessed using flow cytometry 
and in-vitro functional analysis. The counts of CD3, CD4, CD8, NK, and B cells can 
be distinguished using flow cytometry. T lymphocyte markers CD3, CD4, and CD8 
are typically reduced in abnormalities associated with cellular immunity, such as Di 
George Syndrome. Increased frequencies of CD45RO+ T cells are reported in Omenn 
syndrome. CD45RA is a naïve T cell marker in neonates, but CD45RO is a memory 
T cell marker that can be used to identify maternal T cells.88,89

The cutaneous delayed-type hypersensitivity (DTH) assays are another way to 
examine T cell function. It is important to mention that DTH is not suggested for chil-
dren under the age of 12 months. The cellular mediated memory response is identified 
in these assays by injecting antigens such as purified protein derivative (PPD), Candida 
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albicans, and mumps into the skin. The outcome is determined by measuring cutaneous 
induration 48–72 h later.

Another essential test for determining T cell activity is the Lymphocyte Mitogen 
Assay. T cell mitogens are utilized to stimulate lymphocytes in this assay. The radiola-
beled thymidine that can be integrated into the DNA of proliferating cells is used to 
conduct the quantification. Mitogens for T cell stimulation include phytohemagglutinin 
(PHA), anti-CD3 antibodies, and concanavalin (ConA). Pokeweed (PWM) can be used 
to trigger both T and B cell responses.90,91

T cell replication excision circle (TREC) is a novel test that can be used to screen 
infants for severe T cell lymphopenia. The use of TREC to assess patients with cellular 
immunodeficiencies has resulted in early diagnosis and a reduction in morbidity and 
mortality. TRECs are circular, non-replicating fragments of DNA created following 
TCR rearrangement and can be used to identify naïve T cells.92

Another method for detecting cellular immunity abnormalities and combined 
immunodeficiency, in which both the cellular and humoral immune systems are 
compromised, is genetic evaluation of specific genes. The genetic evaluation might 
be complemented with the examination of the patient’s protein level. A mutation in 
the WAS protein (WASp), for example, is linked to WAS. Flow cytometry detection 
of WASp allows for quick screening for this disorder. In addition, Quantitative real-
time PCR has high sensitivity and specificity for mutation identification. However, 
fluorescent in situ hybridization (FISH) is a newer approach for detecting gene 
alterations. This approach can discover deletions at 22q11 that result in Di George 
Syndrome.93,94

The causative genetic deficiencies of several phenotypes of SCID, including T-/B+/
NK-, T-/B+/NK+, T-/B-/NK+, T-/B-/NK-, have been identified, which could be 
detected by genetic analysis and flow cytometry technique. The most common type 
of SCID is X-linked SCID (T-/B+/NK- phenotype), which is caused by a lack of the 
common gamma chain (CD132) or Jak3. IL-7Rα, CD3, CD45, ZAP70, and Coronin-
1A deficiency are all linked to the T-/B+/NK+ phenotype of SCID. Gene deficiencies 
in RAG1 or RAG2, Artemis, Ligase4 (LIG4), DNA-dependent protein kinase (DNA-PK 
or PRKDC), and Cernunnos are linked to the T-/B-/NK+ phenotype. In addition, the 
T-/B-/NK- phenotype is linked to deficits in adenosine deaminase (ADA), purine 
nucleoside phosphorylase (PNP), and adenylate kinase 2 (AK2).95,96

Innate immunity immunodeficiencies

The innate and adaptive components of the immune system collaborate to control and 
neutralize the numerous infections that threaten vertebrates. Although innate immunity 
may look unsophisticated at first glance, innate immune cells may coordinate unique 
immune responses to different illnesses by recognizing diverse pathogens via germline-
encoded pattern recognition receptors. The innate immune system consists of immune 
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cells and mediators, including macrophages, neutrophils, dendritic cells, NK cells and 
NKT cells, the complement system, cytokines, antimicrobial agents, and epithelial and 
mucosal barriers. Innate immunodeficiencies are a group of abnormalities characterized 
by defects in one or more components of the innate immune system, which will be 
described in detail below.97

Leukocyte adhesion deficiency (LAD)
Definition
Leukocyte adhesion defects include three types, LADI, LADII, and LADIII, with an auto-
somal recessive inheritance pattern. This disorder is rare and is characterized by defects 
in the adhesion and function of leukocytes. Neutrophilia is evident; however, neutrophils 
have defects in adhesion, movement, and function. As a result, these individuals are prone 
to recurrent bacterial and fungal infections.98

Leukocyte adhesion deficiency i (LADI)
The disease is characterized by defects in the adhesion molecules of the beta2-integrins 
family. Members of this family of adhesive molecules have two chains: 1) Alpha chain 
that is different between the members and 2) Common beta chain. In general, the 
beta-integrin family consists of three groups, which are involved in the attachment of 
leukocytes to other cells (such as endothelial cells, in order to exit the bloodstream), as 
well as in the binding to pathogens and the induction of phagocytosis.99 These include:
1. LFA1 (CD11a CD18)
2. Mac1 (CD11b CD18): also known as iC3b receptor or CR3
3. CR4 (CD11c CD18): also known as p150,95, αXβ2

In patients with LADI, defects in the beta chain (CD18) lead to a decrease in the 
function of neutrophils in phagocytosis, chemotaxis, and diapedesis. In other words, 
neutrophils are unable to bind to the intercellular adhesion molecule (ICAM)−1 and 
ICAM-2 molecules, which are expressed on the inflamed endothelial surface due to 
defects in CD18, and cannot migrate to the site of infection. Hence, these patients have 
a disorder in response to pyogenic infections. Also, due to the impaired iC3b receptor, 
neutrophils are unable to detect pathogens bound to opsonin iC3b.100

Leukocyte adhesion deficiency ii (LADII)
The disease is caused by a defect in the sialyl-Lewis X  (sLex/CD15s). This molecule 
is expressed on the surface of neutrophils and is required for binding to E-selectin and 
P-selectin expressed on the active endothelium cells. The disease is caused by mutations 
in genes encoding enzymes involved in fucose metabolism, leading to the absence of 
fucose in the carbohydrate structure of sialyl-Lewis. In these patients, the rolling function 
of neutrophils is impaired, which is considered the first step in the migration of neutro-
phils to the site of infection. Patients with LADII have similar clinical manifestations to 
LADI, but the infections are milder in these patients.101
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Leukocyte adhesion deficiency III (LADIII)
This disease is clinically similar to LADI but has impaired inside-out signaling of integ-
rins. There is a disruption in the activation of integrins, which is necessary for the strong 
attachment of leukocytes to the endothelium. In some patients, a mutation occurs in 
the gene encoding KINDLIN-3, which plays a role in integrin signal transduction. Due 
to integrin dysfunction in platelets, increased bleeding is observed in these patients.98

Clinical manifestations and diagnosis
Symptoms of these patients include abscesses, hepatosplenomegaly, pneumonia, delayed 
umbilical cord clamping, and gingivitis. Affected children are prone to recurrent bacte-
rial infections of the skin, mouth, respiratory tract, intestinal tract, and genitals. Delay in 
umbilical cord clamping is often associated with infection. The presence of omphalitis 
is an important manifestation that differentiates patients from healthy children. Skin 
infections can lead to large chronic sores. Severe gingivitis can lead to premature loss of 
primary teeth. Patients are unable to produce pus, and the number of neutrophils in the 
lesions is low. Neutrophilia is one of the consequences of the disease. Diagnosis of the dis-
ease is by flow cytometry technique and measuring the marker of CD11a CD18 on the 
surface of neutrophils in LADI and measuring CD15 (sLex) in LADII. Patients’ antibody 
levels are normal; however, some patients have defects in T cell-dependent responses.98–101

Treatment
Bone marrow transplantation is the best treatment, and the patients need supportive 
care, including treatment with broad-spectrum antibiotics.

Chronic granulomatosis disease (CGD)
Definition
The disease is caused by a defect in the killing function of phagocytes and the produc-
tion of antimicrobial active oxygen metabolites. More specifically, patients with CGD 
have a defect in one of the subunits of the enzyme called phagocyte oxidase or nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase. This enzyme in phagocytes 
plays a vital role in pathogen killing and the phagocytosis process. NADPH oxidase is 
composed of cytoplasmic and transmembrane subunits in phagocytes. In this regard, 
once the phagocyte cell is activated, three cytosolic components of this complex called 
p47phox, p67phox, and p40phox are transferred to the phagocyte cell membrane. Initially, 
p47phox is phosphorylated and moves to the phagosome membrane along with p40phox 
and p67phox. Subsequently, p47phox binds to cytochrome B558 (Cyt

b558
, a heterodimer 

including the gp91phox and p22phox subunits), and a complete NADPH oxidase complex 
is formed. The enzyme catalyzes the oxidation reaction of NADPH and initiates the 
production of superoxide free radicals. Superoxide is converted to hydrogen peroxide 
either spontaneously or by the enzyme superoxide dismutase. Defects in any of the 
enzyme subunits can lead to CGD. The most common form of CGD (about 65 percent 
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of patients) is caused by a mutation in the gp91phox subunit. This subunit is encoded by 
the CYBB gene on the X chromosome. Other types of CGDs are autosomal recessive 
due to defects in the p22phox subunit (encoded by the CYBA gene on chromosome 16) 
or p47phox (encoded by the NCF1 gene on chromosome 7) or P67 (encoded by the 
NCF2 gene on chromosome 1). A small number of patients with CGD may be deficient 
in enzymes such as glucose-6-phosphate dehydrogenase and myeloperoxidase.102

IFN-γ increases transcription of the gene encoding gp91phox and stimulates the pro-
duction of superoxide radicals by the NADPH oxidase. Today, IFN-γ therapy is used for 
X-linked CGD patients.102

Clinical manifestations and diagnosis
Clinical manifestations are variable; however, due to defects in the killing activity of 
phagocytes, recurrent and pyogenic infections increase in patients, which eventually 
lead to the production of granulomas, especially in childhood. Patients are more sus-
ceptible to catalase-positive bacteria and are frequently infected with infections caused 
by Staphylococcus, Escherichia, Candida, Salmonella, Legionella, and Aspergillus. The most 
common pathogen is Staphylococcus aureus. Patients suffering from pneumonia, hepato-
megaly, osteomyelitis, recurrent and purulent skin infections, and skin abscesses, as well 
as abscesses in the liver, lung, and spleen. Other manifestations include colitis or chronic 
enteritis, and sepsis. From a laboratory point of view, these people have high erythro-
cyte sedimentation rate (ESR) and leukocytosis, the number and function of T cells and 
B cells are normal, and active oxygen mediators are not produced.102 CGD diagnostic 
tests include the following:
1. Flow cytometry: Evaluation of oxidation of dihydrorhodamine (DHR)
2.  Nitroblue tetrazolium or NBT: If the activity of the enzyme is normal, adding NBT 

to a drop of blood will stimulate the enzyme and produce a blue color. This test is 
less commonly used today.

3. Quantitative luminescence test

Treatment
Successful treatment involves hematopoietic stem cell transplantation. However, some 
patients have also been treated with gene therapy. Supportive therapies, including 
broad-spectrum antibiotics and antifungal therapy, should also be given. Corticosteroids 
may  also be effective in treating children with granulomatous colitis or intestinal 
obstruction.103

Chediak-higashi syndrome
Definition
This rare disease has an autosomal recessive inheritance pattern and is characterized by 
defects in granule formation and defects in phagosome-lysosome integration. The dis-
ease is caused by a mutation in a gene encoding lysosomal trafficking regulator (LYST) 

(c) ketabton.com: The Digital Library



Clinical immunology476

protein. LYST plays an important role in vesicle movement, and its deficiency leads to 
defects in phagosome-lysosome fusion in phagocytes, defects in melanosome formation 
in melanocytes, and disorders of the nervous system and platelets. Neutrophils, lym-
phocytes, monocytes, platelets, and melanocytes have giant lysosomes. Large abnormal 
granules are found in many tissues. Melanosomes are large in size, and their transport to 
keratinocytes and hair follicles is disrupted, leading to ocular albinism and photosensi-
tivity. Neutrophils are impaired in phagocytosis and chemotaxis. Due to defects in the 
cytoplasmic granules, the killing function of NK and CTL cells can also be impaired.104

There is another disorder called Griscelli Syndrome, which like Chediak-higashi 
syndrome, is associated with a lack of regulation of lysozyme secretion and is caused 
by a mutation in a small GTPase molecule called Rab27a. These patients also have 
neutropenia, partial albinism, hypogammaglobulinemia, and a high risk of developing 
hemophagocytic lymphohistiocytosis (HLH) but lack giant granules in peripheral blood 
granulocytes. This disease has an autosomal recessive inheritance pattern, and its treat-
ment is hematopoietic stem cell transplantation.104

Clinical manifestations and diagnosis
These patients are characterized by recurrent infections by purulent bacteria, partial 
oculocutaneous albinism, and progressive peripheral neuropathy. Patients develop pro-
gressive neutropenia with dysfunction of NK cells. Abnormalities in melanosomes cause 
their skin and hair to lighten in color and have photophobia with nystagmus. Patients 
are prone to infections of the respiratory tract, mucous membranes, and skin with bacte-
ria and fungi, especially Staphylococcus aureus. Neuropathy is common and usually begins 
in the second decade of life. Patients have prolonged bleeding due to impaired platelet 
aggregation. The severe phase of the disease is characterized by high fever, pancytopenia, 
and lymphohistiocytic infiltration of the lymph nodes, liver, and spleen, which usually 
results in death. The diagnosis is by observation of the presence of large inclusions in all 
nucleated blood cells. Patients have progressive neutropenia and abnormal neutrophil, 
NK, and platelet function, and impaired phagocytosis and chemotaxis of neutrophils 
and monocytes.104

Treatment
Hematopoietic stem cell transplantation is an effective treatment that leads to the res-
toration of cell function.

Neutropenia
Definition
Neutropenia is characterized by a decrease in the absolute count of segmented neutro-
phils (ANC). Based on ANC, neutropenia can be divided into mild (ANC 1000 to 1500 
per microliter), moderate (ANC between 500 and 1000 microliter), and severe (ANC 
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less than 200 per microliter). Neutropenia can be innate (or inherited), acquired due to 
infection, medication, malnutrition, or of autoimmune origin. Neutropenia associated 
with other immunodeficiency diseases includes Chediac-Higashi Syndrome, Griscelli 
Syndrome, Cohen Syndrome, CVID, IGA Deficiency, and SCID.105

Classification
Cyclic neutropenia
This rare disease is characterized by an autosomal dominant genetic pattern with fluc-
tuations in neutrophil counts in the normal range to less than 200 per microliter at 
regular intervals (approximately 21 days). Clinical manifestations in the neutropenic 
phase include oral and gingival ulcers, gingivitis, pharyngitis, fever, and fatigue. The 
disease is caused by a mutation in the neutrophil elastase gene (ELANE) that leads to cell 
apoptosis. The disease is diagnosed through repeated sampling three times a week for 6 
to 8 weeks.106

Treatment
Treatment for patients includes antibiotics to prevent the spread of infections, adminis-
tration of GCSF, and bone marrow transplantation.

Severe congenital neutropenia (SCN)
This disease is also rare and is characterized by the cessation of neutrophil maturation in 
the promyelocyte stage in the bone marrow. It has an autosomal dominant inheritance 
pattern (mutation in ELANE) or recessive (mutation in HAX1, or G6PC3), or it may 
occur sporadically. The absolute neutrophil count is less than 200 per microliter. The 
mutation in HAX1 1 is known as Costman’s disease and is associated with neurological 
defects. Patients with SCN are prone to skin infections, oral ulcers, gingivitis, pneumo-
nia, and abscesses around the rectum. In addition, patients are at risk for myelodysplastic 
syndrome (MDS) associated with monosomy 7 and acute myeloid leukemia (AML). 
Therefore, regular monitoring of peripheral blood cells and annual bone marrow evalu-
ation should be performed in patients.107

Treatment
Treatment for patients is similar to that for other forms of neutropenia, including 
administration of antibiotics, GCSF, and bone marrow transplantation.

Shwachman-diamond syndrome. The disease is characterized by an autosomal 
recessive inheritance pattern with a mutation in the SBDS gene that leads to a molecu-
lar defect in ribosome biogenesis. Patients have neutropenia (ANC less than 1000 per 
microliter), defects in neutrophil migration, and decreased neutrophil chemotaxis. The 
patients could present with pancreatic insufficiency, malabsorption of fats and fatty diar-
rhea, slow growth, bone marrow dysfunction, hematologic abnormalities, or respiratory 
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manifestations, along with pneumonia and otitis media. In addition, patients have short 
stature and skeletal abnormalities and are prone to bone marrow hypoplasia, MDS, and 
cytogenetic abnormalities.108,109

Dyskeratosis congenita. The disease is characterized by a defect in the telomerase 
enzyme and the inability of the bone marrow to produce sufficient blood cells. Three 
types, including X-linked, autosomal dominant, and autosomal recessive, have been 
described. The disease is associated with bone marrow failure, nail dystrophy, abnormal 
skin, and oral leukoplakia. The decreased number of circulating blood cells, includ-
ing red blood cells, white blood cells, and platelets, is commonly associated with bone 
marrow failure. Patients with dyskeratosis congenita may also have low stature, eye and 
dental abnormalities, and other symptoms, including pulmonary disease, gut abnormali-
ties, and osteoporosis. X-linked dyskeratosis congenita (the classic form of the disease) 
is caused by mutations in the DKC1 gene. Autosomal dominant dyskeratosis congenita 
could occur due to mutations in three different genes, including the telomerase RNA 
gene, TERC, the gene encoding the enzymatically active component of telomerase, 
TERT, and the TINF2 gene, encoding the telomere-associated protein TIN2. Patients 
with autosomal dominant inheritance pattern generally have fewer abnormalities and 
symptoms that appear later in life. Autosomal recessive dyskeratosis congenita is caused 
by mutations in different genes, including the NOP10 (NOLA3) gene, the NHP2 
(NOLA2) gene, and the TERT gene.110,111

Treatment
The treatment of dyskeratosis congenita is focused on the specific symptoms that each 
person exhibits. Treatment for patients includes the administration of GCSF. Androgens 
may boost red blood cells, and less frequently, platelet synthesis in some patients. 
Hematopoietic stem cell transplantation, if a matched donor can be found, has the 
potential to treat the blood abnormalities associated with dyskeratosis congenital.

Neutropenia caused by infections. Neutropenia can occur following viral infections. 
In this regard, a variety of mechanisms are involved, including infection of hematopoi-
etic precursor cells or endothelial cells, and suppression of bone marrow. Viruses that 
commonly cause neutropenia are as follows: Adenoviruses, enteroviruses, influenza A 
and B viruses, chickenpox, Measles, rubella, and Hepatitis A and B. Neutropenia can 
also occur following bacterial infections such as pertussis, brucellosis, paratyphoid, and 
tuberculosis, and fungal infections, including histoplasmosis. Chronic neutropenia usu-
ally follows infection with Cytomegalovirus (CMV), HIV, and EBV.112,113

Drug-induced neutropenia. Medications are a common cause of neutropenia, which 
often occurs in adults over the age of 65. The most common drugs that can cause 
neutropenia are as follows: anti-rheumatic, antithyroid, and antimicrobial drugs such as 
penicillin, quinine, and chloramphenicol. Drug-induced neutropenia is usually caused 
by immune-related mechanisms, such as forming immune complexes.
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Treatment
The most effective treatment is to stop taking the drug, and if neutropenia persists after 
stopping the drug, administration of GCSF can be effective.114

Clinical manifestations and diagnosis
Patients with neutropenia have a higher risk of infections, especially with Staphylococcus 
aureus and gram-negative bacteria. The most common clinical manifestations of severe 
neutropenia include fever, gingivitis, sinusitis, otitis, pneumonia, abscess, and sepsis. 
White blood cell counts should be performed three times a week for 6 to 8 weeks to 
check for cyclic neutropenia. Bone marrow aspiration and biopsy are performed in 
patients to assess cellularity and myeloid maturation. In addition, the patients should be 
analyzed for leukemia and other malignancies.

Hyper-IgE syndrome
Definition
The disease is often characterized by autosomal recessive inheritance and often by a 
defect in the gene encoding DOCK8. A number of patients also have an autosomal 
dominant inheritance pattern. DOCK8 is involved in many processes, including T cell 
proliferation and activation, cell growth, cell binding, and adhesion.115,116

Clinical manifestations and diagnosis
Eosinophilia, lymphopenia, T cell dysfunction are considered to be features of this dis-
ease. Patients with hyper IgE syndrome present severe atopic dermatitis, asthma, aller-
gies, and anaphylaxis. The disease is associated with increased susceptibility to recurrent 
skin infections with viruses such as herpes simplex, chickenpox, and papillomavirus, as 
well as abscesses, pneumonia, and upper respiratory infections. Patients have elevated 
IgA levels and low IgM.115,116

Treatment
Treatment includes antibiotics and, in patients with immunoglobulin deficiency, IVIG 
administration.

Defects in toll-like receptor (TLR) signaling pathway
Definition
TLRs are the key innate immune receptors that play critical roles in early immune 
system responses. They are widely expressed by both immune and non-immune cells, 
including dendritic cells, macrophages, B and T lymphocytes, endothelial cells, and 
fibroblasts, and they can recognize microbial or host-derived macromolecules. Once 
activated with ligands, TLRs begin the process of signal transmission resulting in 
enhancing innate and adaptive immune responses. To intracellular signal transduction, 
TLRs use myeloid differentiation factor 88 (MyD88) and the adaptor molecule IL-1 
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receptor-associated kinase (IRAK) complex. However, TLR3 is an exception to this 
rule and uses other adapters called Toll/IL-1 receptor (TIR) domain-containing adap-
tor–inducing interferon-β (TRIF) and the TRIF-related adaptor molecule (TRAM) 
to transmit the signal. TLR signaling primarily activates the mitogen-activated protein 
kinase (MAPK) and nuclear factor of kappa light polypeptide gene enhancer in B cells 
(NF-κB) signal transduction pathways, which control cell differentiation, proliferation, 
and survival.117

Several IEIs have been found in which the mediators involved in the transmission 
of TLR signals are impaired, which we will discuss below.

Classification
IRAK-4 and myd88 deficiency
This disease has an autosomal recessive pattern and is characterized by impaired TLR 
and IL-1 receptor responses. Patients are prone to invasive and recurrent bacterial 
infections, including Streptococcus pneumoniae, Staphylococcus aureus, and  Pseudomonas 
aeruginosa, especially in infancy and early childhood. Meningitis, sepsis, cutaneous and 
respiratory infections are invasive infections, which could occur before the age of 
2 years. The number and proliferation of T cells in response to the antigen are both nor-
mal. However, in some patients, reduced IgM+IgD+CD27+ B cells have been reported 
that can be associated with reduced IgM responses against bacteria.118

Treatment
Prophylactic antibiotics and immunization are required, and immunoglobulin replace-
ment treatment has been used in several patients.

IκBα and NEMO (IKKγ) deficiency
IκBα and NEMO  mutations have been inherited in autosomal dominant and 
X-linked  manner, respectively. IκBα  and  NEMO have a wider role, and their 
defects lead to more severe complications than IRAK-4 and MyD88 defects. 
IκBα  and  NEMO deficiency could result in impaired function of both MyD88-
dependent and TRIF-dependent TLR signaling. The function of TCRs and B cell 
receptors (BCRs), as well as TNF receptors could also be affected. Therefore, patients 
are prone to a broad spectrum of infections, including fungi, mycobacteria, and 
viruses, in addition to bacteria. The patients may develop arthritis, hemolytic anemia, 
inflammatory bowel disease-like colitis, and recurrent diarrhea. Anhidrotic ectoder-
mal dysplasia (EDA-ID), which is characterized by abnormal teeth, hypohidrosis, and 
sparse hair, is also an X-linked recessive disorder caused by NEMO deficiency. In 
this disorder, the response to TLR signals as well as CD40 signals is impaired, and 
patients are prone to infection with encapsulated purulent bacteria, mycobacteria, 
Pneumocystis jirovesi, and viruses.119,120
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Treatment
Vaccinations, antibiotic prophylaxis, immunoglobulin replacement therapy, and bone 
marrow transplantation could be effective for patients with EDA-ID

HOIL-1 deficiency. HOIL-1 (RBCK1) is involved in the polyubiquitination of 
NEMO and NF-κB activation. HOIL-1 is one of the components of LUBAC that is 
involved in the conjugation of linear polyubiquitin chains onto NEMO, and therefore 
activation of the NF-κB signaling pathway. HOIL-1 mutations are inherited in an 
autosomal recessive manner and results in impaired NF-κB transcription and cytokine 
production in response to TNF and IL-1β. These patients are prone to invasive bacterial 
infections, systemic autoinflammation, and muscular amylopectinosis. These patients’ 
susceptibility to invasive bacterial disease is most likely due to impaired NF-κB respons-
es. The antibody response to pneumococcal carbohydrates is reduced. The number of T 
and B lymphocytes is normal.121,122

Deficiency in TLR3 signaling and UNC-93B. TLR3 uses TRIF, TRAF, and TBK1 
adaptor molecules to transmit the signal. Patients with autosomal recessive mutations 
affecting TRIF and autosomal dominant mutations in TRAF and TBK1 are susceptible 
to herpes simplex virus (HSV)−1 encephalitis.

The TLRs located in the endosomes, including TLR3, 7, 8, and 9, need a protein 
called UNC93B, which is located in the membrane of the ER. UNC93B is essential for 
signaling by these types of TLRs, and mutations in it are associated with increased sus-
ceptibility to herpes encephalitis. Similarly, loss-of-function mutations in signal transducer 
and activator of transcription (STAT)1 are associated with severe viral infections, especially 
herpes simplex encephalitis. STAT1 is required for signal transduction by type I (IFN-
α/β) and type II (IFN-γ) interferons.123,124

Treatment
The treatment is generally based on the prevention of infectious diseases. Acyclovir 
should be used to treat HSV infections aggressively. The use of IFN-α in the treatment 
of severe acute viral infections could be beneficial.

Defects in IFN-γ/IL-12 pathway
Definition
The IFN-γ/IL-12 pathway is an important player in the immune system and is essential 
for controlling mycobacterial infections. IL-12, a heterodimer consisting of IL-12p40 
(IL-12B) and IL-12p35 (IL-12A), is produced by activated macrophages. IL-12, by 
interaction with its receptor, which is a heterodimer of IL-12Rb1 and IL-12Rb2, results 
in T cell and NK cell activation. Activation of IL-12R leads to induction of STAT4 acti-
vation, resulting in IFN-γ production. IL-12 deficiency is associated with tuberculosis, 
disseminated non-tuberculous mycobacterial infections, and Salmonella infections. T and 
NK cells do not produce IFN-γ as a result of faulty IL-12R signaling.
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IFN-γ by interaction with its receptors, IFN-γ receptor (IFN-γR)1 and IFN-
γR2, enhances the transcription of specific genes. STAT1 is activated by the effect of 
IFN-γ. IFN-γR1 mutations are more common than IFN-γR2 mutations. It has been 
reported that mycobacterial infections are associated with mutations in both IFN-γ 
receptors.

IFN-γR1can be found in all nucleated cells. IFN-γR1 deficiency is caused by muta-
tions with both recessive and dominant inheritance patterns. The majority of recessive 
IFN-γR1 deficiencies are caused by a complete loss of IFN-γR1 expression on the cell 
surface, resulting in a complete loss of IFN-γ responsiveness. Dominant IFN-γR1 defi-
ciency is caused by heterozygous truncations in IFN-γR1′s cytoplasmic domain, lead-
ing to the accumulation of non-functional IFN-γR1 proteins on the cell surface. IL-12 
and IL-23 receptors share the IL-12p40 subunit. As a result, patients with IL-12Rb1 
deficiency also lack an important part of the IL-23R and are deficient in response to 
both IL-12 and IL-23.125,126

Treatment
Although there is no cure for IL-12 receptor deficiency, antibiotics and antifungals can 
be used to treat the infections that ensue. IFN-γ has been utilized to treat patients with 
disseminated bacille Calmette-Guerin infection who had an IL-12R1 deficiency. In addi-
tion, the use of IFN-γ enhances macrophage activity.

Defects in complement system
Definition
The complement system is an essential component of innate immunity and consists of 
three major pathways, including classic, alternative, and lectin. All three pathways have 
a common goal and work together to eliminate the pathogen. In addition, by activat-
ing the complement system, mediators are produced that play a role in improving the 
innate and adaptive immune responses, including the production of opsonins (e.g., c3b, 
ic3b, and c4b) and anaphylatoxins (e.g., c3a, c4a, and c5a). Complement deficiencies are 
rare, and deficiencies in any of the components increase the risk of recurrent infections, 
which are described below.127–129

Clinical manifestations and diagnosis
All components of the classical and alternative pathways except properdin are inherited 
as an autosomal dominant pattern. Properdin deficiency is an X-linked disorder.

Defects in any of the components of the classical pathway (C1, C2, and C4) lead to 
systemic lupus erythematosus-like disease characterized by the deposition of immune 
complexes in the kidneys, skin, and blood vessels. In C1 deficiency, C1q deficiency is 
common and is associated with increased susceptibility to lupus and glomerulonephri-
tis. Some children develop severe infections, like sepsis and meningitis. People who are 
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deficient in other components of C1 (C1r, C1s) also have a high risk of developing 
autoimmune syndromes, especially systemic lupus erythematosus.130

C2 deficiency is one of the most common complement system deficiencies and is 
associated with recurrent skin infections and lupus. These patients are prone to sepsis, 
especially with pneumococcus. C2 deficiency can be associated with a relative decrease in 
the level of the B factor.

C3 deficiency is associated with an increase in purulent infections. This defect leads 
to decreased opsonization and phagocytosis and decreased antigen clearance and uptake 
of immune complexes. Severe infections with meningococcus and Hemophilus are com-
mon in these patients. C4 deficiency is very rare because C4 is encoded by two genes, 
including C4A and C4B. The C4 defect is associated with sepsis and meningitis, and 
patients are prone to increased systemic lupus erythematosus. Meningococcal infections 
are very common in patients with C5 to C9 deficiency.131,132

Among the defects associated with the lectin pathway, Mannose-binding lectin 
(MBL) deficiency is associated with an increase in recurrent lung infections, autoimmu-
nity, sepsis, and bacterial infections. However, patients with low levels of MBL are more 
likely to develop respiratory infections. MASP2 deficiency is associated with systemic 
lupus erythematosus-like disease and pneumonia, and Ficolin deficiency leads to recur-
rent pneumonia, brain abscesses, and bronchiectasis.133

Alternative pathway defects are rarer than classical pathway defects. Factor D and 
factor B deficiency are associated with gonococcal and meningococcal infections and an 
increased risk of bacterial infections. Properdin deficiency causes meningococcal men-
ingitis, and patients are at high risk for other purulent infections as well as sepsis.134,135

In a disease called Paroxysmal Nocturnal Hemoglobinuria (PNH), which results 
from a defect in the enzyme needed to produce the protein glycosylphosphatidylino-
sitol, or GPI (the PIG-A gene on chromosome X), red blood cells are prone to lysis 
by the complement system. GPI as a hook helps to attach proteins such as CD59 and 
CD55 to the cell membrane. These molecules act as regulators of the complement 
system, and their defects in patients with PNH lead to lysis of blood cells, including 
granulocytes, platelets, and especially red blood cells, by complement. Patients with 
PNH develop chronic infections and anemia.136

Activation of the complement system is under control, and without its regulation, 
it will cause severe damage to the host. Defects in complement regulators lead to con-
tinuous and uncontrolled activity of the complement system. The factor I is an essential 
regulator of both the classical and alternative pathways, and its deficiency is associated 
with the frequent conversion of C3 to C3b and the increase of purulent infections, 
especially meningococcal and pneumococcal infections.137,138 Deficiency in the factor 
H has similar effects and leads to continuous activity of the alternative pathway. Patients 
are prone to meningococcal infections and other purulent infections. Also, glomerulo-
nephritis and uremic hemolytic syndrome are common in these patients.139
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Deficiency of C1 inhibitor (C1INH), a vital regulator of C1, leads to hereditary 
angioedema (HAE). This disease has an autosomal dominant inheritance pattern and 
is characterized by a decrease in C1INH and consequent overactivity of C1r and C1s 
proteases leading to increased degradation of C4 and C1 and the release of bradykinin, 
which causes vasodilation and local edema. HAE is not usually associated with infection 
or autoimmunity. However, systemic lupus erythematosus and glomerulonephritis have 
been reported in some patients.140

The CH50 test is useful in assessing complement-related diseases. In congenital 
defects of C1 to C8 components, CH50 is very low. Lack of I or H factors causes C3 
consumption and a relative decrease in the amount of CH50. In HAE, a decrease in C2 
and C4 leads to a significant decrease in CH50. Decreased C3 levels and normal C4 
can indicate alternative pathway activity. Alternative pathway activity can be measured 
by the AH50 test.

Treatment
Complement deficits do not currently have any particular treatments. Infection preven-
tion and treatment (typically with antibiotics) are critical in the management of people 
with these deficits.
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Introduction

Infectious diseases are caused by viruses, bacteria, fungi, and parasites and are a major 
cause of human suffering in terms of both human morbidity and mortality through-
out history. The dissemination of infectious diseases was affected by various epochs in 
human civilization. For example, parasitic and zoonotic infections have become more 
prevalent after animals’ domestication, while airborne infections of viral and bacterial 
etiology have become common after large settlements and urbanization. Throughout 
history, humanity was affected by large pandemics such as plague, smallpox, cholera, 
influenza, and Coronavirus disease 2019 (COVID-19), as well as by the more chronic 
infections, such as tuberculosis and syphilis. Morbidity due to infectious diseases is 
prevalent despite the recent advancements in diagnosis, treatment, and management 
protocols. World Health Organization (WHO) reported that there are 300–500 million 
cases of malaria, 333 million cases of sexually transmitted diseases (STDs) (e.g., syphilis, 
gonorrhea, chlamydia, and trichomonas), 33 million cases of the Human immunodeficiency 
virus (HIV)/ acquired immunodeficiency disease syndrome (AIDS), 14 million indi-
viduals infected with tuberculosis, and 3–5 million cases of cholera, worldwide.1

The immune response to infectious microorganisms can be classified into two main 
classes: innate and adaptive immune responses. These responses are inseparable. For 
instance, activation of innate receptors (e.g., toll-like receptors (TLRs)) leads to the 
release of cytokines, which results in activation of the adaptive immune system. The 
innate immune response to a pathogen begins when pathogen-associated molecular pat-
terns (PAMPs) of the bacterial pathogens induce pattern recognition receptors (PRRs) 
of the innate immune system. The innate immune system triggers antigen-specific 
responses produced by the adaptive immune system. This is followed by the secretion 
of pro-inflammatory and anti-inflammatory factors that help contain the infection. In 
turn, pathogens manipulate host defense procedures (e.g., avoid phagocytosis) to survive 
and ultimately replicate.2 Adaptive immunity includes antigen-specific responses that 
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are highly adapted to the specific pathogen and are precisely regulated through innate 
immune cells’ crosstalk. It has evolved to provide a versatile and accurately calibrated 
repertoire of receptors that can differentiate self- and non-self-antigens. During matu-
ration, naïve B and T lymphocytes go through antigen receptor gene reorganization to 
create a diverse repertoire comprising antigen-specific receptors that can recognize all 
potential antigens. After overcoming pathogen, pathogen-specific long-lived memory 
lymphocytes will be developed. These memory cells quickly and robustly reply to future 
encounters with the invading microorganism and synthesize new effector cells to con-
tain the infection.3 Whether an infectious microorganism is an “old acquaintance” or a 
newly surfaced threat, the immune system's fight against it is normally the initial line 
of defense it encounters. With vaccines and effective therapies often unavailable, the 
immune system's attempts to eradicate infectious agents or infected cells are commonly 
the only means to eliminate them. Deciphering the immune system in addition to the 
infectious microorganisms tactics to sabotage it is of key significance to the researchers 
and clinicians.4

Accurate and timely diagnosis of infection is crucial for successful and targeted 
treatment. However, routine microbiological recognition is inefficient and often delayed 
to the extent that makes it clinically impractical. The immune system is capable of a 
rapid, high-sensitivity, and high-specificity recognition of a broad spectrum of microbes 
that has been refined over millions of years of evolution. Therefore, the early immune 
response is likely to provide far better insight into the true nature and severity of micro-
bial infections compared to conventional tests.5 We briefly go over the application of 
immunoassays, such as enzyme and antigen assays, in different scenarios of pathogenic 
infection.

Emerging issues in the therapy of infections demand the development of advanced 
treatments targeting the innate and adaptive immune processes. For example, despite our 
efforts to halt the increase and spread of antimicrobial resistance, bacteria are progres-
sively becoming less vulnerable to antimicrobial treatment, and rates of development 
of novel antibiotics are declining. As a result, it is necessary to explore new paradigms 
for anti-infective therapy. One promising approach involves the host-directed immuno-
modulatory treatment, whereby natural mechanisms in the host are exploited to improve 
treatment benefit. The goal is to activate or improve protective antimicrobial immunity 
while limiting inflammation-induced tissue injury.6 The first and only human vaccine 
in use against a parasitic disorder is RTS, S/AS01 (Mosquirix, GlaxoSmithKline) that 
had suboptimal efficacy, less than 50 percent, against Plasmodium falciparum in children.7 
Similar scenarios apply to other infectious diseases.

The present chapter provides an overview of definition and epidemiology, molecular 
immunological mechanisms, immune-based diagnostics, and immunomodulating treat-
ments for viral, bacterial, fungal, and parasitic agents that contribute to human infectious 
disease. Also, areas where further research is demanded have been highlighted.
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Bacterial infections
Definition
Bacteria are single-celled pathogens without nuclear membrane, exhibit active 
metabolism, and divide via binary fission.8 The bacterial cell wall is a complicated, mesh-
resembling construct, which in bacteria is required for the conservation of cellular form 
and integrity of constructure. The cell wall is regarded as a promising target for some of 
our most potent antibiotics.9 Additionally, bacterial cell wall particles can exert immune 
activating and cytotoxic effects and have an essential role in bacterial diseases.10-15 To 
crosstalk with their surroundings, bacteria usually exhibit long proteinaceous appendices 
on their cellular surface, named pili or fimbriae. These non-flagellar thread-resembling 
constructs are polymers made up of covalently or non-covalently interconnecting pilin 
repeats.16 While bacteria are present within almost all spectrums of environmental con-
ditions, only a small proportion of the global bacteria cause infectious diseases. These 
infections have a significant impact on the population. Generally, bacterial infections are 
treated easier compared to viral infections because the armamentarium of antimicrobial 
therapies that target bacteria is more comprehensive. However, bacterial resistance to 
antimicrobials is a swiftly growing issue with significant large-scale consequences.17 In 
2021, a global epidemiological evaluation reported the global prevalence of multidrug-
resistant (MDR) bacteria that was 34 percent, 95 percent CI.31-37 The prevalence of 
MDR bacteria varied meaningfully between geographical regions, with the highest 
prevalence in Asia. Independent risk factors for infection with MDR bacteria are infec-
tion in Asia (in particular in India), antibiotics use within the 3 months prior to hospi-
talization, healthcare exposure, and infection site of infection. Infections that result from 
MDR bacteria are linked to a decreased rate of recovery, an increased risk for shock and 
organ failures, and an increase in-hospital mortality compared to those that result from 
non-MDR bacteria.18 A recent study on MDR prevalence in cases with renal disease 
reported bacterial pathogens most commonly isolated were: Escherichia coli, Staphylococcus 
aureus, Enterococcus faecalis, Pseudomonas aeruginosa, Candida, Staphylococcus epidermidis, and 
Klebsiella pneumoniae.19

Bacteria are special among the prokaryotes, as a wide range of them are considered 
normal flora, which colonize in the host without being infectious. After being infected, 
the clinical infection can be detected, and solely in a trivial subset of infections do we 
see the clinically important infection. Bacterial infections spread in many ways. For an 
effective transmission, a prominent number of them should survive in the environment 
and arrive at a susceptible organism. Many bacteria have adapted to survive in food, 
soil, water, and elsewhere. Some infect vectors such as insects or animals before being 
transmitted to another human.

New species and variants of familiar species continue to be discovered, particularly 
as we intrude into new ecosystems. Both Legionnaire's disease, and Lyme disease, which 
are now well-known to healthcare professionals, were discovered in the 1970s. The 
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recent increased prevalence of severely immunosuppressed patients, as a result of AIDS, 
the rising use of immunosuppressive chemotherapies, and treatments for transplantation 
of organs, tissues, and cells have amplified the population of cases highly susceptible to 
subtypes of bacterial diseases, which were relatively rare before.17

Mechanisms
The immune response to a bacterial stimulus initiates when PAMPs of the bacterial 
pathogens trigger PRRs of the innate immune system. Moreover, the innate immune 
system activates antigen-specific responses regulated via the adaptive immune system. 
In turn, pathogens manipulate host defense mechanisms to survive and ultimately 
replicate. This is followed by the release of pro-inflammatory and anti-inflammatory 
agents that aim to limit infection and mediate clinical sepsis. When sepsis and signs of 
deteriorating organs are evident, pro-inflammatory phenomena have diminished, and 
a hypo-inflammatory phase takes over that is recognized via anergy of monocytes and 
apoptosis of T lymphocytes. The mentioned cascade of occurrences appears to vary 
among patients.2 We will discuss the response to bacterial infections in two sections: 
innate and adaptive immunity. Also, a brief overview of immune response to infections 
is depicted in Fig. 6.1.

Innate immunity
Inflammasomes

An overview of inflammasomes Inflammasomes are a recently explained class of pro-
teins classically characterized for their key role in the activation of inflammation. They 
include a carboxy-terminal leucine-rich repeat, a central nucleotide oligomerization 
region, and an amino-terminal effector region that helps to categorize inflammasomes 
into three groups: pyrin-containing NOD-like receptors (NLRPs), CARD-containing 
NOD-like receptors (NLRCs), and a baculovirus inhibitor of apoptosis protein repeat 
(BIR) domain-containing group. Caspase-1, a proteolytic enzyme, is induced after the 
synthesis of inflammasomes and helps to handle pro-interleukin (IL)-1β modifications. 
IL-1 acts both locally and systemically20,21 and is different from many other cytokines 
as its formation and secretion include a two-stage mechanism. The initial stage is the 
transcriptional enhancement of IL-1β as an inactive precursor (pro-IL-1β) downstream 
from Dectin-1 and TLR-2/4,22 and the second stage is a proteolytic breakdown by 
caspase-1 secreting active IL-1β.23 Likewise, pro-IL-18 is also cleaved by caspase-1.24 
Overall, cytokines release represents the product of complex regulatory mechanisms 
within the inflammasome complex.

NLRP3 Three models of NLRP3 induction in response to microbial ligands have 
been suggested.25 The channel model explains that extracellular adenosine triphosphate 
(ATP) from microbial pathogens induces the P2 × 7 receptor and permits the efflux of 
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Fig. 6.1 Overview of innate and adaptive immune responses to infection.

intracellular potassium ions (K+), leading to NLRP3 induction. Also, several bacterial 
pore-forming toxins can induce cellular ion dysregulation and cause NLRP3 activa-
tion, such as group B Streptococcus. Also, ion imbalance via NLRP3 mediation is 
found in Chlamydia pneumoniae,26,27 Staphylococcus aureus,28 and Streptococcus pneumoniae.29 
Cellular induction by some bacteria is unrelated to P2 × 7R, denoting that multiple 
processes can modulate NLRP3 induction.30

Evading the lysosome after phagocytosis is a key phase during the movement of 
numerous pathogens, toxins, and cholesterol-dependent cytolysins. The lysosomal rup-
ture model for NLRP3 induction postulates that the secretion of lysosomal enzymes 
like cathepsin B into the cell cytoplasm during lysosomal disruption results in NLRP3 
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induction.25 Interestingly, prokaryotic messenger ribonucleic acid (mRNA) shed from 
the lysosome into the cytosol during degradation of phagocytosed live bacteria is 
able to induce NLRP3,31 indicating that bacterial RNA can be a major activator of 
the NLRP3 inflammasome during infectious disease. Reactive oxygen species (ROS) 
secreted from the mitochondria is considered to be a cellular stress-triggered signal and 
may also trigger NLRP3 inflammasomes.32 The ROS model relies on observations that 
NLRP3 is induced after mitochondrial injury and secretion of ROS.33 This function 
relies on the mitochondrial voltage-dependent ion channels that enhance the transport 
of ions between the intermembrane area and the cell cytosol. Oxidized mitochondrial 
DNA (mtDNA) from mitochondria injured via bacterial infection may bind and acti-
vate NLRP3.33 This phenomenon is negatively mediated via the anti-apoptotic protein 
B-cell lymphoma protein (BCL)-2, indicating a linkage between apoptosis and inflam-
masome induction. The concept that the NLRP3 inflammasome senses mitochondrial 
dysfunction could potentially help in understanding the linkage between mitochondrial 
damage and inflammatory disorders.34

New agents mediating NLRP3 induction have been recognized. For instance, 
guanylate-binding protein (GBP)5 and double-stranded RNA-dependent protein 
kinase (PKR) have been found to exert fundamental functions in NLRP3 induction. 
GBP5 has been displayed to react with the pyrin domain of NLRP3 and helps the 
oligomerization of the inflammasome.35 Furthermore, GBP5 mediates NLRP3 activa-
tion by live bacteria, contrary to what has been observed during sterile inflammation. 
Infected GBP5-lacking rodents have shown elevated bacterial burdens and a more rapid 
disease deterioration compared to wild-type rodents. It has been reported that PKR 
is able to auto-phosphorylate as a result of macrophage activation by NLRP3 ligands. 
Activated PKR can attach to NLRP3, NLRP1b, NLRC4, and absent in melanoma 
(AIM)2,36 and PKR can induce the NLRP3 inflammasome and enhance secretion 
of the pro-inflammatory cytokine high-mobility group protein B1 (HMGB1) when 
activated by a group of ligands comprising bacterial pathogens. As many of the NLRP3 
activators result in inhibition of protein synthesis, it has also been shown that direct 
blockade of ribosomal actions, irrespective of K+ efflux, induces inflammasomes.37 
However, it is unclear how the PKR phosphorylation that precedes NLRP3 inflamma-
some activation is produced during infection.

A recent experiment reported that NLRP3 inflammasome regulates IL-1β synthesis 
in immune cells in response to Acinetobacter baumannii and contributes to pulmonary 
inflammation in mice. Findings indicated that NLRP3, apoptosis-associated speck-like 
protein containing a C-terminal caspase recruitment domain (ASC), and caspase-1, but 
not NLRC4, are required for Acinetobacter baumannii-triggered synthesis of IL-1β in 
macrophages. An inhibitor assay showed that multiple pathways, such as P2 × 7R, K+ 
efflux, ROS release, and release of cathepsins, contribute to IL-1β production in macro-
phages in response to Acinetobacter baumannii. IL-1β production in bronchoalveolar lavage 
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fluid was disrupted in NLRP3-lacking and caspase-1/11-lacking rodents infected with 
Acinetobacter baumannii in comparison to that in wild-type rodents.38 In another study, 
researchers investigated the NLRP3 production in the context of different T helper (Th) 
cytokine microenvironments and its function in response to sublytic α-toxin activation 
in cases with atopic dermatitis and psoriasis compared with healthy controls. NLRP3 and 
caspase-1 expressions were attenuated in lesioned atopic dermatitis skin in comparison to 
psoriatic and healthy skin. IL-4, IL-5, and IL-13 downregulated NLRP3 and ASC, while 
interferon (IFN)-γ enhanced NLRP3 in human primary keratinocytes. In monocytes, 
caspase-1 expression was attenuated by Th2 cytokines and enhanced by a Th1 milieu. 
Caspase-1-dependent IL-1β secretion was disrupted in monocytes from cases with atopic 
dermatitis in comparison to cases with psoriasis and healthy controls via α-toxin activa-
tion after priming with lipoteichoic acid.39 This study concluded that disrupted NLRP3 
function might explain how skin colonization and infection with Staphylococcus aureus can 
lead to chronic skin inflammation in atopic dermatitis.40

Other NLRPs: NLRP1b, NLRP6, NLRP7, NLRP10, and NLRP12 Research on THP1 
cells displayed that NLRP1 shapes a complex with CARD8, ASC, caspase-5, and cas-
pase-1 to modify IL-1β.41 NLRP1 is linked to IL-1β release by muramyl-dipeptide in a 
BCL-2- and BCL-XL-mediated manner.42 Also, rodent NLRP1b has been explained as 
a receptor for a lethal toxin from Bacillus anthracis in the host cytosol and plays a role in 
caspase-1-regulated IL-1β release and pyroptosis.43 NLRP6 is reported to be involved 
in the mediation of commensal microflora and bacterial detection.44-46 The NLRP6 
inflammasome function has come to light as NLRP6-lacking rodents showed modified 
gut microbiota and a predisposition for colitis following a diminish in IL-18 excretion 
via intestinal epithelial cells.44 However, Anand et al.45 presented NLRP6 as a negative 
mediator of innate immunity during certain bacterial infections because rodents defi-
cient in NLRP6 were resistant to infection with Listeria monocytogenes, Salmonella, and 
E. coli. A preliminary study of NLRP12 (Monarch-1/PYPAF7) showed that the protein 
could act as an inflammasome element.47 Complying with this, the NLRP12 inflamma-
some has been explained to exert a pro-inflammatory effect during bacterial infection 
as an important mediator of IL-1β and IL-18 secretion. In this study, NLRP12-deficient 
mice were unable to control infection with a modified Yersinia pestis strain and had 
attenuated blood IL-1β and IL-18, and amplified spleen bacterial loads.48 Research 
has also proposed NLRP12 as a suppressor of colon inflammation and tumorigenesis 
in a dextran  sodium sulfate (DSS) colitis model, by mediating dendritic cell (DCs) 
employment. Interestingly, Nlrp12-/- DCs display a remarkably decreased ability to 
transport to draining lymph nodes.49-51 NLRP6 and NLRP12, as well as other NOD-
like receptors (NLRs), can play different roles in the immune system. NLRP7 is not 
expressed in rodents, but human NLRP7 is linked to inflammasome actions in response 
to bacterial lipopeptides (TLR-2 ligands) via a small interfering (si)RNA knockdown 
system.52 It has been shown that NLRC5, which is a transcriptional regulator of major 
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histocompatibility complex (MHC) class I genes,53 could participate in inflamma-
some activation during infection.54 NLRP10 is a cytoplasmically localized protein that 
enhances the innate immune responses activated by the invasive bacterial pathogen 
Shigella flexneri. Researchers have shown that NLRP10 is involved in pro-inflammatory 
cytokine release, activated via shigella in epithelial cells and primary dermal fibroblasts 
by affecting p38 and nuclear factor kappa B (NF-κB) induction. This action depends on 
the ATPase activity of NLRP10 and its PYD subunit. NLRP10 reacts with nucleotide-
binding oligomerization domain (NOD)1, an NLR that contributes to the sensing of 
invasive microbes, and both proteins are recruited to the bacterial entry area at the cell 
membrane. Furthermore, NLRP10 reacts with downstream elements of the NOD1 
signaling pathway, including RIP2, TAK1, and NEMO.55

NLRC4 Bacteria such as Pseudomonas, Legionella, Salmonella, Yersinia, and Listeria may 
trigger caspase-1 activation and IL-1β/IL-18 development by NLRC4 activation.39, 56-

58 NLRC4 is particularly triggered via a functional bacterial type III or IV secretion 
system (T3SS/T4SS) or flagellin.57,58 Salmonella typhimurium is one of the first bacteria 
reported to be able to induce caspase-1 by the NLRC4-inflammasome. Mutants of 
S. typhimurium that lack the fliC and flipB genes, which encode flagellin monomers, 
cannot stimulate caspase-1 through NLRC4.58 Ligands may directly attach to specific 
subtypes of the neuronal apoptosis inhibitor protein (NAIP) NLR class to induce the 
NLRC4 inflammasome. NAIP5/NAIP6 react with flagellin, while NAIP2 reacts with 
the T3SS rod ingredients Salmonella PrgJ and Burkholderia BsaK.59 NLRC4/NAIP5 
inflammasome stimulation is directly linked to eicosanoid secretion from resident peri-
toneal macrophages.60 By intestinal mononuclear phagocytes, NLRC4 is involved in the 
pro-inflammatory defense processes in the intestine against foreign, but not commensal, 
bacteria.61 Moreover, NLRC4 activation can be harmful to the host during infection, 
as the colonization of pathogenic E. coli develops in the intestine following antibiotic 
therapy, which significantly changes the ingredients of microbiota.62 Possibly similar to 
NLRP3 activation by PKR, NLRC4 can be induced after phosphorylation at Ser533 
via Protein Kinase C δ (PKCδ).63 NLRC4 is also linked to other mechanisms that do 
not recruit IL-1β and IL-18 excretion, like the degradation and restriction of intercel-
lular bacterial growth of Legionella pneumophila downstream of caspase-7 activation64 
and NLRC4-dependent cell death.65 Activation of caspase-1 by the inflammasome 
is related to pyroptosis, a pro-inflammatory form of caspase-1-dependent cell death. 
NLRC4-dependent pyroptosis takes place in response to some bacterial infections, such 
as Salmonella, Legionella pneumophila, and Francisella tularensis.66 This cell death process 
exerts a defensive function within the host. Activation of caspase-1 through NLRC4 
by S. typhimurium consistently producing flagellin can result in antibacterial defenses 
irrespective of IL-1β and IL-18,65 as the inflammatory cell death drove clearance of the 
pathogen from the surrounding tissue by neutrophil employment. Also, NLRP3 and 
NLRC4 assist each other in the development of a proper response against Salmonella.66 
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Some bacteria can activate multiple inflammasomes following infection, as they include 
ligands for multiple NLRs or Absent in melanoma 2 (AIM2). Future research should 
focus on deciphering how inflammasome elements cooperate for optimal host responses 
to pathogens. Bacterial population dynamics suggest that the NAIP/NLRC4 inflam-
masome particularly limits S. typhimurium migration from the gut to draining lymph 
nodes. This may be caused by NAIP/NLRC4 pathways within intestinal epithelial cells, 
while S. typhimurium escapes restriction through phagocyte NAIP/NLRC4. NLRP3 
and caspase-11 also fail to restrict S. typhimurium from crossing the mucosa, migration to 
lymph nodes, and systemic dissemination. The ability of intestinal epithelial cells to drive 
an NAIP/NLRC4 defense can be understood by the high NAIP/NLRC4 expression 
in intestinal epithelial cells and the necessity for epithelium-attacking S. typhimurium to 
produce the NAIP1-6 ligands-flagella and type-III-secretion-system-1. Imaging shows 
both ligands are downregulated upon crossing the intestinal epithelial cells.67

Absent in melanoma 2 (AIM2) AIM2 is a cytosolic binding receptor for double-
stranded DNA, known to shape an inflammasome and trigger caspase-1 in the presence 
of pathogens.26 Bone marrow-derived macrophages (BMDMs) from AIM2-/- rodents 
lack pro-caspase-1, pro-IL-1β, and pro-IL-18 development after infection with Listeria 
monocytogenes and Francisella tularensis, and AIM2-lacking rodents were more sensitive 
to subcutaneous infection with Francisella tularensis, correlating to reduced serum IL-18 
concentrations.68-70

Recent work reported the functional significance of inflammasome activity during 
central nervous system (CNS) infection with Staphylococcus aureus. Findings suggested 
the involvement of AIM2 based on similar disease algorithms among AIM2 and ASC 
knockout rodents. In addition to IL-1β, other major inflammatory mediators, such 
as IL-6, C-X-C chemokine ligand (CXCL)1, CXCL10, and C-C chemokine ligand 
(CCL)2 were markedly reduced in the CNS of AIM2 and ASC knockout mice, denot-
ing autocrine/paracrine functions of IL-1β, as these regulators do not need inflamma-
some processing for secretion. These studies exhibit the role of the AIM2 inflammasome 
as a major molecular platform for mediating IL-1β secretion and survival during acute 
CNS Staphylococcus aureus infection.71

TLRs
Current models postulate that innate immune cells sense pathogens through TLRs and 
other PRRs and reply quickly via secreting cytokines and antimicrobial mediators (e.g., 
ROS and nitric oxide (NO)). The role of TLRs in several major bacterial infections is 
described in the following passage.

Mycobacterium tuberculosis-activated tumor necrosis factor (TNF) release is TLR-
2-dependent in vitro.72 TLR-2, along with TLR-1 and TLR-6, regulates responses 
to mycobacterial lipoproteins, lipomannan, arabinose-capped lipoarabinomannan 
(ara-LAM), and phosphatidyl-myo-inositol mannoside (PIM). While most purified 
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mycobacterial elements act via TLR-2, enhanced TLRs expression enables cells to 
reply to the whole bacilli by TLR-2 or TLR-4 in a MyD88-dependent fashion.31,32 
Still, primary mouse macrophages that express normal concentrations of TLRs detect 
intact mycobacteria irrespective of TLR/MyD88 pathways.33 Moreover, mycobacterial 
DNA contains stimulatory CpG motifs that induce TLR-9.27 TLR induction through 
mycobacterial elements results in the release of pro-inflammatory cytokines, such as 
TNF and IL-12, and release of NO, a byproduct with strong anti-mycobacterial activ-
ity in rodents.34,36 These together imply that disruption in TLR signaling may lead to 
exacerbation of the Mycobacterium tuberculosis infection.

Salmonella has at least four TLR inducers: Lipopolysaccharide (LPS), bacterial 
lipoproteins, flagellin, and CpG DNA that induce TLR-4, TLR-2, TLR-5, and TLR-
9, respectively. Cells such as macrophages and DCs can detect Salmonella via these 
TLRs and activate the production of cytokines that are also involved in responses to 
Salmonella in vitro. Injection of Salmonella or LPS directly into the blood circulation 
leads to shock. This finding led to the hypothesis that LPS is a main virulence element 
of Salmonella. C3H/HeJ rodents that display a mutation in the TLR-4 allele show 
increased endurance to intraperitoneal or intravenous challenge by LPS or Salmonella 
than the closely related C3H/HeN rodents that display a wild-type copy of TLR-4.46 
In fact, the discovery of the importance of different genetic variations in TLRs, which 
can affect the susceptibility of individuals to LPS, is very crucial.73

Staphylococci possess several TLR inducers. Bacterial lipoproteins and lipoteichoic 
acid serve as TLR-2/6 activators,74-76 while CpG DNA functions via TLR-9. In addi-
tion, NOD2 detects Staphylococcus aureus by the recognition of peptidoglycan motifs.26

Other mechanisms

Immune evasion by bacteria after invasion After attacking the host, there are mul-
tiple evasion processes through which bacteria dodge the immune system, such as evad-
ing the early vacuole synthesis, disruption in the early and late endocytic processes, and 
altering the exocytic procedures. Two brief examples are provided here.

One path to avoid the unfavorable environment resulting from the fusion with deg-
radative enzyme-rich endocytic compartments is to swiftly evade the nascent vacuole, 
attack the cytoplasm and utilize the actin cytoskeleton to facilitate intracellular motility. 
This approach is used by Burkholderia pseudomallei, the causative agent of the melioidosis, 
Listeria monocytogenes, Rickettsia rickettsii, Mycobacterium marinum, and Shigella flexneri. Shigella 
flexneri produces invasion plasmid antigen (Ipa)B that plays an important role in host cell 
entrance and shows a lytic activity that is used to infiltrate the vacuolar membrane.77

The reaction of the nascent vacuole with early endosomes takes place 5–20 min-
utes following the invasion and is temporary. But vacuoles containing Mycobacterium 
tuberculosis and Mycobacterium avium show the features of early endosomal organelles 
that do not develop into late endosomal and lysosomal sections. Precisely, vacuoles that 
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comprise mycobacteria keep the early endosomal guanosine triphosphatases (GTP)ase 
RAB5 while specifically leaving out the late endosomal GTPase RAB7 and the early 
endosome antigen 1 (EEA1), both of which are mediators of vesicular trafficking and 
phagosome development.78-80

Spirochetal bacteria Leptospira spp. can cause leptospirosis, a disregarded and reemerg-
ing zoonotic disorder worldwide. Infection by these agents can result in an acute and 
possibly fatal disease or chronic asymptomatic colonization of the bacteria in the kid-
ney. Both subtypes of the disorder display the ability of leptospires to escape the host 
immune response.81 The prominent motility of leptospires is represented by two atypical 
“endoflagella”, which lie at poles of the bacterium and stretch within the periplasm. 
Their spiral form is due to the peptidoglycan mesh, shaping a thin layer in proximity to 
the inner membrane. The membranes are rich in lipoproteins.82 In contrast with that of 
other spirochetes, the leptospiral outer membrane is enclosed by LPS.83 Live leptospires 
also escape TLR-5 recognition. However, once leptospires are killed by antimicrobial 
peptides, leptospiral flagellins are recognized by human TLR-5 but not through rodent 
TLR-5.84 Leptospires activate the NLRP3 inflammasome in both humans and rodents. 
In animal experiments, activation of the inflammasome requires 2-phase signaling, 
utilizing LPS and lipoprotein signaling by TLR-4 and TLR-2, respectively, in combina-
tion with the attenuation of a Na+/K- pump, a danger protein.85 In humans, NLRP3 
induction is regulated by bacteria-activated ROS.86 Ultimately, peptidoglycan from 
leptospires evades host detection via NOD1 and NOD2 and because of the lipoprotein 
LipL21 that is tightly linked to the peptidoglycan. Also, human but not rodent NOD1 
can recognize leptospiral peptidoglycan independent of LipL21.87

Adaptive immunity
Cellular immunity
The adaptive immune response to a bacterial stimulus necessitates the presentation 
of the bacterial antigen from DCs and monocytes that act as antigen-presenting cells 
(APCs) to naïve T (Th0) cells. To this aim, surface elements of APCs, such as MHC class 
II or human leukocyte antigen (HLA)-DR and cluster of differentiation (CD)40 adhere 
to co-activating agents of Th0 cells, namely CD28 and CD40-ligand, respectively. This 
attachment triggers the production of other co-activating factors on the cell membranes 
of APCs, like CD80 and CD86, and as a result, facilitates the antigen presentation to Th0 
cells. During this procedure, Th0 cells differentiate into four categories of functionally 
different T cells:
•  Th1: release TNF-α, IL-2, and IFN-γ and prime pro-inflammatory responses to 

enhance bacterial phagocytosis.
• Th2: release IL-4, IL-6, and IL-10 and prime anti-inflammatory responses.
• T17: release IL-17 to recruit neutrophils and prime optimal phagocytosis.
• Regulatory T cells (Tregs): prime anti-inflammatory responses.
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Differentiation of Th0 to these functionally unique subtypes is managed by the 
heterodimeric cytokines IL-12/IL-23, IL-27, IL-6, and transforming growth factor 
(TGF)-β. IL-12 and IL-23 are dimeric proteins that share a p40 peptide. Peptide p35 is 
present in IL-12 and peptide p19 is present in IL-23. IL-12/IL-23 is secreted by DCs 
and monocytes. IL-12 promotes Th1 responses. IL-23 helps IL-12 and shifts the immune 
system towards Th17 responses. IL-27 performs by suppressing the pro-inflammatory 
T17 response. IL-6 has many functions. It participates in the pro-inflammatory innate 
immune response and the anti-inflammatory Th2 response. The immune homeostasis 
mediates the balance between T17 cells and Tregs. In more detail, differentiation of Th0 
cells into T17 cells requires induction of the orphan nuclear receptors, such as retinoid-
related orphan receptor-γt and retinoid-related orphan receptor (ROR)-α. This is 
mediated through the combined action of TGF-β and IL-6. When TGF-β exists in the 
cell microenvironment in the absence of IL-6, the transcription factor Foxp3 is induced 
resulting in differentiation of Th0 cells into Tregs. On the contrary, the IL-6 triggering 
of Foxp3 and consequent differentiation into Tregs is suppressed.2,88 Animal research has 
shown that ROR-γ is expressed in muscle, brain, heart, and skin. Moreover, expression 
analysis of ROR-γ homologues demonstrates that it may play a cell-type dependent 
role in defense against extracellular bacteria.89

Humoral immunity
The clinical presentation of bacterial infection may be due to toxic molecules released 
by the bacteria rather than from the presence of the microorganisms themselves. 
Antibodies to these toxins can enable quintessential defense against infection, without 
directly targeting the bacteria themselves. A classic example is Corynebacterium diphtheriae 
that releases a deadly exotoxin. A newer example is the Clostridium difficile that releases 
both an enterotoxin (toxin A) and cytotoxin (toxin B). Passive immunotherapy by anti-
body may reduce relapse. Also, high antibody levels against toxin A and B correlate with 
the reduction of relapse.

Bacteria can possess virulence agents, like enzymes, which enhance dissemination 
within tissues. Host antibodies that disable these enzymes may have a positive effect 
on the clinical presentation of bacterial infection. Disabling of toxins and enzymes 
may stem from direct competition of antibodies and the target molecule or substrate. 
Competitive mechanisms may also involve the establishment or induction of structures 
unsuitable for the normal role of the toxin or enzyme. Also, the protection afforded by 
exotoxin-disabling antibodies may rely on Fcγ receptors.90

Other mechanisms

Sepsis Sepsis is the major cause of mortality in most intensive care units. A recent 
meta-analysis found that patients with severe sepsis administered with usual care had a 
28-day mortality of 33.2 percent.91 Progress in comprehending the immune response 
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to sepsis helps the development of more effective treatments. The immune response 
in sepsis is defined by a hyper-inflammatory stage that is followed by an immune-
repressing stage. Patients fail to defeat attacking bacteria and are prone to opportunistic 
microorganisms during the hypo-inflammatory phase. The immune response in sepsis 
is outlined by elements such as co-morbidities (e.g., cancer, heart disease, and diabe-
tes), microbial inoculums size, and the pathogen virulence. Processes that contribute to 
sepsis-activated immuno-suppression include apoptotic elimination of immune cells, 
enhanced Tregs and myeloid-derived suppressor cells (MDSCs), and cellular exhaus-
tion. Cellular exhaustion is a phenotype defined via abnormal function, elevated 
programmed cell death protein (PD)-1, and reduced IL-7 receptor production on T 
lymphocytes.

In more detail, while both pro- and anti-inflammatory mechanisms are induced 
together during the onset of sepsis within the initial days, a hyper-inflammatory 
response usually dictates the clinical feature. The hyper-inflammatory stage has been 
named a “cytokine storm”, which is defined by increased contents of cytokines, such 
as TNF-α, IL-1β, and IL-6, up to harmful levels. Rapid elimination of both innate and 
adaptive immune cells by apoptosis takes place to attenuate the response. During this 
stage, patients may experience a controlled anti-inflammatory response to improve 
immunological homeostasis. However, some patients may experience an uncontrolled 
anti-inflammatory response and enter a hypo-inflammatory stage. A prolonged hypo-
inflammatory stage may lead to cellular exhaustion. During this stage, patients fail to 
direct proper immune responses towards microbial pathogens resulting in the reactiva-
tion of pathogens and secondary infections, mainly caused by avirulent and opportu-
nistic pathogens.92

Central nervous system infections Bacterial involvement of the CNS is a critical 
condition with substantial mortality, which may lead to irreversible neurological damage 
in survivors. Astrocytes that make up most of the CNS glial cell population mediate the 
innate and adaptive immune responses in the CNS during infection and help sustain 
CNS homeostasis and neuronal actions. After antigen detection, astrocytes activate the 
innate immune response and drive an adaptive immune response to employ peripheral 
immune cells. The interplay of the CNS and peripheral immune system by a lymphatic 
system in the meninges suggests that the CNS is under continuous immunological 
surveillance.93 Patrolling APCs of this immune network may enter the cervical lymph 
nodes after an encounter with pathogens that invaded the CNS and prime naïve T cells 
for differentiation. Triggered T cells can cross the blood-brain barrier with the help 
of intracellular adhesion molecule (ICAM)-1 and/or vascular cell adhesion protein-1 
(VCAM-1).94 Such adhesives help the astrocyte-lymphocyte interconnection, which 
promotes upon astrocytes contact with IFN-γ, TNF-α, IL-1β, or TLR ligands like LPS 
in vitro.95 Next, employed T cells enter the CNS parenchyma and are reactivated by 
native APCs like astrocytes and microglia.96
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Glial cells exert their role in bacterial involvement of the CNS through detect-
ing bacterial molecules such as LPS and bacterial DNA via TLRs.97 The most well-
researched TLR in bacterial involvement of the CNS is TLR-2. Following exposure 
to the gram-positive bacterium Staphylococcus aureus, primary mouse astrocytes enhance 
TLR-2 production via the secretion of TNF-α. Furthermore, the cells produce IL-1β, 
CCL2, and NO, a potent antibacterial free radical98 that triggers astrocytes.97 These 
mechanisms are dampened in TLR2-/- astrocytes, indicating that they may be regulated 
by astroglial TLR-2 pathways.98 Also, TLR-2 can detect Streptococcus suis, a bacterium 
that can cause meningitis.99 TLR-2 signaling has been implicated in the activation of 
astrocytes in response to Streptococcus suis. While primary murine astrocytes do not inter-
nalize Streptococcus suis, contact with the bacteria promotes astroglial TLR-2 expression. 
This is accompanied by astrocyte induction and release of the pro-inflammatory factors. 
Moreover, contact with Streptococcus suis enhances TLR-6 transcript levels, while TLR-1 
expression is not altered. TLR-1 and TLR-6 synthesize heterodimers with TLR-2. As 
TLR-2/TLR-1 and TLR-2/TLR-6 signaling evoke special cellular responses, the spe-
cific amplification in TLR-6 expression could shape the inflammatory reaction of astro-
cytes.100 Astroglial TLR-2 may play a role in the involvement of the CNS via Brucella, 
a gram-negative bacterium that can cause neurobrucellosis and neurological impair-
ments.101 It should be noted that clinical-radiologic relation in neurobrucellosis ranges 
from normal radiographic findings accompanied by a positive clinical presentation to 
different imaging irregularities (e.g., white matter lesions in periventricular and sub-
cortical areas) that denote either an inflammatory response, an immunological response, 
or a vascular injury.102,103 Other than endothelial cells,104 Brucella induces astrocytes 
and the secretion of cytokines, chemokines, and matrix metalloproteinases (MMPs).105 
The results of a study in monkeys infected with Brucella melitensis showed that TLR-2 
immune sensitivity and the number of TLR-2-positive astrocytes were amplified in the 
white matter of subcortical areas. This was accompanied by astrocyte hypertrophy and 
complication of cell branching.106 The importance of the alterations found in astrocytes 
in response to Brucella infections is unknown. We refer the readers to the literature 
review by Li et al. for more details.107

An intriguing scenario for the immune response against CNS infections is within 
craniectomy settings. Prevalence of infection after craniotomy is 1 percent-3 percent, 
with about half related to Staphylococcus aureus. Such infections represent a major dif-
ficulty for pharmacotherapy because of the antibiotic resistance of biofilm and special 
immunological features of the CNS. Previous studies have shown a major role in innate 
immune responses during Staphylococcus aureus craniotomy infection. Animal research 
carried out on rodents has detected the role of TLR-2 and its adaptor protein, MyD88, 
in defense against infection by Staphylococcus aureus during craniotomy biofilm infec-
tion. Noteworthy is that the immune responses provoked during Staphylococcus aureus 
craniotomy infection are different from peripheral biofilm infection, suggesting a role 
for niche-specific determinants in Staphylococcus aureus biofilm-leukocyte crosstalk.108
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MicroRNAs MicroRNAs, small non-coding RNAs with historically unchanged 
sequences, are synthesized in different cells, having important roles in both normal and 
pathologic mechanisms. Recent research has suggested that microRNAs have important 
roles in bacterial infections via regulating inflammatory responses, tissue reorganization, 
cellular infiltration, and innate and adaptive immunity. Here, we discuss the example of 
Helicobacter pylori, and for detailed information regarding other pathogens, refer the 
readers to the recent review by Zhou et al.109

Infection of gastric epithelial cells by Helicobacter pylori may change the expression of 
microRNAs, such as let-7,110-112 microRNA-30b,113 microRNA-210,114 microRNA-1289,115 
microRNA-4270,116 microRNA-152/microRNA-200b,117 microRNA-155,118-120 microR-
NA-16,121 microRNA-376,122 and microRNA-146a.123

Of the numerous microRNAs that contribute to gastric inflammation, adenocar-
cinoma development, and immune checkpoint control, microRNA-155 is special as 
its enhanced expression is regarded as a major biomarker of chronic gastric inflam-
mation that makes patients more prone to gastric carcinogenesis. MicroRNA-155 is 
prominently produced in B and T lymphocytes and in monocytes/macrophages pres-
ent in chronic gastric inflammation. Of note, microRNA-155 was shown to suppress 
the expression of some mismatch repair (MMR) genes, including MLH1, MSH2, and 
MSH6. MMR gene sequences are included in the human DNA and function as repair 
utilities that detect and rectify the mistakes made during cell replication.124 Immune 
checkpoints are mediators of the immune system that avert the immune system from 
the non-selective invasion of self-antigens. Although this is essential to avoid autoim-
mune reactions, it also diminishes the ability of the immune system to eradicate or sup-
press cancerous cells. Cancerous cells exploit immune checkpoint pathways as the main 
process of immune resistance. Provoking immune checkpoints requires ligand-receptor 
interactions. Therefore, blocking these immune checkpoints permits antitumor defense 
to continue. In addition, this approach is among the most robust methods of induc-
ing therapeutic antitumor immunity.125 In tumor-penetrating microRNA-155-lacking 
CD8+ T cells, antibodies attacking immune checkpoint proteins reinstated the expres-
sion of derepressed microRNA-155 targets, suggesting that microRNA-155 could 
regulate overlapping mechanisms to enhance antitumor immunity. Therefore, it may be 
clinically valuable that gastric pathologies influenced by microRNA-155 are a conse-
quence of its overexpression.126 Histological analysis has found higher microRNA-155 
concentrations in gastric mucosal tissue specimens of patients positive for Helicobacter 
pylori. Attachment areas for NF-κB and activator protein-1 (AP-1) have been detected 
within the BIC/microRNA-155 promoter. Indeed, these factors are required for the 
activation of microRNA-155 after Helicobacter pylori infection in gastric epithe-
lial cells. The expression of microRNA-155 can also be affected by Foxp3 in T cells 
infected by Helicobacter pylori.119 Other than the NF-κB pathway in BMDMs, an 
increase in microRNA-155 may rely on the Helicobacter pylori class IV excretion 
system (T4SS).118 Certain microRNA-155-affected mRNAs, comprising tumor protein 
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p53-inducible nuclear protein 1 (TP53INP1), tetraspanin 14 (Tspan14), lipin 1 (Lpin1), 
phorbol-12-myristate-13-acetate-induced protein 1 (Pmaip1), protein kinase (cAMP-
dependent, catalytic) inhibitor alpha (PKIα), IκB kinase ε (IKK-ε), Sma- and Mad-
related protein 2 (SMAD2), and Fas-associated death domain protein (FADD), have 
been related to proapoptotic and immune responses.127

MicroRNAs play a role in escape from phagocytosis that may explain the long-
life coexistence of Helicobacter pylori and the human host. It has been recently 
reported that during Helicobacter pylori infection, phagocytic cells present with high 
Helicobacter pylori loads as opposed to bacterial clearance. It has been shown that 
Helicobacter pylori influences the antigen presentation of macrophages by mediating 
the expression of the immune receptor CD300E via microRNA-4270. In these cells, 
Helicobacter pylori remains in “megasomes”, large constructs that are formed as a result 
of the homotypic fusion of phagosomes, dodging the phagocytic elimination. One 
possible mechanism is achieved with the help of microRNA-4270. MicroRNA-4270 
targets the most increased gene, the immune receptor CD300E, which its production 
depends on Helicobacter pylori infection. CD300E promotes the pro-inflammatory 
actions of macrophages. Also, it affects macrophages’ expression and presentation of 
MHC class II on the cell membrane without altering phagocytosis. This influence 
restrains the effector T cells from provoking the killing mechanisms of macrophages that 
could act as a survival condition for the bacteria.116

Helicobacter pylori infection suppresses microRNA-375 expression in the gastric 
tissue. Attenuation of microRNA-375 provokes the Janus kinase (JAK)2-signal trans-
ducer and activator of transcription (STAT)3 signaling, resulting in the secretion of 
IL-6, IL-10, and vascular endothelial growth factor (VEGF). These lead to immature 
differentiation of DCs and the development of gastric cancer.122

Diagnosis
Precise and early diagnosis of bacterial infection is essential for effectual and targeted 
therapy. Still, routine microbiological detection (e.g., diagnosis via culture) is sometimes 
inadequate and slow to the extent that makes it clinically unsuitable. The immune sys-
tem can quickly carry out the recognition of a versatile range of pathogens with signifi-
cant sensitivity and specificity. This process has been optimized by evolution throughout 
history.5 Here, we briefly go over the application of immunoassays in different scenarios 
of bacterial infection.

Helicobacter pylori
In line with current guidelines, the European Helicobacter pylori Study Group suggested 
that at the primary-care level, detection of Helicobacter pylori infection in dyspeptic cases 
younger than 45 years presenting without severe symptoms is carried out via less invasive 
approaches, like the urea breath test or serological tests. But, patients with predisposing fac-
tors for gastric malignancies should be examined by endoscopy. At the specialist level, both 

(c) ketabton.com: The Digital Library



Infection and Immunity 509

non-invasive methods (e.g., urea breath test and serological assays) and invasive methods 
using biopsy samples (e.g., culture, histology, rapid urease test, and polymerase chain 
reaction (PCR)) can be selected. Helicobacter pylori infection activates local and sys-
temic antibody responses. The systemic immune response classically exhibits a temporary 
increase in Helicobacter pylori-associated immunoglobulin (Ig)M antibodies and precedes 
with an increase in IgG and IgA antibodies, which continues throughout the course of the 
disease. Because IgM antibodies against Helicobacter pylori are detected only temporarily, 
they are unhelpful for the serological detection of Helicobacter pylori. Hence, diagnostic 
assays have been invented for the recognition of IgG/IgA antibodies in serum, saliva, and 
urine samples. Diagnosis of Helicobacter pylori-associated IgA/IgG antibodies in saliva 
has provided insufficient sensitivity and specificity. Although tests for recognition of IgG 
antibodies against Helicobacter pylori in urine have been found to be both sensitive and 
specific, major serological diagnostic tests are serum-based.128-135 Enzyme Immunoassay 
(EIA) is the main assay utilized for serological evaluation of Helicobacter pylori infection. 
Many studies have assessed the diagnostic robustness of commercial EIAs for recognition 
of Helicobacter pylori infection.136-142 Most of these assays include acid glycine extracts, 
nonionic detergent extracts, or otherwise somewhat purified antigens. These EIAs mainly 
recognize IgG antibodies for Helicobacter pylori. The sensitivity and specificity of the 
various commercial tests range from about 60 percent to 100 percent,139 with the majority 
of tests having values above 85 percent.143

Helicobacter pylori serology evaluation has been shown to be beneficial for screen-
ing symptomatic inner-city children. Serum IgG antibody test, fecal antigen test, and 
rapid urease test were evaluated in a recent study. The serum Helicobacter pylori anti-
body test exhibited promising sensitivity (88.4 percent, CI 95 percent, 74.9–96.1) and 
specificity (93.4 percent, CI 95 percent, 89.1–96.3).144

More recently, the diagnostic value of four Helicobacter pylori serological tools was 
examined, with stool antigen assay as the gold standard. Serological tools examined included 
Rapid Immunochromatographic Hexagon, Helicoblot 2.1, an EIA IgG kit, and an EIA IgA 
kit. Stool and blood specimens were collected from 162 healthy individuals (control) and 60 
type 2 diabetes mellitus cases. The diagnostic value of the four serological detection tools was 
influenced by gender, age, health status, and ethnicity of the subjects. For the healthy group, 
the Helicoblot 2.1 kit displayed the best performance (area under the curve (AUC) = 0.85; 
p < 0.05, accuracy = 86.4 percent), followed by EIA IgG (AUC = 0.75; p < 0.05, accu-
racy = 75.2 percent). The Rapid Hexagon and EIA IgA kits showed unfavorable diagnostic 
values. For the type 2 diabetes mellitus group, the kits H2.1 and EIA IgG had the highest 
performances, with accuracies of 96.5 percent and 93.1 percent, respectively.145

Yersinia
Yersiniosis is a foodborne disease that results from infection by Yersinia enterocolitica 
or Yersinia pseudotuberculosis. While yersiniosis is usually self-limiting, certain individu-
als can experience chronic infections, including reactive arthritis, glomerulonephritis, 
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and myocarditis, and should receive antibiotics.146 Interestingly, “reactive arthritis” was 
first mentioned by clinicians from Finland in 1969 who described the disease as sterile 
arthritis after infection with Y. enterocolitica.147

An indirect hemagglutination test (IHA) was among the initial serological assays148 
and is still being used. In IHA, erythrocytes are exposed to heated bacterial extracts. 
Antibodies to different Y. enterocolitica or Y. pseudotuberculosis serotypes, or biotypes, or 
serogroups interact with antigens, resulting in clumping. IHA and complement fixation 
detect IgM antibodies as these are 10-valent compared to 2-valent IgG-class antibodies. 
Generally, when the immune responses are started, IgM antibodies that interact with LPS 
will rise first. This reply precedes a class switch and the formation of IgA and IgG anti-
bodies against protein constructs. These tests cannot differentiate recent infection from 
past exposure unless IgM is disabled through pre-treatment sample because IgM and IgG 
can react in IHA or complement fixation. Agglutination assays are sensitive. However, 
their specificity could be suboptimal if a crude extract antigen is employed. For example, 
sera from brucellosis cases could react with particles sensitized with the Y. enterocolitica 
serotype O:9 antigen. Discrimination of these bacteria can be performed through EIA 
or immunoblot, recognizing antibodies against plasmid-encoded Yersinia-related outer 
membrane proteins (OMPs).8 Notably, the result of a single agglutination assay may 
have poor diagnostic performance.149 In Tanzania, by microagglutination, Y. enterocolitica 
antibodies to the serotype O:3 were detected in 2.6 percent of children and 0.9 percent 
of healthy individuals, and to the serotype O:9 in 5.3 percent and 2.3 percent, respec-
tively.150 But, in places where eating pork is more common, seropositivity among normal 
subjects could also see a rise. By EIA and immunoblot, the seropositivity to Yersinia 
antigens was detected 19 percent-31 percent and 33 percent-43 percent in Finnish and 
German healthy subjects, respectively.151 By Immunoblot, IgA antibodies to a 36-kDa 
protein were present in 18/19 reactive arthritis cases in comparison with 8/17 with 
non-arthritic yersiniosis cases. These antibodies remained positive for 8–12 months.152 
Despite this substantial variance, these antibodies may not be a marker for the diagnosis 
of Yersinia-induced reactive arthritis.153,154 The deciphering of clinical significance for 
persisting IgG/IgA antibodies to various antigens is still debated.155 In recent research, the 
correlation between the positivity for Yersinia IgA and formalinized complete bacteria 
“OH” antigens, and arthritis was ruled out when antibodies to plasmid-encoded antigens 
were explored in patients during a 10-year follow-up. It was concluded that neither IgA 
nor IgG persistence has a visible influence on the clinical course.156

It is clinically most important to know whether Yersinia actually persists. What 
explains “chronic Y. enterocolitica infection”, clinically?157,158 During latent infection, why 
is it not possible to display bacterial activation by any type of immunosuppression? 
Chronic infection is explained as the combination of a negative culture accompanied by 
a lack of agglutinins and positivity for IgA/IgG antibodies to 36 and 46 kDa virulence-
related factors evaluated through immunoblot. Understandably, antibody persistence is 
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not the same as infection persistence, the question mentioned earlier.159 Y. enterocolitica 
O:3 remains for multiple weeks in primary cultures of human synovial cells or fibro-
blasts,160,161 but these experimental models do not represent the complex model of the 
multiple systems within the human body. Bacterial LPS, heat shock protein (HSP),162 
and the 16S ribosomal RNA molecules were recognized in patients with Y. enterocolitica 
O:3 induced reactive arthritis,158 but alive Yersinia in any body compartment has not 
been found.

Information regarding the pathogenesis of infections caused by Yersinia has been 
expanded, and multiple adhesion components have been reported.163 The most vital 
adhesives are invasin (Inv), YadA (Yersinia adhesion A, formerly named Yop1), which is 
the main adhesin, and Ail. Also, there are various other molecules, like YeuB, that activate 
immunological responses. Upon acute infection, all classes of antibodies towards YeuB, 
Ail, YadA, and Inv are formed rapidly with the maximum titers on the second and third 
weeks. These antibodies were more common in cases with gastroenteritis in comparison 
to cases with reactive arthritis.164 Yad in Y. enterocolitica displays collagen attaching activity. 
However, Yad in Y. pseudotuberculosis attaches mostly to fibronectin.163 Both subtypes are 
involved in reactive arthritis (it has been reported that only Y. pseudotuberculosis serotypes 
O:1a and O:3 can induce reactive arthritis).165

A new Western blot assay has been developed by Yersinia OMPs as antigens for the 
detection of Yersinia antibodies as a substitute for the complement fixation assay. The 
clinical agreement, sensitivity, and specificity were assessed via evaluating 19 positive and 
21 negative serum specimens via the complement fixation assay, western blot assay, and 
enzyme-linked immunosorbent assay (ELISA). In this research, the western blot assay 
was the reference test. The agreement, sensitivity, and specificity of the complement 
fixation approach were 61 percent, 26 percent, and 95 percent, respectively, and these 
values for the ELISA reached 89 percent, 95 percent, and 82 percent, respectively. The 
amount of Yersinia antibodies in 50 healthy subjects was 6 percent for IgG, 2 percent 
for IgA, and 2 percent for IgM. Sera positive for Bartonella henselae, Brucella, Chlamydia 
pneumoniae, and Rickettsia rickettsii antibodies exhibited cross-reactivity via the western 
blot assay. The strongest cross-reactivity was reported with Borrelia burgdorferi, and 5 of 
11 (45 percent) samples showed cross-reactivity via the IgM test. Together, this western 
blot assay demonstrated good performance and proved to be more sensitive than the 
complement fixation assay, and it can be a useful substitute to the complement fixation 
test. It is important to take the cross-reactivity into account, in particular with Borrelia 
burgdorferi that is associated with oligoarthritis (or pauciarthritis, defined as the involve-
ment of four or fewer joints) resembling reactive arthritis. The diagnosis of reactive 
arthritis should be made according to the clinical presentation and by serological evalu-
ation of the infectious etiology.166

Fraction 1 (F1) antigen in Y. pestis plays a role in suppressing phagocytosis167 and can 
be used as a diagnostic test. In a recent work, a novel subtype of F1 antigen was produced 
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and purified. Different anti-F1 monoclonal antibodies (mAbs) were also produced. To 
assess the performance of the produced Y. pestis F1 test strip, the F1 protein/Y. pestis 
was spiked into emulated clinical samples like the human serum, mouse bronchoal-
veolar lavage fluids, and mouse blood to mimic a natural infection state. Moreover, this 
approach was applied to recognize the Y. pestis in the environment-collected rodents 
to assess the practical performance of the test. Using this mAb-based-lateral flow assay 
(LFA) technique, 4 ng/ml of recombinant F1 protein and 103 colony forming unit 
(CFU)/ml of Y. pestis could be recognized within 10 mins that is at least 10-folds more 
than that of the polyclonal antibody format. While different Yersinia subtypes were 
exposed to the strips, only the Y. pestis subtype prompted a positive signal, and this indi-
cates the high efficiency and specificity of the mAb-based F1 tests.168

While early infections can be detected by direct methods, chronic infections can 
solely be recognized via serological assays. Using a serological approach, which can dis-
criminate between infections, with Y. enterocolitica and Y. pseudotuberculosis is demanded 
because the antibiotic therapy of these bacteria is different. Conventional immunoas-
says do not differentiate these subtypes. An assay that enables this discrimination is 
Mikrogen's strip assay, in which separation of the two Yersinia depends on two novel 
bacterial elements, MyfA and PsaA, corresponding to Y. enterocolitica and Y. pseudotu-
berculosis, respectively. Researchers reported that the two Yersinia subtypes cultured in 
conditions that resemble the normal route of infection produce other surface antigens, 
which can be used to differentiate them.146

Salmonella
Salmonella infections more commonly result in reactive arthritis, compared to 
Campylobacter infections.169-172 The initial serodiagnostic assay for Salmonella was 
proposed in 1896 by Widal after it was found that the sera of typhoid cases clustered 
formalin-fixed bacteria from the host.173 Such bacterial preparations keep the O-antigen 
and the Flagella intact. The test has been improved multiple times.174 The timeline for 
the development and assessment of this assay has been reviewed by Chart et al.175 In the 
first version of the test, sera from cases who presented with fever were combined with a 
suspension of eliminated S. typhi bacteria. If the antibodies (agglutinins) towards bacte-
rial constructs were detected, agglutination of the cell suspension took place. Currently, 
this assay helps to support the diagnosis of reactive arthritis. The assay can differentially 
show antibodies towards O-, H-, or Vi-antigens. Anti-O IgM antibodies rise first, anti-
H IgG antibodies are produced with a delay and can last, and anti-Vi antibodies can 
recognize carriers.176 The slide test improves on the Widal test when the serum and cell 
suspension are combined and clumps are scored. A more robust modification is car-
ried out in tubes or microwells and demands an incubation phase. The Widal assay can 
exhibits false interaction due to variability in antigen production, too early collection 
of the specimen, or technical problems of analysis, and it has unfavorable standardization 
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and reproducibility. False-positive interaction may be prevalent because of intrinsic 
cross-reactivity by malaria and Enterobacteria. In a Nigerian population who had a 
positive malaria smear, were not vaccinated for S. typhi, and whose stool specimens were 
negative for S. typhi, the Widal test was positive in titers 1:40, 1:80, and 1:160 in 85 per-
cent, 12 percent, and 3 percent, respectively. The parallel values for cases without malaria 
were 45 percent, 15 percent, and 10 percent.177 These results warn against selecting only 
a single finding to evaluate Salmonella serology. Indeed, classically, all assays based on 
the evaluation of antibody titers compared acute and convalescent sera. All assays are 
interpretable only if the diagnostic performance of the assay for the specific laboratory 
is determined.178 While the Widal assay has faced decreasing popularity,176 more recent 
tests for IgM/IgG antibody recognition provide suboptimal performance when assayed 
on the specimen of cases with verified typhoid fever.179

IHA employs erythrocytes sensitized with the Salmonella O-antigen. The sensitivity 
of this method reaches 62 percent, and its specificity is 98.2 percent. Countercurrent 
immunoelectrophoresis utilize the depiction of a precipitation band of antigen-antibody 
complexes. This method shows a sensitivity somewhat similar to the Widal assay.176

A new approach to studying Salmonella serology has been developed. In this 
approach, extracted LPS and flagellar antigens from four strains each are employed 
and exposed to the gels for sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and immunoblot. The interacting antibodies are recognized via polyvalent 
anti-human antibodies. This approach permits the depiction of bands against LPS and 
flagellin on separate gels, and the combination of bands allows judgment for the posi-
tivity for special antibodies and the infectious agent. The authors found that all cases 
with culture-verified salmonellosis produced anti-LPS antibodies. Conversely, humoral 
response to flagellar “d” antigens was found in only 67 percent of cases.175

Evaluation of antibodies to LPS of salmonellae other than S. typhi is normally per-
formed, in particular in S. typhimurium or Salmonella enteritidis infections, the two prin-
cipal subtypes that cause gastroenteritis in Europe. In cases with salmonellosis, the LPS 
antibodies were found to be similar to antigens obtained from phenolic or trichloro acid 
isolation, but in the control subjects, these antibodies were very common.180

In a recent project, EIA for the detection and measurement of serum IgM, IgG, and 
IgA antibodies to salmonella was produced with commercial LPSs of S. typhimurium and 
S. enteritidis combined as antigen. Among 130 sera from cases with culture-confirmed 
Salmonella infections, 115 (88.5 percent) were detected by this test. However, the Widal 
assay was positive in solely 50 (38.5 percent) patients. This method provided a remark-
able advance in the serological detection of acute salmonella infections, and it recognizes 
antibodies towards the salmonellae of groups B and D that account for 70 percent of 
culture-detectable salmonellosis cases. As well, antibodies against other salmonellae are 
detected. This EIA is valuable for the post-infection diagnosis of salmonella antibodies 
when extraction of the pathogen is usually not plausible.181
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A recent study characterized the local immune responses of adult patients during 
acute peritoneal dialysis-related peritonitis via multicolor flow cytometry and multi-
plex ELISA and explained the immunological patterns relative to standard biological 
culture findings and to clinical presentations. The authors found local “immune fin-
gerprints” that are unique for pathogens exist in peritoneal dialysis cases on the day of 
clinically acute peritonitis and can discriminate among culture-negative, gram-positive, 
and gram-negative epochs of infection. Humoral and cellular patterns with the high-
est suitability for the establishment of disease-specific immune fingerprints comprise 
the local concentrations of IL-1β, IL-10, IL-22, TNF-α, and CXCL10 along with the 
frequency of local γδ T cells and the ratio of neutrophils and monocytes/macrophages 
within total peritoneal cells population. This study highlights the suitability of utilizing 
immune fingerprints to facilitate the production of point-of-care assays that will enable 
high-performance diagnosis of infection, targeted antibiotic treatments, and clinical 
management of the infection.5

Shigella
Infection with Shigella spp. causes bacillary dysentery and general and mucosal antibody 
responses. Shigella is an important etiology for diarrhea globally, with different subtypes: 
Shigella flexneri, Shigella dysenteriae, Shigella sonnei (highly prevalent), and Shigella boydii. 
The immune response to Shigella targets different antigens, such as LPS and the Ipa 
proteins, and is able to provide a short-term, serotype-restricted defense. Conventionally, 
Shigella-associated antibody responses are assessed by ELISA. While ELISA is a useful 
immunological assay, restricted specimen volume and assay costs often make its utiliza-
tion difficult for immunological assaying of multiple antigens. Therefore, multiplexed 
immunoassays to assess Shigella-associated antibody responses have been developed to 
overwhelm these problems. This new test concurrently assays specific antibody titers for 
six Shigella antigens, comprising three serotype-restricted LPS preparations and three 
preserved protein antigens in a Luminex™-dependent system. Coupling methods were 
enhanced to covalently interconnect recombinant Ipa proteins (IpaB, IpaC, and IpaD) 
and purified LPS from Shigella sonnei, Shigella flexneri 2a, and Shigella dysenteriae-1 to 
unique bead sets. The antigen-attached beads sustained their interactions with mAbs for 
6 weeks (protein) to 3 months (LPS). The performance of the Luminex assay matched 
an ELISA to a considerable extent, with the multiplexed assay providing a wider 
dynamic range. Comparable levels of antigen-specific reactivity were achieved in mono-
plex or multiplex formats denoting negligible interference. The correlation between the 
ELISA and the multiplexed test, as well as the repeatability and reproducibility of the 
test were remarkable.182

In a recent study, samples from Sri Lankan cases with dysentery were assayed for IgM 
antibodies towards the LPSs of Shigella dysenteriae-1 and E. coli O157:H7. Using ELISA 
and immunoblotting, 59/113 cases displayed serum antibodies solely to the LPS of 
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Shigella dysenteriae-1. Four specimens from one case were found to have serum antibodies 
against the LPSs of both Shigella dysenteriae-1 and E. coli O157:H7. Antibodies to the 
LPS of Shigella dysenteriae-1 were also detected in 16 specimens from 25 children in Sri 
Lanka. One of these children also had antibodies against the LPS of E. coli O157:H7. 
Evaluation of 16 specimens from seemingly healthy children in the United Kingdom 
displayed antibodies against the LPS of Shigella dysenteriae-1 solely in one sample, with a 
travel history to Pakistan. These data suggest that the isolation of Shigella dysenteriae-1 is 
still the best test for the detection of bacillary dysentery. Serological testing for Shigella 
dysenteriae-1 could aid as an adjunct to cultural methods and requires thorough valida-
tion, particularly in regions with endemic Shigella.183

Interestingly, diagnostic assays for Shigella can help the development of vaccines. 
Many attempts are directed towards the Shigella LPS-based vaccines, as O antigen-
specific conjugate vaccines are immunogenic and efficient. Immunization with Shigella 
vaccines comprising LPS can provoke antibodies that are able to eliminate Shigella in 
a serotype-specific fashion. As a result, to help vaccine research for Shigella, scientists 
developed a serum bactericidal assay (SBA) specific for three Shigella serotypes that 
evaluates elimination of target bacteria at multiple serum dilutions wherein exogenous 
complements are present. The SBA is high-throughput but utilizes simple technologies 
and easily accessible reagents. The SBA was assessed by serum specimens with bacteri-
cidal antibodies against Shigella flexneri 2a, Shigella flexneri 3a, and Shigella sonnei. Purified 
LPS of a homologous subtype, but not a heterologous serotype, suppressed bacterial 
killing. For these subtypes, assessment of diagnostic accuracy detected median intra-assay 
precision to be 13.3 percent and median inter-assay precision to be 19 percent to 30 
percent.184

Campylobacter
Campylobacter serology is very inconsistent. For instance, in 40 diarrheal patients in 
whom Campylobacter jejuni was extracted, the seropositivity was detected in 82 percent, 
62 percent, and 38 percent of cases by immunofluorescence, complement fixation, 
and agglutination methods, respectively. By means of matched sera samples from 15 
patients, a 4-fold or greater increase in titers was detected in only 5 patients.185 In a 
comparative exploration among the complement fixation and western blot, the sero-
positivity with complement fixation was 88.6 percent and 28.5 percent for infected 
cases and blood donors, respectively. Seven immunoreactive antigens (14–67 kDa) 
were recognized, among which 29, 37, and 43 kDa were detected by 86 percent, 84 
percent, and 91 percent of infected cases, respectively.186 During the early 1980s, EIA-
dependent approaches were discovered.172,187,188 One EIA utilized heated and sonicated 
crude antigen preparations from six Campylobacter jejuni subtypes, and another utilized 
a single Campylobacter jejuni subtype. In the second assay, the common antigen was pro-
duced via acid isolation that was cross-reactive among different Campylobacter jejuni and 
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Campylobacter coli strains. In a third EIA, the acid extract was produced by three subtypes. 
The acid extract tests have been utilized for regular detection of Campylobacter infec-
tions since then. Two immunodominant antigens were detected in the acid isolate as 
30 and 60 kDa.188 However, it could be presumed that it was a combination of several 
water-soluble proteins. These EIAs were assessed by human and immunized rabbits’ 
sera.187 IgM/IgG antibodies were found in solely 73 percent and 52 percent, respectively. 
The seroprevalence to the antigen, Acid extract from a C. pylori, in normal individu-
als’ blood specimens are related directly to age, with the prevalence of 60 percent, 42 
percent, and 21 percent for the age class of 56–65 years for IgG, IgA, and IgM, respec-
tively.189 These findings describe how a single positive result should be viewed. First, 
IgM antibodies may remain detectable. Diagnosis of acute infection based on a single 
serum sample is therefore inaccurate. Second, serological assessment is more reliable in 
younger individuals. During the initial emergence of EIAs in the 1980s, an EIA based 
on a combination of LPS from two subtypes was also produced, which performed with 
70 percent sensitivity when matched serum specimens were evaluated. When formalin-
treated complete bacteria were employed, IgG/IgM antibodies from cases with recent 
Campylobacter jejuni/coli enteritis were found in 82 percent and 77 percent, respectively, 
whereas antibodies were found in 5 percent of normal individuals’ blood specimens. 
Sera from small children displayed low reactivities. Intriguingly, in a comparative explo-
ration, improved diagnostic performance was attained with sonicated complete cell and 
ultracentrifuged sonicate compared to acid glycine isolate.190 More recently, an EIA to 
recognize antibodies against a heat-stable antigen was explained. The researchers assessed 
more than 600 sera specimens from 210 cases with recent infections and established 
that IgG, IgA, and IgM EIA sensitivities were 71 percent, 60 percent, and 80 percent, 
respectively, with a specificity of 90 percent. It was found that IgG antibodies remained 
for a minimum of 4.5 months with significant inter-subject variation, while for IgM/
IgA antibodies decline of immune response was detected within 2 months from the 
onset of the disease.

A recent study explored the normal serum response to an acute Campylobacter 
infection and the diagnostic performance of anti-Campylobacter antibodies in detect-
ing recent Campylobacter infection. After acute infection, all types of antibodies were 
increased in most, but not in all cases. This preceded declining antibody levels, which did 
not stabilize at baseline titers. 16 percent of enteritis patients did not show an increase in 
concentrations, and 9 percent of cases had high concentrations of antibodies 20 months 
after infection. The ELISA used was reported to be highly specific for the recognition 
of Campylobacter antibodies.165,191

Another serological test that predicts accurately active Campylobacter pylori infection 
in the human stomach has been verified via serum specimens from 189 cases that were 
evaluated by endoscopy in Sydney. This study used ELISA with a sensitivity of 100 
percent and a specificity of 94 percent. A significant part of the assay was the inclusion 
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of a simple absorption phase with Campylobacter jejuni for those sera whose findings 
are near the cut-off value for positivity. This has been shown to be especially useful in 
epidemiological research in populations that have been exposed to Campylobacter jejuni 
consistently.192

Lately, several immunogenic antigens in Campylobacter have been explained. The 
main immunodominant antigen is flagellin, the subunit protein of flagella. Moreover, 
major outer membrane proteins (MOMPs), periplasmic-related membrane proteins 
PEB1 (28 kDa), and PEB3 (30 kDa), as well as 47 and 84 kDa proteins are immune-
activating. New approaches recognize antibodies against multiple recombinant proteins 
of Campylobacter (e.g., MOMP, PEB4, PEB2, PEB1 OMP18, and P39) by a line blot 
approach or traditional ELISA.

Interestingly, Campylobacter infection can lead to reactive arthritis and involvement 
of the nervous system, such as Guillain-Barré syndrome and Miller Fisher syndrome. 
In pediatric patients with Guillain-Barré syndrome, diagnosis based on recombinant 
antigens produces superior specificity compared to assays utilizing thermostable and 
complete cell antigens.193 This has not been found for reactive arthritis. It has been 
reported that in Guillain-Barré syndrome, the antibodies against nerve GM1b gan-
gliosides cross-react with the lipooligosaccharide of Campylobacter. This could suggest 
that Campylobacter serology for Guillain-Barré syndrome may require distinct antigen 
preparations compared to methods for reactive arthritis.165 Guillain-Barré syndrome, 
also regarded as Acute Inflammatory Demyelinating Polyneuropathy, is an autoimmune 
polyradiculoneuropathy that may be developed after certain infections. The most fre-
quent preceding microorganisms are Campylobacter jejuni, with cytomegalovirus (CMV) 
in second place. Still, over 40 percent of Guillain-Barré syndrome cases cannot be 
ascribed to inducing agents. This could be because of the inadequacies of the serologi-
cal assays utilized for diagnosing infections, particularly for Campylobacter jejuni. In a 
recent work exploring 36 cases with acute Guillain-Barré syndrome, standard serologi-
cal approaches detected the inducing viral or bacterial organisms solely in 25 percent 
of patients. Nevertheless, by a robustly specific ELISA assay based on two recombinant 
outer antigens encoded by Campylobacter jejuni genes Cj0017 (P39) and Cj0113 (P18), 
the authors reported serological positivity for a preceding Campylobacter jejuni in 80.6 
percent of the cases but in solely 3.5 percent of the controls. It can be suggested that 
the role of Campylobacter jejuni in inducing Guillain-Barré syndrome has been largely 
underappreciated.194 Serological biomarkers of recent infection by Campylobacter 
jejuni in cases with Guillain-Barré syndrome were investigated in the state of Piauí, 
Brazil, from 2014 to 2016. In this study, pre-treatment serum specimens from 63 
Guillain-Barré syndrome patients were assayed via IgM ELISA for Campylobacter jejuni. 
Campylobacter jejuni IgM antibodies were found in 17 percent (11/63) of the specimens. 
Surprisingly, this study found no relation between IgM positivity for Campylobacter jeju-
ni and diarrhea.195 Establishment of a proper linkage between Campylobacter jejuni and 
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Guillain-Barré syndrome in different populations with high-performance universal 
assay warrants further research.

For Mycobacterium tuberculosis, the readers are referred to the summary provided by 
Steingart et al. that compared the performance of available serological assays.196

Treatment
Despite attempts to stop the rise in antimicrobial resistance, bacteria constantly become 
less prone to antimicrobial treatments as time passes by, and rates of discovery for new 
antibiotics are declining. As a result, it is vital to investigate new models for antimi-
crobial treatment. A robust method is host-directed immunoregulatory treatments, by 
which natural processes in the host are taken advantage of to optimize the therapeutic 
usage. The goal is to start or improve defensive antimicrobial immunity while limiting 
inflammation-induced tissue damage.6 Here, we summarize several immune-regulating 
treatments for bacterial infections that target immune receptors (e.g., TLRs, NLRs), 
immune checkpoints, mAbs, and cytokines. For further detail, the readers are referred 
to the recent work by McCulloch et al.197

Targeting innate immune receptors
TLR modulating therapies
The TLR family of PRRs in humans comprises ten transmembrane proteins. Each 
subclass of the TLR family recognizes specific classes of ligands and is situated either 
on the cell surface or in the endosomal section. The cell surface TLRs usually detect 
signature elements of microbial cell envelopes or flagella. For example, TLR-4 and 
accessory proteins detect LPS, TLR-2 in conjunction with TLR-1/TLR-6 detects 
lipoteichoic acid and different lipopeptides, and TLR-5 detects flagellin. Endosomal 
TLRs mainly recognize microbial nucleic acids. For instance, TLR-3 detects double-
stranded RNA, TLR-7 and TLR-8 attach to single-stranded RNA, and TLR-9 
detects microbial DNA with unmethylated CpG. motifs. Other than the mentioned 
microbial ligands, TLRs detect endogenous ligands, usually called damage-associated 
molecular patterns (DAMPs) or alarmins, such as HMGB1, S100A8-S100A9, HSPs, 
uric acid, heparin, DNA, and purine metabolites. These molecular algorithms are 
probably misnamed, as they represent very distinct elements from microbial signa-
tures and possibly exert their effects via distinct processes or attachment regions. 
The reaction of microbial signature elements with TLRs induces the activation of 
signal transduction processes, like the mitogen-activated protein kinase (MAPK) and 
NF-κB pathways, leading to the induction of innate immune cells. This helps the 
secretion of pro-inflammatory elements and enhances the induction of antimicrobial 
effector actions. The importance of TLR pathways in antimicrobial protection is 
depicted via the fact that polymorphisms in the TLR pathways network have been 
related to flaws in the management of human bacterial infections. There are two 
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plausible approaches for the regulation of TLR-related responses, and both scenarios 
use elements that usually act similar to natural ligands. Agonists have an adjuvant 
influence on the innate immune processes, enhancing protective responses while 
potentially promoting inflammation. Moreover, antagonists may suppress immune 
processes and hazardous inflammation, which are either associated with infection 
or the result of modified immune reactions with the bacterial microbiota (named 
dysbiosis). However, antagonists can also suppress defensive processes.198-200 Some 
examples of TLR-modulating therapies that have been investigated in animal mod-
els include macrophage-activating lipopeptide-2 (MALP-2) that utilizes TLR-2 to 
target Streptococcus pneumoniae, monophosphoryl lipid A (MPL) that utilizes TLR-4 
to target Listeria monocytogenes, and Pam2CSK4 and ODN2395 that utilize TLR-2/
TLR-9 to target Streptococcus pneumoniae, Pseudomonas aeruginosa, Bacillus anthrax, 
and Staphylococcus aureus. For a detailed review, please refer to the recent publication 
by Mifsud et al.201

NOD-like receptors modulating therapies
NLRs are a family of cytoplasmic innate immune receptors that detect both microbial 
and endogenous alarm signals to induce inflammation and exert antimicrobial func-
tions. In this family, NOD1 and NOD2 sense peptidoglycan products from the bacterial 
cell wall to induce NF-κB and MAPK signaling. Distinct subunits of these bacterial 
cell wall products, named muropeptides, are necessary for the induction of NOD1 
and NOD2. NOD1 senses diaminopimelate (DAP) of muropeptides that are mainly 
found in gram-negative pathogens, while NOD2 senses muramyl dipeptide, which is 
present in all bacteria. DAP, along with the d-amino acids that form the main peptides 
of peptidoglycan, exists solely in bacteria, establishing its place as a special signature 
to alert the host about microbial infections. Another member of this group, NLRP3, 
senses both microbial and endogenous alarm signals, resulting in the synthesis of the 
caspase-1-dependent inflammasome and subsequently, the breakdown of pro-IL-1β 
and pro-IL-18 to their functional, excreted shapes. The stimulation of innate immunity 
by NLR induction is vital for provoking acquired immunity, and NLR inducers like 
muropeptides have the ability to be utilized as vaccine adjuvants. Furthermore, there 
is a potential to use immunomodulation by NLRs as an anti-infective approach. NLR 
agonists have been used mainly to improve both innate and adaptive immune responses. 
For instance, the NLRP3 agonist alum is the most widely utilized adjuvant for vaccines, 
but its mechanism of action, in addition to whether its actions in vivo demand NLRP3 
induction or not, remains unclear. It should be considered that alum is a poor activator 
of Th1 immunity. Also, activation of NOD2 via muramyl dipeptide, a main component 
of Freund's complete adjuvant, along with activation of other NLRs, leads to adaptive 
immune activation with a shift in favor of Th2 immunity. This has led to the design of 
second-generation adjuvants that mix alum with other additives, usually TLR agonists, 
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to improve overall potential.200,202,203 Recent progress in the production of antigen 
candidates brings new hope for vaccines targeting Neisseria meningitidis serogroup B and 
other respiratory microorganisms, such as Streptococcus pneumoniae. Effective adjuvants 
will be needed to expedite this process, and the well-established role of NLRP3 in 
protection against pneumococcus suggests that NLRP3-activating adjuvants may be 
beneficial.204

Targeting immune checkpoints
Programmed cell death protein (PD)-1
Immune cells such as adaptive lymphocytes (e.g., T and B cells) and innate lympho-
cytes (e.g., natural killer (NK) cells and innate lymphoid cells) exert major roles in the 
management and elimination of infection through killing infected cells and release of 
inflammatory elements that promote myeloid bactericidal responses. However, trig-
ger elements produced during infection can result in an increase in immune regula-
tory checkpoints. When taking the evolutionary significance of these mechanisms 
into account, such as the principal T cell checkpoint suppressive mechanism, PD-1/
programmed death ligand (PD-L)1, it should be noted that they can stop overactivation 
of the immune response that can result in harmful influences like exacerbated inflam-
mation and tissue damage. For instance, increased PD-1 expression on T cells during 
Mycobacterium tuberculosis infection seems vital, but other pathogenic bacteria can utilize 
immunomodulatory mechanisms to escape from the immune system, and suppression 
of these mechanisms may present as a suitable approach in restoring immune actions 
to fight disease. Among these bacteria, Burkholderia can induce chronic infection via 
intrinsic multi-resistance to antibiotics, making infection hard to treat with a significant 
risk of mortality. Some small-colony subtypes of Burkholderia pseudomallei enhance PD-1 
on innate and adaptive immune cells in animal models of infection. Also, Burkholderia 
pseudomallei enhanced PD-L1expression on human neutrophils in an in vitro setting that 
simulates infection, can suppress PD-1+ T cell proliferation and IFN-γ release. Such 
PD-1/ PD-L1 processes potentially result in the chronicity of infection, and suppressing 
this mechanism could enhance bacterial elimination in this challenging infection. In a 
similar manner, it has been reported that infection with Helicobacter pylori results in 
enhanced PD-1 expression on T cells23 and increased PD-L1 expression on epithelial 
cells. PD-L1 suppression in an in vitro model of Helicobacter pylori infection led to 
enhanced CD4+ T cell-regulated release of IL-2, a principal proliferation and survival 
element for lymphocytes. This increase in PD-1/PD-L1 has been found to be a major 
inducer of premalignant lesions during the development of Helicobacter pylori-trig-
gered gastric cancer. Also, suppression of the PD-1/PD-L1 mechanism reduces suscep-
tibility to bacterial infection related to acute liver injury and chronic liver disease, by 
improving Kupffer cell function.197,205-207
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T cell immunoglobulin and mucin domain-containing protein 3 (Tim-3)
While anti-PD1 therapy is likely excluded during tuberculosis infection, suppression of T 
cell immunoglobulin and mucin domain-containing protein 3 (Tim-3) is more suitable. 
Similar to PD-1, Tim-3 is an immune checkpoint protein produced on T and NK cells, 
and its attachment to its ligand, galectin-9, leads to the production of a suppressive signal. 
Mycobacterium tuberculosis infection has been reported to be able to enhance Tim-3 expres-
sion on both human and rodent T cells. In human CD8+ T cells, Tim-3 production is 
related to attenuated IFN-γ release, degranulation, and proliferation ex vivo, which could 
be recovered through treatment with an anti-Tim-3 suppressing antibody.30 It has been 
shown that in a rodent model of tuberculosis, Tim-3 is enhanced on CD4+ and CD8+ 
T cells. In recent research, Tim-3 knockout mice and anti-Tim-3 suppressing antibodies 
were selected to exhibit that Tim-3 is a suitable treatment target, as it is involved in the 
chronicity of bacterial infection. Although this experiment focused on T cells, it did not 
reject the possible contribution of Tim-3 mechanisms in NK cells. NK cells from cases 
with latent or active tuberculosis infection showed enhanced Tim-3 production that 
was inversely related to IFN-γ release in response to IL-12, a major activator of IFN-γ. 
Once again, this suppression could be derepressed in vitro by Tim-3- inhibiting antibody. 
Currently, the involvement of Tim-3 upregulation on NK cells in a rodent model of 
tuberculosis has not been evaluated yet, and it remains an area for future research.197,208

Cytokine modulation therapies
Cytokines are important messenger elements that regulate the actions of immune 
cells. Clinical trials have found therapy by regulation of cytokines for the management 
of sepsis and several other possible bacterial infections. Type I and III IFNs are vital 
for defense against respiratory viruses. Nevertheless, respiratory viruses play a role in 
coinfection with Streptococcus pneumoniae, the most common cause of bacterial pneu-
monia. In ex vivo settings, these IFNs suppress IL-1β production during secondary 
Streptococcus pneumoniae infection. This leads to an attenuated granulocyte-macrophage 
colony-stimulating factor (GM-CSF) release, a cytokine vital for optimal functions of 
alveolar macrophages. Suppression of both type I and III IFN pathways via blockade 
of IFN receptor I- and III-associated tyrosine kinase 2 (Tyk2) can recover the IL-1β/
GM-CSF axis pathway and result in attenuation of bacterial burdens ex vivo. Although 
this information implicates that inhibition of this pathway may be a treatment method 
for reinstating immunity in bacterial pneumonia, how this would influence subsequent 
immunity to viral infection is still unclear. Intriguingly, IFN-sensitive macrophages are 
linked to a shift from latent to active pulmonary tuberculosis, and type I IFNs have 
been reported to be involved in the pathogenesis of tuberculosis infection, also via the 
suppression of IL-1 pathways. This highlights the potential role of Tyk2 inhibitors in 
tuberculosis infection. In tuberculosis, IFN-triggered loss of IL-1 unsettles immunity 
by attenuating lung prostaglandin (PG)E2 concentrations, and therapeutically restoring 
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PGE2 can recover immune function when the IFN/IL-1 balance is skewed in favor 
of disease. This inflammatory crosstalk is an interesting topic, which deserves further 
research to develop therapeutics helping to recover antibacterial immune system  
actions.197,209,210

mAbs
mAbs are being tested for the therapy of bacterial infections. Antibodies play an impor-
tant role in immunomodulation during tuberculosis. The latent phase of infection is 
characterized by amplified Fc-regulated immune effector function and macrophages 
that eliminate intracellular pathogens, denoting the defensive actions of these antibod-
ies. Although currently, the development of immunizing mAbs against Mycobacterium 
tuberculosis has been unsuccessful, some engineered mAbs for Pseudomonas aeruginosa 
and Staphylococcus aureus have surpassed preclinical research and are being tested in 
clinical trials. MEDI3902 (AstraZeneca PLC), a bispecific IgG1 antibody affecting the 
PcrV protein (host cell cytotoxicity) and Psl exopolysaccharide (colonization and tissue 
adherence) of Pseudomonas aeruginosa, is being developed as a prophylactic candidate 
for pneumonia in the at-risk population (NCT02696902). In addition, the targets are 
preserved within isolates of Pseudomonas aeruginosa throughout the globe, potentially 
leading to wide coverage. AR-301 (Aridis Pharmaceuticals), a mAb with alpha-toxin 
disabling potential, protected against alpha toxin-regulated host cell injury when used 
as an adjunctive treatment in patients with methicillin-resistant Staphylococcus aureus 
(MRSA) pneumonia (NCT03816956). Moreover, MEDI4893 (AstraZeneca PLC), 
a long-acting mAb targeting alpha-toxin was effective as a preventive treatment for 
Staphylococcus aureus infection in addition to achieving sustained serum concentrations 
following intravenous therapy of healthy subjects and is now being tested in a phase II 
clinical trial (NCT02296320).211

Fungal infections
Definition
Globally, about a billion are affected by skin, nail, and hair fungal infections, multiple 
10’s of millions by mucosal candidiasis, and over 150 million individuals by critical fun-
gal diseases that have a key influence on their lives or are deadly. Severity ranges from 
asymptomatic-mild mucocutaneous infections to possibly life-threatening systemic 
involvements. Also, mortality due to fungal etiology is about the same as for tubercu-
losis and over 3 times higher than malaria.212-218 Mortality among infected cases may 
reach 75 percent to 100 percent, offering a serious challenge to clinicians.219 Usually, 
fungi are disseminated all over the planet, and humans are exposed via inhaling spores 
or small yeast cells. Common fungi include Aspergillus fumigatus, Cryptococcus neoformans, 
and the thermally dimorphic fungi (e.g., Histoplasma capsulatum, Blastomyces dermatitidis, 
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Paracoccidioides brasiliensis, Coccidioides immitis, Penicillium marneffei, and Sporothrix schenckii). 
Some fungi are fortuitous microorganisms in humans, inducing superficial, subcutane-
ous, and systemic diseases. Fungi usually lead to systemic or deep-rooted infection by 
direct inhalation of them into the lung or through invasion of an injured area. The 
rest, like Candida albicans, are commensal inhabitants of the gastrointestinal tract and 
skin, which under certain circumstances may multiply and transport into the blood, 
for instance, when introduced into the body by medical tools like vascular catheters. 
Indeed, over 250 fungal subtypes cause human infections. About 80 percent of these 
infections result from Candida species. Throughout the ages, Candida albicans has been 
the most prevalent and underlies most Candida infections. Additional subtypes such as 
Candida tropicalis, Candida glabrata, and Candida krusei make up for most of the remain-
der, and the prevalence of such subtypes is on the rise. Another major fungal etiology 
of human infections is the Aspergillus subtype that makes up for 15 percent-20 percent 
of infections. More infrequent but of rising prevalence, human mycoses include blas-
tomycoses, coccidioidomycoses, cryptococcosis, histoplasmosis, and sporotrichosis.220 
Socioeconomic status, geoecological features, and the rising number of at-risk subjects 
are the main factors of disparity in the prevalence of fungal disease throughout the 
globe. The prevalence of local and systemic fungal infections is rising at a concerning 
pace. This is because of the progress in clinical medicine that has led to the rise in criti-
cally ill, immunosuppressed, hospitalized patients. The HIV epidemic and other disor-
ders of the immune system have also extended this rising high-risk population in both 
developed and underdeveloped regions globally, like tuberculosis, chronic obstructive 
pulmonary disease, asthma, and malignancies.221 A number of fungi can produce clini-
cal diseases in the otherwise healthy population, but many subtypes are harmful solely 
when the host is weakened, like conditions mentioned earlier.222

As a matter of fact, as the population of immunosuppressed individuals has grown 
(e.g., subsequent to the elevated frequency of malignancies, chemotherapy, organ trans-
plantation, and autoimmune disorders), so has the prevalence of fungal disorders.223, 
224 It has been suggested that global warming will introduce new fungal infections to 
mammals.225

Fungi are heterotrophic eukaryotes that are traditionally and morphologically 
categorized into yeast and filamentous subtypes (e.g., molds). A number of fungi are 
dimorphic, living as either yeasts or molds based on environmental conditions (e.g., 
temperature). Exploration of these eukaryotes has been inspired by their unique and 
intriguing biology, their numerous beneficial products (e.g., cheese, antibiotics), their 
utilization as experimental models for molecular biology, and their significance as ani-
mal and plant pathogens.

Fungi are very skillful at recognizing their neighboring and replying to signals, 
which enhance their survival in changing environments. Hence, they can communicate 
with plants, animals, and humans in different ways, establishing symbiotic, commensal, 
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latent, or pathogenic relations. They can colonize most niches within the human body 
by specific reorganizing methods that make them able to adjust to environmental cir-
cumstances, fight for nutrient resources, and manage or even exploit “stresses” produced 
by host immunoprotective processes.226-228 Genomic and transcriptomic methods have 
displayed a connection among fungal metabolism, morphogenesis, and the response to 
stress in adjustment to the host environment.226 Such adjustments can amplify pathogen 
virulence while simultaneously helping the development of treatments by providing 
therapeutic targets.229 As discussed, fungi are linked to a versatile range of diseases in 
humans and animals, varying in severity from acute self-limiting pulmonary presenta-
tions and cutaneous lesions in immunocompetent individuals to inflammatory disorders 
and potentially deadly infections in immunocompromised cases. A number of fungal 
subtypes (e.g., Pneumocystis jiroveci)230 and commensal fungi like Malassezia spp. and 
Candida albicans have changed during evolution together with their mammalian hosts 
throughout history. This suggests the existence of complex mechanisms of immune 
surveillance in the host and of sophisticated fungal strategies to antagonize immunity.

The above discussion denotes that fungal infections may represent a noteworthy para-
digm in clinical immunology, as they can stem from either a suboptimal recognition via 
the immune system or overexcitation of the pro-inflammatory response. Investigation in 
this field is moving into an interesting period of transition from exploring the molecular 
and cellular underpinnings of fungal virulence to outlining the cellular and molecular 
processes that preserve immune homeostasis with fungi. The fine line between these two 
research areas is quintessential to our knowledge of tissue homeostasis and its potential 
breakdown in fungal disease. Recent research in immune responses to fungi highlights 
that functionally separate mechanisms have undergone evolution to achieve the most 
favorable host-fungus reactions in mammals (e.g., immunity to fungal infections).231 In this 
light, the immune system does not dismiss commensal or ubiquitous fungi, and therefore, 
a precise balance among pro- and anti-inflammatory signals is vital to obtain a sustainable 
host-fungus relation, and the interruption in this process can have infectious complica-
tions. Further, the host immune response to fungi includes two major components: resis-
tance (the potential to decrease fungal burden) and tolerance (the potential to restrict the 
host damage caused via the immune response or alternative processes). Both abilities are 
historically preserved in plants and vertebrates.232 Understanding the interplay between 
them may allow us to define how fungi have adjusted to the mammalian immune system 
and to translate this information into novel medical diagnostics and treatments. Below, 
important fungal infections are briefly explained in the context of immunity.

Respiratory allergy
Respiratory fungal infection is a critical clinical issue, particularly in cases with weakened 
immune functions. Endemic fungi, Pneumocystis, Cryptococcus, and Aspergillus are the 
main pulmonary fungal microorganisms that can lead to life-threatening invasive dis-
eases.233 Asthma prevalence is high and continues to rise in developed countries. Research 
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has related deteriorating asthma with contact to subtypes of Aspergillus, Alternaria, 
Cladosporium, and Penicillium. In adults, mold sensitivity has been linked to more severe 
asthma and increased hospital and intensive care admissions and mortality. Also, in chil-
dren, it is related to increased bronchial reactivity.231 Aspergillus mold is one of the most 
prevalent fungal subtypes that can adequately sporulate through shedding conidia in the 
air. The produced airborne conidia are tiny enough (2–3 μm) to reach human airways and 
lung alveoli, leading to a spectrum of conditions, such as lethal infections in immunocom-
promised individuals and atopic patients with asthma allergies.234,235 In healthy individuals, 
inhaled conidia are engulfed by alveolar macrophages and killed in a phagocyte oxidase-
dependent manner.236-238 In immunocompromised patients, incomplete elimination of 
inhaled fungal conidia leads to germination and assault on tissues via fungal hyphae.239

Cryptococcosis results from Cryptococcus contact with the respiratory system 
following the inhalation of airborne microorganisms. As a subtype of Cryptococcus, 
Cryptococcus neoformans is disseminated widely, especially in soil and avian habitats. The 
most critical outcome of Cryptococcus infection is cryptococcal meningitis. Cryptococcus 
neoformans and Cryptococcus gattii can disseminate from the lung to attack the brain by 
crossing the blood-brain barrier. The fungal cells straightly enter the blood-brain barrier 
through endothelial cells on the blood vessels of the CNS via a “Trojan horse” approach, 
which helps the transfer of phagocytes.240 Cryptococcus neoformans could persist in the 
CNS, where large-scale colonization and tissue damage could take place despite the 
protective mechanisms recruited by the host.241

Skin diseases
The skin can be a means of entrance for fungal infections when the epithelial barricade 
is violated. Superficial fungal diseases are not severe. However, they may disseminate to 
other areas of the body or, occasionally, to other individuals. More critically, but less 
commonly, they can turn into invasive types. Although not lethal, infections like ony-
chomycosis can have a severe influence on an individual’ life quality and self-image.221 
Hence, treatment of local fungal infections to avoid the risk of dissemination should 
be sought after early. While Malassezia yeasts are considered a part of the physiological 
microbiota, they have been linked to certain diseases affecting the human skin, such as 
Pityriasis Versicolor, folliculitis, seborrhoeic dermatitis and dandruff, atopic dermatitis, 
and psoriasis. Chronic mucocutaneous candidiasis, a primary immunodeficiency (PID) 
in which the immune system cannot eliminate yeasts, is an uncontrollable clinical dis-
play of Candida albicans infection.231

Recurrent vulvovaginal candidiasis
Recurrent vulvovaginal candidiasis is a widespread mucosal infection caused by sap-
rophytic and opportunistic yeasts of the Candida genus, which can influence up to 75 
percent of females of child-bearing age. There are multiple predisposing factors, such as 
antibiotics and oral contraceptive consumption, hormone replacement therapy (HRT), 
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pregnancy, and uncontrolled diabetes mellitus. Regardless of progress in treatment 
strategies, vulvovaginal candidiasis stays a major problem globally, with a significant asso-
ciated cost and a considerable potential for drug resistance.231 Recurrent vulvovaginal 
candidiasis leads to worse quality of life and elevated healthcare-related costs. It has been 
long thought that vulvovaginal candidiasis is the result of insufficient host protection 
against Candida colonization, a situation found in PIDs related to continuous fungal 
infections and insufficient clearance. Newer investigations put forth the hypothesis that 
an overt and disproportionate local mucosal reaction of the immune system, and not a 
deficient host response to Candida colonization, can cause vulvovaginal candidiasis. Both 
animal and human studies highlight that the immunological profile varies among recur-
rent vulvovaginal candidiasis patient subclasses. While defects in the immune response to 
fungal infections represent a limited number of cases, most present with an exaggerated 
pro-inflammatory response against Candida  colonization and attack, which might be 
occurring because of the host's genetic context. Notably, in contrast to what was thought 
(recurrent vulvovaginal candidiasis is an immunodeficiency), an acute immune response 
has been found in cases infected via minimal fungal loads.242 Because of this, Candida 
by itself cannot predict disease. In this sense, a mixture of genetic research in recurrent 
vulvovaginal candidiasis cases and paired controls combined with immunological infor-
mation is required to demonstrate the function of the acquired immunity and unlock 
the elements that contribute to vaginal mucosal protective processes after Candida infec-
tion.243

Inflammatory bowel disease (IBD)
The gastrointestinal tract utilizes a system of tolerance and well-balanced inflamma-
tion to restrict the response to dietary or pathogen-associated antigens of the gut. 
Mucosal homeostasis emerges from a very dynamic equipoise among host defensive 
immunity and regulatory processes. When this complicated system is interrupted in 
a genetically high-risk individual, it could lead to the development of inflammatory 
bowel disease (IBD). Antibodies towards Saccharomyces cerevisiae are found in a subgroup 
of cases with Crohn's disease (a type of IBD) and are associated with Candida albicans 
colonization. These findings show that a change in sensing of Candida albicans colo-
nization may result in abnormal immune responses in IBD.231 The fungal microbiota 
of the patients with IBD might be different from healthy individuals. For example, an 
elevated Basidiomycota/Ascomycota proportion, a reduced proportion of Saccharomyces 
cerevisiae, and an elevated proportion of Candida albicans have been reported in patients 
with IBD compared to the healthy individuals. This study also reported disease-specific 
changes in diversity, highlighting that a Crohn's disease-specified gut microenvironment 
may be beneficial to fungi at the cost of bacteria. The analysis of bacterial and fungal 
microbiota uncovered a dense and homogenous interconnection network in healthy 
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subjects but a significantly deranged network in IBD patients, denoting the presence 
of disease-specific inter-kingdom changes.244 A systematic review investigated fungal 
infections in IBD and took 14 studies with data on 1524 cases into account. The most 
prevalent fungal infections in cases with IBD resulted from Candida subtypes and the 
most highly-reported area of Candida infection was the gastrointestinal tract. Current 
studies support that fungal infections usually happen within 12 months of IBD therapy 
and within 6 months when anti-TNF-α agents are utilized.245

Invasive fungal infections
Invasive fungal infections comprise nosocomial and device-related infections, which are 
found in cases with hematological diseases or after solid organ or hematopoietic stem 
cell transplantation (HSCT). In a tertiary care center that includes a significant number 
of patients who are immunocompromised, a wide variety of fungal pathogens exists. The 
most prevalent clinically influential fungal pathogens in resource-rich healthcare settings 
are Aspergillus spp. and Candida spp. Invasive aspergillosis is a major cause of infectious 
morbidity and death in cases that are profoundly immunocompromised. Invasive asper-
gillosis is mostly found in patients with profound and prolonged neutropenia, HSCT, or 
solid (particularly lung) organ transplantation. Moreover, invasive aspergillosis is com-
monly found in cases who are severely ill and are in intensive care units, and it might 
also be found in a variety of scenarios where there is a critical underlying injury to the 
lung (e.g., near drowning and post-influenza).246 Invasive candidiasis is another infection, 
which is deadly in certain patient populations. Candidemia is mostly seen in patients 
who are critically ill and non-neutropenic. There is a declining prevalence in patients 
with neutropenia that may be related to the increased utilization of anti-fungal treat-
ments and other helpful actions in these cases. The predisposing factors for invasive can-
didiasis include the use of an intravenous catheter or total parenteral nutrition. The most 
prevalent pathogenic cause of invasive candidiasis is Candida albicans. Alternative causes 
comprise Candida glabrata (usually displays resistance to fluconazole), Candida parapsilosis 
(displays decreased susceptibility to echinocandins), Candida krusei (resistant to fluco-
nazole), and Candida tropicalis (the major cause of invasive candidiasis in Indians).247 
Worldwide, Cryptococcus neoformans is a major cause of infectious morbidity and death, 
with approximate yearly mortality of 600000.248 Physicians could face a versatile range 
of rather scarce and hard-to-manage pathogens such as Mucorales (e.g., Rhizopus spp.), 
hyalohyphomycetes (e.g., Fusarium and Scedosporium spp.), and phaeohyphomycosis (e.g., 
Alternaria spp. and Cladophialophora bantiana). These organisms are usually hard-to-treat 
and demand special care.247 The agricultural utilization of fungicides may be involved 
in drug resistance in cases with deadly invasive fungal infections. Invasive fungal infec-
tions have also been found in cases that are not at-risk, like cases with H1N1 influenza 
virus or Mycobacterium tuberculosis infection and individuals who are treated with TNF.231
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Mechanisms
We discuss the mechanisms of immune response to fungal infections in two sections: 
innate immune response by inflammasomes, TLRs, and C-type lectin receptors (CLRs), 
and adaptive immune response by T and B lymphocytes. It should be noted that role 
of these components is at times inseparable. For instance, TLRs and CLRs bridge the 
innate and adaptive immune responses.

Innate immunity
Inflammasomes
Caspase-1 helps the maturation of pro-IL-1 and pro-IL-18 into IL-1 and IL-18, respec-
tively. However, IL-18 does not seem to exert a significant role in fungal immunity 
compared to IL-1. Host responses to a number of fungal pathogens such as Candida 
albicans infections,22,249 Fusarium species causing ocular keratitis,250 and Histoplasma cap-
sulatum pulmonary disease251 depend on IL-1 receptor pathways (that can be activated 
by both IL-1α and IL-1β),

The initial data regarding the role of NLRP3 in anti-fungal protection was produced 
using a rodent model of oral candidiasis in which NLRP3 deficit led to enhanced vul-
nerability to mucosal candidiasis, along with the ensuing spread of infections.22 NLRP3 
is critical for protection in intravenous models of Candida stimulation.252 The exact 
element of Candida that is necessary for inducing the NLRP3 inflammasome is to be 
determined, but multiple yeast cell wall concoctions, such as curdlan,253 zymosan, and 
mannan254 have been found to be able to induce NLRP3, and a recent report detected 
released aspartic proteases from Candida as proficient in activating IL-1β secretion 
through NLRP3.255

Aspergillus hyphal particles, contrary to spores, summon the NLRP3 inflammasome 
to regulate IL-1β secretion from monocytes.256 In a recent article, pathways proposed 
for NLRP3 inflammasome activation, namely, cathepsin B activity, K+ efflux, and ROS 
production, were all needed for the inflammasome induction triggered by Microsporum 
canis. Syk, Dectin-1, and Card9 were reported to be involved in Microsporum canis-trig-
gered IL-1β secretion by the mediation of pro-IL-1β production. Of high significance 
is the finding that the Microsporum canis-triggered production of IL-1β relies on the 
NLRP3 inflammasome in vivo.257 In spite of numerous studies, the molecular basis of 
NLRP3 activation has not been deciphered yet. In a recent article, it was found that 
internalization and lysosomal injury, a feature of crystalline inducers, were vital for 
Candida-regulated IL-1β secretion from macrophages.255 However, a contrasting analy-
sis identified no obvious role for lysosomal injury in response to Candida in DCs.252 
Further research should decipher whether these variations are attributed to different 
Candida subtypes or stem from different mechanisms of inflammasome induction in 
these two cell types. For Aspergillus, it was reported that K+ efflux and ROS produc-
tion were needed for IL-1β secretion from perpetuated monocytes.256 These processes 
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were also found to be crucial for human peripheral blood mononuclear cell (PBMC) 
IL-1β release in response to Candida.255 Only a few experiments have been carried out 
on the function of the rest of the inflammasomes in fungal immunity. A non-canon-
ical inflammasome using caspase-8 was found to be induced directly by downstream 
from Dectin-1 in response to Candida albicans and did not depend on phagocytosis.258 
Additionally, NLRC4 (initially named IPAF) has been well-researched for its actions 
in inflammatory responses to common bacterial microorganisms259 and was recently 
shown to be able to control a tissue-specific defensive response to Candida albicans.260 
Another inflammasome studied in fungal infection is NLRP10, which was reported to 
have little influence on the excretion of IL-1β in response to Candida but the death 
rate was enhanced in Nlrp10-/- rodents after intravenous challenge due to vast kidney 
injury and revoked Th1 and Th17 responses.261

TLRs
The accurate molecular nature of fungal PAMPs that induce specific TLRs is difficult 
to pinpoint because of the cooperative mechanisms of TLR recognition and the plas-
ticity of the cell wall in fungi. Despite that fungal PAMPs are sensed through certain 
TLR subclasses (e.g., TLR-2/1, TLR-4, TLR-3, TLR-2/6, TLR-7, and TLR-9), they 
are not the principal receptors propelling the elimination of fungi. Fungal PAMPs that 
are expressed on the cell surface have been described for Candida albicans, but they are 
mostly unidentified for the rest of fungi. For Candida albicans, mutants with special cell 
wall flaws have helped the characterization of PAMPs. As cell wall mutations usually 
diminish virulence or activate compensatory modification of the cell wall ingredients,262 
changes in immune responses against these mutants should be considered carefully. Cell 
wall ingredients trigger TLRs. For instance, TLR-2 senses fungal β-glucans of multiple 
fungal subtypes.263 Additionally, it particularly reacts with phospholipo-mannans (PLMs) 
and linear beta-1,2-oligomannoside constructs of Candida albicans.264 TLR-2 is trig-
gered via currently incognito ligands that exist on conidia and hyphae of Aspergillus 
Fumigatus.265 TLR-2/TLR-1 and TLR-2/TLR-6 heterodimers act as receptors for the 
glucuronoxylomannan (GXM) element of Cryptococcus neoformans.266 Of note, Aspergillus 
fumigatus induces rodent but not human TLR-2/6 heterodimers, while TLR-2/1 het-
erodimers sense Aspergillus fumigatus both in humans and rodents.267 This is a good 
instance of variations among humans and mice in fungal detection. TLR-4 is trig-
gered after ligation of Candida albicans O-linked mannans268 and Cryptococcus neoformans 
GXM.269 Ligands for TLR-4 are present as well on Aspergillus fumigatus conidia but not 
hyphae.265

Because microbial pathogens mainly carry different classes of PAMPs, their detection 
may involve the parallel or consecutive induction of multiple PRRs from several sub-
classes. Cooperation among PRRs and interplay among their signaling mechanisms can 
improve the specificity and coverage of PAMP detection and, as a result, potentiates the 
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host response.270 TLR-2 converts signals as a heterodimer employing TLR-1/TLR-6.271 
Candida albicans is especially detected via TLR-2 following anti-fungal therapy, which 
modifies the cell wall.272 Also, it has been reported that the administration of anti-fungal 
treatments can improve the potential of Candida albicans or Aspergillus fumigatus to induce 
TLR production in human polymorphonuclear cells (PMNs).273 These findings highlight 
that in addition to their direct fungicidal features, anti-fungal treatments can help the 
recognition of harmful microorganisms by the host, and ultimately, expedite clearance.

Mammalian PRRs sense not only PAMPs but also damaged host cell elements, like 
nucleic acids and alarmins, together recognized as DAMPs. In fact, nucleic acids shed 
from fungi within the phagosome mediate the host's immune response during infec-
tion. TLR-3 is triggered by double-stranded RNA of Aspergillus fumigatus conidia in 
respiratory epithelial cells.274 Single-stranded RNAs of Candida spp. are TLR-7 ligands 
in rodent bone-marrow DCs.275 TLR-9-regulated recognition of fungal genomic DNA 
(gDNA) seems to be preserved in various fungal subtypes,275 and the employment 
of TLR-9 to fungi-containing phagosome is observed with certain fungal species.276 
Recognition of gDNA of Aspergillus fumigatus and Cryptococcus neoformans takes place at 
non-methylated CpG motifs.277 On the contrary, TLR-9 recognition of Candida gDNA 
is probably not limited to such motifs.278

Despite the detection of unique signaling processes that dampen responses to either 
PAMPs or DAMPs,279 the unanticipated intersection of the molecular mechanisms that 
contribute to the recognition of PAMPs and DAMPs outlines the question of whether 
and how the host immune system differentiate between these two kinds of molecu-
lar algorithms. The respective contributions of PAMPs and DAMPs to inflammation, 
immune balance, and restorative processes during infection are not deciphered com-
pletely. Still, a process has recently been suggested that may enable the host to separate 
PAMP- and DAMP-triggered immune responses. The alarmin S100B manages this 
mechanism by the spatiotemporal interconnection of signals from TLRs and the recep-
tor for advanced glycation end-products (RAGE).280 By attachment of fungal TLR-2 
ligands to nucleic acids, S100B initially suppresses TLR-2-activated inflammation dur-
ing fungal pneumonia and then induces intracellular TLR-3 and TLR-9 to activate its 
own transcriptional downregulation.279,280

CLRs
CLRs are proteins within the cellular membrane that attach to carbohydrates through 
preserved extracellular C-type lectin-resembling regions. CLRs are glycosylated type 
II transmembrane receptors with single carbohydrate recognition domains (CRD) in 
their extracellular C-termini.281 CLRs class comprises over 1000 proteins and is catego-
rized into 17 subclasses by construct and regional formations. CLRs are produced in 
myeloid cells and exert major functions in host protection against fungal infections via 
driving acquired immunity. On attachment to ligand, CLRs activate cellular responses 
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via triggering the release of cytokines and ROS by the Syk/CARD9 signaling pathway 
resulting in fungal destruction. Because of explorations on the CLRs, the underpinnings 
of the anti-mycotic immunity are being deciphered.282 Dectin-1 and Dectin-2 are two 
instances where CLRs exert a role in the anti-fungal immune response. Dectin-1 is the 
first recognized and is the best-defined CLR that is involved in anti-mycotic immu-
nity.283 Contrary to the rest of CLRs, Dectin-1 includes HemITAM in its cytoplasmic 
N-terminus that is preserved in many mammals, such as primates and rodents. This 
receptor is mostly produced in innate immune cells, such as macrophages, DCs, neu-
trophils, monocytes, and γδ T cells in rodents and humans. It is also present in human 
microglia and eosinophils. Dectin-1 was first cloned as a lectin unique to DCs that 
triggers CD4+ T cell to multiply by an unknown endogenous ligand,284 while later, 
Dectin-1 was reported to be able to attach to β-Glucans that are key fungal cell wall 
elements found in human-consumable mushrooms, seaweeds, and baker's yeasts, and 
in pathogenic and commensal fungi.285 Dectin-2 was first cloned as a CLR unique to 
DCs with Dectin-1, but it is produced in multiple DC subtypes and in macrophages 
and monocytes. Dectin-2 comprises an EPN (Glu-Pro-Asn) motif, a putative Ca2+-
dependent mannose-attaching amino acid sequence in its C-terminal extracellular 
CRD. Since Dectin-2 has no discovered signaling motifs in its smaller cytoplasmic 
domain, it demands the ITAM bearing Fc receptor g chain (FcRg) for signal conversion 
and induction.286 Experiments utilizing glycan arrays showed that Dectin-2 attaches to 
mannose-rich constructs from a versatile range of microorganisms, such as fungi, para-
sites, bacteria, and mammals.287 Furthermore, Candida albicans has mannose-rich-type 
N-glycan cell wall constructs named a-mannans that include polycarbohydrate back-
bones of a-1,6-connected mannose subunit, along with a-1,2-connected polymannose 
side chains. The a-mannans of Candida albicans are plentifully produced in the outermost 
sections of cell walls, and mannose detection is considered the initial step in the ensuing 
innate immune responses. As predicted, Dectin-2-lacking rodents showed remarkably 
higher mortality rates after systemic Candida albicans infection.288 Also, the significance 
of Dectin-2 in anti-mycotic immunity has been displayed for Malassezia, Aspergillus 
fumigatus, and Candida glabrata, in vivo.289,290 While no fungal infections have been related 
to Dectin-2 polymorphisms in humans, impairments of the signaling element CARD9 
resulted in critical candidiasis in experiments on both rodents and humans, highlighting 
that Dectin-2 or Dectin-1 accompanied by CARD9-associated CLRs are involved in 
anti-mycotic immunity.291

Adaptive immunity
Cellular immunity
The adaptive immunity, particularly that of T cells, exerts important actions in the 
anti-mycotic host response.231 To induce anti-mycotic T cells, innate PRRs on APCs 
sample fungal PAMPs and activate a mixture of key cytokines and co-activating agents, 
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which will drive the differentiation of naïve T cells into Th subtypes.122 After detection 
of fungi, PRRs and signaling pathways activate a plethora of cytokines. A number of 
these cytokines drive Th differentiation.292 To keep our overview concise, we limit the 
discussion to PRRs and signaling mechanisms triggering cytokines, which result in 
differentiation of naïve T cells into special Th subsets. The differentiation of Th1 and 
Th17 CD4+ T cells is particularly important for the anti-fungal immunity as these 
cells synthesize pro-inflammatory cytokines like IFN-γ and IL-17 that are identified to 
recruit and activate phagocytes to eliminate fungi. Despite that IL-17 is usually linked 
to CD4+ Th17 cells, lately, there has been rising attention toward the significance 
of innate lymphoid resources of IL-17.293,294 These resources include natural killer T 
(NKT) cells, γδ T cells, CD4-CD8-T cell receptor (TCR)β+ cells, and “natural” Th17 
cells that do not demand activation through a special antigen and are hence considered 
innate. However, such innate “type 17” cells share some features with Th17 cells, for 
example, they produce C-C chemokine receptor (CCR)6, IL-7Rα, IL-23R, and the 
master transcription factor ROR-γt but they may not always demand a TCR for their 
development as some cell types have been recognized in Rag1-/- rodents that lack 
acquired immunity.295-297

Humoral immunity
Data on the contribution of antibodies against fungi infection are very limited. 
Experiments on the sera showed that though many clonal isotypes of antibodies were 
present during fungi infection, only a limited number of the isotypes were immuno-
protective. The ability to produce mAbs against fungal antigens made it possible for 
researchers to inquire if particular clonally derived antibodies could confer protection. 
Most notable is that for many clinically significant fungi, most importantly Cryptococcus 
neoformans and Candida albicans, antibodies exert immunoprotection in adoptive trans-
fer experiments. Also, antibodies defend against intracellular pathogens like fungal 
microorganisms (e.g., Histoplasma capsulatum) and bacteria (e.g., Listeria monocytogenes, 
and Mycobacterium tuberculosis).297-304 A hurdle for establishing a valid humoral response 
by vaccines, is that it is vital to verify that only defensive antibodies are increased. 
Contrastingly, antibodies as immunotherapy have a wide application and can show robust 
effectiveness. Currently, most of the defensive antibodies explained detect surface ele-
ments that comprise, but are not restricted to, the capsule of cryptococcus, mannotriose 
and β-glucan of Candida albicans, β-glucan of Aspergillus fumigatus, HSP-60 and histones 
of Histoplasma capsulatum, and kexin and glycoprotein 120 of Pneumocystis murina .305,306 
As a result, there seem to be no shared targets, as of yet, that cover the different subtypes 
of fungi. An intriguing candidate may be β-glucan. However, a number of fungi like 
Histoplasma capsulatum have developed processes to conceal the surface production of 
this carbohydrate.305,307,308
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Other mechanisms
Interconnecting the innate and adaptive immunity
Provoking the innate immune system by the activation of PRRs lays the foundation to 
establish a robust adaptive immune response.309,310 DCs interconnect innate and adaptive 
immune systems through modulating the T cell response after PRR-dependent cyto-
kine release. DCs are able to prime naïve T cells to produce long-term memory against 
infectious organisms. T cell priming through DCs takes place via the presentation of 
pathogen-related antigen on MHC class I or MHC class II proteins for the priming 
of CD8+ or CD4+ T cells, respectively, other than via the expression of co-activating 
agents for TCR activation. Following maturation, DCs enhance the production of co-
activating agents, and they display high concentrations of PRRs on the cell surface for 
direct reaction with pathogens by means of signal transduction from PRRs to T cells.310, 
311 After the activation of T cells, the response is described as Treg, Th1, Th2, or Th17 
according to different patterns of cytokine release by Th CD4+ T cells. As a result, DCs 
can determine the fate of the immune response, making them both paramount to sta-
bilize immunity and a suitable target as a vaccine candidate against pathogenic fungi.312

Diagnosis
Ultimate clinical diagnosis of invasive fungi relies on detection of a particular fungus 
from the sample or microscopic proof of fungi with characteristic morphological 
properties (e.g., encapsulated  Cryptococcus neoformans  cells in cryptococcosis). But, in 
case these methods are inaccessible, other tools should be utilized. Evaluation of host 
antibody responses provides this supplementary data for the clinical diagnosis of inva-
sive fungi. While serologic assays have been used for several decades for diagnosis of 
some fungal infections,313-315 antibody tests have been rarely used for the diagnosis of 
invasive candidiasis, invasive aspergillosis, and cryptococcosis.313,316,317 The poor diagnos-
tic performance of antibody evaluation in the case of these infections stems from that 
antibodies usually exist in colonized, but uninfected subjects315 and that critically immu-
nocompromised subjects may produce weak specific antibody responses. Interestingly 
though, evaluation of host antibody responses is commonly performed for the detection 
of endemic fungal infections that are usually hard to diagnose through conventional 
approaches, like culture and staining methods. Conventional serologic tests present 
restrictions, in particular when crude cocktails of antigens are used as reagents. These 
restrictions include cross-interactions between various subtypes, the existence of anti-
bodies against prevalent environmental or commensal organisms, and no systematization 
of antigens and methods for measuring antibodies. This section will review the recent 
developments and the problems associated with serologic assays for fungal infection, 
with special attention directed towards the endemic mycoses.318
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Candidiasis
The clinical diagnosis and treatment of invasive candidiasis are major challenges for 
the specialists. Although timely diagnosis and therapy are correlated with a more 
favorable prognosis, apart from subjects with positive blood cultures or tissue/fluid 
biopsy, candidiasis diagnosis is not specific and sensitive, and it depends on many fac-
tors. Therefore, there exists a demand for specific biomarkers in this infection. Lately, 
novel serodiagnostic tests, such as Candida albicans germ-tube antibodies or1,3-beta-
D-glucan recognition and molecular approaches for the detection of unique fungal 
DNA, have been produced with disputed outcomes in critical care conditions. One 
of the key properties for diagnosis is the assessment of risk factors for infection, 
which will identify patients in need of preventive or empirical treatment. Clinical 
scores are calculated according to such risk factors. As of now, the combined use of 
predictive methods and non-culture immunological approaches may be a valuable 
blueprint for improving the detection and prognosis of invasive fungal infections 
in critically ill cases.319 A novel immunological method of detecting systemic can-
dida was developed by EIA to detect IgG antibodies against cell wall-attached and 
cytoplasmic candida antigens. Measuring antibodies in crude sera specimens by EIA, 
utilizing all of these antigenic extracts was highly specific (98 percent-100 percent), 
while the sensitivity of the method was poor (3.5 percent-17.8 percent). Interestingly, 
adsorption of sera with latex microspheres laced with purified Candida mannan to 
specifically dismiss anti-mannan antibodies before performing EIA enhanced the 
diagnostic efficiency of this test.320

Blastomycosis
Initial serologic assays for blastomycosis were classically based on antibod-
ies against Blastomyces dermatitidis A antigen, which was achieved via permitting 
Blastomyces yeast cell walls to go through autolysis in neutral buffer.321,322 The titer 
of IgG antibody against Blastomyces dermatitidis A antigen is associated with infection 
activity, and this antibody could be found even over 12 months after complete ther-
apy.323 WI-1 is a 120-kDa protein in the external cell wall of Blastomyces dermatitidis, 
which has been purified and employed as a target in immunological diagnosis.109,189 
Antibodies against WI-1 can be found earlier than antibodies against A antigen, they 
can be sustained for a longer period, and their level drops to small or unnoticeable 
levels within 6 months following illness onset in cases with resolution or successful 
treatment of disease.324,325

Coccidiomycosis
Serologic detection of coccidioidomycosis depends on the assessment of antibodies to 
two Coccidioides immitis  proteins, the tube precipitin (TP) and the complement fixa-
tion antigens. Antibodies against TP have been related to primary acute infection and 
are considered to be IgM. Complement fixation antibodies are sustained during the 
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chronic systematic stage of the infection and have been reported to be mainly IgG.326 
Complement fixation antibodies may not exist in immunocompromised or immuno-
suppressed cases, like AIDS patients,327-329 highlighting that this method may have little 
clinical usage in such clinical scenarios.

Histoplasmosis
Culture usually necessitates a 2- to 4-week incubation interval until the fungus can be 
detected, while diagnostic antibody assays put forward a quick and efficient substitute 
to microbiological tools.

Prior to the 1970s, the most significant resource of antigens in evaluating anti-
body responses in histoplasmosis cases was histoplasmin that was produced using fil-
trates of mycelial-stage cultures of Histoplasma capsulatum raised in artificial media.330 
Histoplasmin comprises unique Histoplasma capsulatum H and M antigens along with C 
antigen. Antibodies towards the H antigen are produced during active histoplasmosis,331 
whereas antibodies towards M antigens may be produced in both active and chronic 
histoplasmosis and are the earliest to emerge upon becoming serologically positive.332

Antigens obtained from the filtrate of mycelial-stage cultures of Histoplasma capsu-
latum contain elements, which cross-react with antibodies to other fungal subtypes.333 
Hence, glycosylated and nonglycosylated subtypes of M antigens were analyzed, 
and cross-reactivity with serum from aspergillosis, blastomycosis, coccidioidomyco-
sis, and paracoccidioidomycosis cases was ruled out when M antigen was adminis-
tered with periodate.334,335 Moreover, a modified antigen corresponding to a 60-kDa 
native Histoplasma capsulatum antigen was recognized in the sera from all histoplasmosis 
cases and in the sera from none of the control subjects.336 Researchers cloned and 
sequenced H antigen and reported similarities to β-glucosidases that are found outside 
cells. But, the performance of modified H as a diagnostic reagent has not been assayed. 
The antibody may be unrecognizable in HIV cases, possibly because of disrupted anti-
body synthesis.337,338 In such conditions, antigen sensing assays reviewed in the following 
section may be better suited for the diagnosis of such infections.

Paracoccidioidomycosis
The time is needed to separate  Paracoccidioides brasiliensis  from clinical specimens, 
and making a definitive diagnosis renders a barrier to timely diagnosis. Serological tests 
are helpful for timely diagnosis and depend on the recognition of antibody responses 
against Paracoccidioides brasiliensis. However, antibody responses are hard to recognize in 
AIDS cases infected by paracoccidioidomycosis. On the contrary, they are beneficial in 
cases without AIDS who are infected by paracoccidioidomycosis, in particular in cases 
of systematic infection.339 Anti-Paracoccidioides brasiliensis IgG titers are commonly ampli-
fied in recently confirmed paracoccidioidomycosis cases, and these titers have been 
shown to be suitable biomarkers for screening cases with either the acute or chronic 
type of the illness and monitoring responses to therapy.340-342
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Penicillinosis
Penicillinosis cases have increased levels of antibodies towards Penicillium marneffei, and 
antibodies have been found even in immunocompromised (e.g., AIDS) cases.343 Yet, 
immunoassays utilizing either unprocessed antigens or complete fungal cell have short-
comings. Therefore, efforts have been made to improve immunological tests.

Scientists cloned a Penicillium marneffei gene which encodes a robustly antigenic cell 
wall mannoprotein, Mp1p,344 and showed antibodies against Mp1p via immunoprecipi-
tation in Penicillium marneffei-inoculated guinea pigs as well as in penicilliosis patients. 
Another assay that utilized the purified modified Mp1p protein in an ELISA antibody 
assay recognized 14/17 (82 percent) HIV cases with penicilliosis. Also, the specificity 
of this assay appeared to be promising and no false-positive interactions were found 
in serum specimens from healthy subject, typhoid fever cases, or tuberculosis cases.345 
Although these studies showed good performance with the purified recombinant Mp1p 
protein, longitudinal studies are needed before the usage of this method can be general-
ized in clinical practice.318

Mucormycosis
Currently, there are no standard serological assays for the detection of mucormycosis, 
but a number of allergens have been explained that may have potential as antigens 
in developing novel serological assays.346 Immunohistochemistry assays aid histomor-
phologic diagnosis by differentiating mucormycosis and aspergillosis. Several verified 
mucormycosis cases with positive galactomannan had histopathology in line with 
aspergillosis and gastrointestinal mucormycosis. Approximately one-fourth of these cases 
were infected simultaneously with aspergillosis, as diagnosed by PCR.347

Treatment
The reduced burden of fungal diseases in cases with balanced immune response has 
been taken as valid evidence that intact immunity can easily resist fungal infections.348 
Modifying the immune system components to recover deficient host immune responses 
and thus, increasing the effectiveness of anti-mycotic treatments is a promising approach 
to ameliorate the prognosis of fungal disease.349 Therefore, the concept of immuno-
regulation covers a versatile spectrum of therapies targeted at tackling patients' immune 
system to attain management, stabilization, and plausible elimination of disease.350,351 As 
can be found below, many immunoregulatory approaches have been clinically tested for 
the therapy of fungal infections.

Adoptive T-cell therapy
Adoptive T-cell therapy includes acquiring T cells from a patient or donor's blood sam-
ple, triggering the cells to proliferate and expand in an in vitro setting, and subsequently 
re-injecting the cells back into the patient. Utilizing Aspergillus-exclusive CD4+ T cells 
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separated from the spleens of immunized rodents that were re-activated in vitro were 
protective and extended the life of mice.352 In a clinical study by Perruccio et al., ten 
haploidentical stem cell transplant subjects with evidence of invasive aspergillosis were 
administered with a single infusion of 1 × 105–1 × 106 cells/kg of expanded donor-
obtained anti-Aspergillus T cell clones, and 9/10 patients eradicated the pathogen 
within 7.8 ± 3.4 weeks.353

Chimeric antigen receptor (CAR) T-cells
Chimeric Antigen Receptors (CARs) are synthetically produced receptors that are 
inserted into the composition of T cells. The CAR modification permits T cells to 
carry out their killing duty without needing to bind other receptors.354 Dectin-1, a 
receptor of the innate immune system that is not produced on T cells, has been aimed 
for CAR therapy. β-glucan, the ligand for Dectin-1, is a polysaccharide detected on 
the exterior of some fungi.355 Researchers produced a CAR T-cell adjusting the fungal 
receptor Dectin-1 for Aspergillus to induce T cells by chimeric CD28 and CD3-ζ. 
In this experiment, the Dectin-CAR was induced by β-glucan, and the prolifera-
tion of Aspergillus fumigatus was suppressed.356 CAR T-cells are one of the most valu-
able immune-regulating treatment methods. MHC unlimited antigen detection is the 
principal benefit of CAR T-cell treatment. Lately, repurposing T cells via CAR T-cell 
treatment has become an important field for further investigation in the battle against 
infections and hematological cancers. Nevertheless, this method may prompt cytokine 
release syndrome and neurotoxicity.357,358 Also, the autologous production of an adequate 
amount of CAR T-cells may require multiple weeks that might be slow in acute clinical 
conditions, such as invasive fungi.359 Allogeneic CAR T-cell therapy, however, may bring 
about readily accessible products with reduced cost, and it can also be appropriate for 
a large number of patients as opposed to autologous CAR T-cell treatment in which 
each therapy must be performed separately for each case. Still, allogeneic CAR T-cells 
can cause lethal graft versus host disease (GVHD), and these allogeneic T cells may also 
be quickly removed via the host immune response, restricting their purposed activity.360

Granulocyte transfusion
In the 1950s, Brecher et al. reported that granulocytes infused to neutropenic canines 
emigrated to regions of infection.361 Since that time, various researches back the effec-
tiveness of granulocyte transfusion for invasive fungi. Diaz et al. discussed that most 
children with granulocyte impairments or critical neutropenia who were treated with 
granulocyte transfusion exhibited an immune reaction to invasive fungi.362 Moreover, 
among pediatric hematopoietic stem cell receivers who were transfused with granulo-
cyte, half of the cases with invasive fungal involvement exhibited radiological improve-
ment. Granulocyte transfusion, along with granulocyte colony-stimulating factors 
(G-CSFs), resulted in an overall response rate (ORR) of 50 percent-90 percent in 
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patients with invasive fungi.363 Nonetheless, the transfusion of granulocyte is restricted 
because of low granulocyte amounts, poor quality, and limited lifetime of the granulo-
cytes.364  A supplementary method to whole recombinant yeast immunization utilizes 
nanoparticles in targeting antigens. Nanoparticles are internalized particularly by DCs 
because of their sub-micron size and can be more uniquely aimed towards DCs via 
adding DC receptor (e.g., Dec 205) modulating antibodies or DCs receptor ligands to 
their surface. Nanoparticle regulated targeting of DCs enables the bundling of defined 
antigen or antigens with an adjuvant and a DCs receptor targeting molecule, permit-
ting accurate delivery to DCs. The superiority of this method was recently reported by 
a DEC205 F(ab')2 fragment laced nanoparticle comprising TLR-3, TLR-7, and TLR-8 
ligands along with OVA antigen.365 This work highlighted that nanoparticles can convey 
vaccine antigens to DCs efficiently and that when antigen and adjuvant are conveyed in 
parallel, promising immune responses with restricted toxicity can be activated. In a sense, 
the targeting nanoparticle packed with antigen and adjuvant starts to mimic the fungal 
vaccine target itself.366

DCs therapy
DCs sense fungi by PRRs and process fungal antigens. Activated DCs secrete cytokines 
and chemokines, emigrate to the lymph nodes, and display antigens to special T cells 
that, in turn, are induced and primed.367 In this method, DCs may be induced with fun-
gal antigens ex vivo and infused into the subject. Such DCs activate immunoprotection 
against the fungus because of the induction of fungus-exclusive T cells.366 In an in vivo 
study, DCs which had been transduced with IL-12 and triggered by Aspergillus fumigatus 
were injected into neutropenic rodents, and the DCs treatment led to decreased mor-
tality and fungal burden because of a prominent Th1 response.368 After subcutaneous 
injection of a Blastomyces dermatitidis vaccine, DEC205-producing skin-extracted DCs 
emigrated to the skin draining lymph node in a CCR7-dependent manner, presented 
the model antigen expressed by the fungus, and activated CD4+ T cells.369

NK cell therapy
NK cell treatment exerts an immunoprotective role against a versatile range of fungal 
infections, such as Aspergillus fumigatus, Cryptococcus neoformans, Rhizopus oryzae, Candida 
albicans, Paracoccidioides brasiliensis, and Mucorales. For example, in allogeneic stem cell 
transplantation cases, enhanced NK cell levels were related to better control of invasive 
aspergillosis. NK cells produce IFN-γ and soluble agents such as GM-CSF and regu-
lated on activation, normal T cell expressed and secreted (RANTES), both of which 
enhance the host immune reactions through the activation of phagocytosis and T cells, 
respectively.370-372
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Granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage 
colony-stimulating factor (GM-CSF)
G-CSF and GM-CSF cannot improve invasive fungi-associated prevalence and death, 
but they can help to quicken the recuperation of the patient. During chemotherapy-
triggered febrile neutropenia, G-CSF is routinely prescribed. G-CSF shortens the dura-
tion of neutropenia and the hospitalization period during febrile neutropenia episodes, 
but its usage did not clearly affect infection-associated death in febrile neutropenia.373 
A recent Cochrane Database Systematic Review on the usage of G-CSF and GM-CSF 
in febrile neutropenia highlighted similar outcomes.374 The study explained that there 
was a reduced duration of neutropenia, quicker resolution of fever, and reduced dura-
tion for empiric antibiotic use, and treatment with the colony-stimulating agents did 
not have an effect on total death rates, as well as fungus-associated death. However, a 
stage IV randomized clinical study investigated the influence of preventive therapy of 
206 allogenic HSCT receivers with G-CSF, GM-CSF, or both, and researchers detected 
invasive fungi-associated death rate after 600 days to be reduced in the GM-CSF, 
G-CSF + GM-CSF subgroups when compared to the G-CSF-only subgroup (the 
values for mentioned groups were 1.47 percent, 1.45 percent, and 11.59 percent, 
respectively). The findings of this study may warrant further research utilizing preven-
tive GM-CSF, with or without G-CSF, to attenuate invasive fungi-associated death. 
Regarding invasive fungal infections prevalence, studies showed no dissimilarity when 
G-CSF or GM-CSF was prophylactically administered with antimycotics in patients 
with allogeneic or autologous HSCT.375,376 On an individual patient level, GM-CSF 
has exerted highly favorable outcomes. For instance, Chen et al. (2017) reported success 
when GM-CSF was used as an adjunct therapy to treat Aspergillus ventriculitis. In this 
experiment, GM-CSF was given in parallel with voriconazole, amphotericin B, and 
caspofungin. The function of GM-CSF in this scenario was found remarkable, consid-
ering that fungal ventriculitis has a significant death rate of 67 percent with traditional 
therapy. In a patient with Scedosporium apiospermum with inadequate success with vori-
conazole treatment, favorable outcomes were found after switching to the micafungin 
infusion in parallel with GM-CSF.377

Cytokine therapy
Fortifying the immunity via cytokine-mediating treatments is another method to 
defend against fungal infections. Neutropenia makes cancer patients receiving cortico-
steroids susceptible to invasive fungi. Cytokines will reduce the duration of neutropenia 
by enhancing the phagocytic and cidal activities of neutrophils, monocytes, and macro-
phages.378 Cytokines used as immunoregulatory elements in fungal infection comprise 
CSFs, IFN-γ, TNF-α, and ILs. IFN-γ treatment enhances the anti-mycotic activity via 
amplifying the number of macrophages and neutrophils.351,379
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Parasitic infections
Definition
Despite current treatments, over 2 billion individuals are affected by infections with 
parasites that are responsible for significant mortality.380 Among parasites, intestinal 
parasitic infections are endemic globally and have been described as constituting the 
most significant single global cause of the disease.381,382 About 3.5 billion individuals are 
influenced by intestinal parasitic infections around the world, of them, 450 million are 
affected by a wide range of intestinal parasitic infections.383,384 According to a world-
wide approximation, 895 million individuals are affected by soil-transmitted helminths 
(STHs), as about 447 million, 290 million, and 229 million cases suffer from Ascaris 
lumbricoides, Trichuris trichiura, and hookworms, respectively.385 On the contrary, intestinal 
protozoa are less prevalent compared to STHs, as about 184 million, 104 million, and 64 
million people are affected by Giardia lamblia, Entamoeba histolytica, and Cryptosporidium 
spp., respectively.386 Intestinal parasitic infections are a major issue in low- and middle-
income regions and are associated with poverty, illiteracy, suboptimal hygiene, lack of 
access to drinkable water, along with hot and humid tropical climates.387,388 Intestinal 
parasitic infections can lead to chronic diseases, including iron deficiency anemia, 
growth retardation, and digestive problems, such as diarrhea, flatulence, anorexia, nausea, 
vomiting, and abdominal discomfort. These clinical sequels are usually found in high-
risk populations (e.g., immunosuppressed patients, children, and pregnant women).389-391

Parasites are classically categorized into three groups: protozoa, helminths, and ecto-
parasites.392 The most significant protozoal parasites comprise Plasmodium species (lead-
ing to malaria), Entamoeba histolytica (leading to amebiasis), Leishmania species (leading 
to leishmaniasis), and Trypanosoma species (leading to sleeping sickness and Chagas′ 
disease). The most important helminthic parasites comprise nematodes like Ascaris lum-
bricoides, trematodes like Schistosoma mansoni (leading to schistosomiasis), and cestodes or 
tapeworms like Taenia solium (leading to taeniasis).393 Most parasites that cause disease 
in humans are eukaryotes with significant size differences, and life cycle complexity. 
They include unicellular protozoan and multi-cellular metazoans, like worms, which 
spend part or all of their life cycles in a host that is able to establish a wide range of 
anti-pathogen immune responses.

Parasitic infections denote an important immunological paradigm. Most parasites, 
by the nature of their contact with the immune system, produce prominent immune 
response. The immune response may be pathogenic like hypersensitivity, immune-
regulated fibrosis, and circulating immune complexes. Better studying these immune 
responses helps to diagnose and treat parasitic infections.394 Also, parasites have acquired 
special methods of defending against the immune system, such as changing their anti-
genic coat and triggering immunosuppression. Such advanced biological mechanisms 
of parasites can lead to the development of chronic illnesses.395 Parasitic infections and 
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the host's immune responses are contributed to the host-parasite reciprocal evolutionary 
changes and the parasite's complicated life cycle. Each period of the life cycle leads to 
different interactions with the immune system,396,397 which despite outstanding progress, 
have not been clearly determined.398,399 One of the major functions of any parasite is to 
promote its dissemination to a new host. For most air-borne pathogens (e.g., respira-
tory viruses and bacteria), the limited time for the infection that is provided by acute 
infection is sufficient for their dissemination. Sterilizing immunity is defined by a state 
in which the immune system can stop a pathogen from multiplying within the body.400 
Blood and tissue parasites that rely on an invertebrate host for cyclical transmission (e.g., 
African trypanosomes, Plasmodium spp., Leishmania spp., Trypanosoma cruzi, and filarial or 
schistosome worms) postpone the establishment of sterilizing immunity to extend the 
period during which they can spread through a vector or intermediate host. Hence, it 
is comprehendible that most parasites utilize methods such as active (e.g., phagocytosis) 
and passive (e.g., being concealed within the immune-privileged parts like the CNS and 
the eye) immune escape processes to prevent their removal by the immune system.401

It may be beneficial to exemplify evading phagocytosis as an advanced escape mech-
anism used by multiple harmful parasites to human health and its relevance to clinical 
treatment of infection. Phagocytes are involved in both innate and adaptive immunity 
and denote an important paradigm in the immunology of parasites.402

In 1883, Elie Metchnikoff initially explained phagocytes and phagocytosis. At the 
time, it was assumed that phagocytosis is mainly carried out in animals and is related 
to homeostasis, nutrition, and tissue reabsorption. Subsequently, Metchnikoff explained 
how this mechanism could also defend against harmful organisms.403 “Infection, a strug-
gle between two organisms” was the heading Metchnikoff chose for his initial lecture 
given in 1891,404 a title that precisely explained the advanced interconnection between 
an evolutionary perspective of the host immune system and infectious microorganisms. 
After 130 years, the hard part is to understand optimal treatments for infectious diseases 
resulting from microorganisms, which select phagocytes as hosts for infection, multiply-
ing, and sustaining of themselves.

The immune escape mechanisms are clinically important as they complicate the 
treatment of parasitic infections. It is only in the light of such immunological parasitic 
mechanisms that efforts should test immune-based therapies, such as immunotherapy 
or preventive vaccination (e.g., efforts to extract “host-defending” antigens in parasitic 
infections can help vaccine development). The example of phagocytosis mentioned 
earlier is employed by certain species (e.g., Leishmania). Leishmaniasis is a vector-borne 
infection with versatile clinical presentations, which are a result of the intersection of 
the parasite subtypes and the host immune feedback.405 During infection by the intra-
cellular parasite Leishmania, the disease raises major challenges for therapy and prophy-
laxis because of advanced processes it utilizes to escape the immune system, enabling it 
to affect the very same cells recruited by the immune system to eliminate the parasite.406, 
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407 From the 1970s onwards, Leishmania parasites are regarded as phagosomal microor-
ganisms that occupy and multiply in phagocytes.408-411 Currently, we recognize that even 
a single Leishmania parasite disseminated by a sandfly bite is adequate to cause infec-
tion,412,413 verifying material explained in this chapter that innate processes of immunity 
are not adequate to confer protection and that the development of acquired immune 
feedback, regulated chiefly by Th1 cells, is necessary to induce phagocytic cells.414 
Overall, how this parasite has matured to survive against the innate immune system of 
the host and exploit T-cell immunity and induce and sustain clinical infection suggests 
the importance of underlying immunological mechanisms, and may be a guidance 
to develop better treatments.415 Also, macrophages biology can be exploited by other 
parasites, such as Yersinia and Shigella through Yops protein and IpaB, respectively.416,417

Taken together, compared to other classes of microorganisms, parasite classes are ver-
satile in their biological systems and mechanisms, producing special imbalanced immune 
responses or obligating these pathogens to develop immune escape mechanisms. The 
epidemiology, life cycle, clinical presentation, treatment, and diagnosis of parasitic 
infections relate to immunity within the context of these underlying immunological 
mechanisms.

Mechanisms
Innate immunity
Inflammasomes
Although generally the function of NLRC4, AIM2, and NLRP12 during parasitic 
infections is not clear, the function of NLRP1 and NLRP3 has been investigated more 
extensively in parasitic infections, such as significant protozoan and helminthic infec-
tions that were mentioned earlier, as well as ectoparasite-related pathogens. Here, we 
detail the role of inflammasomes in Leishmaniosis as an essential example and refer the 
authors to elegant reviews by Carvalho and Zamboni, and Celias et al. on the role of 
inflammasomes in protozoa and helminths, respectively.418-421

While the activation of inflammasome-dependent cytokines after infection, like 
IL-1β and IL-1α, has been found in early studies,422 it was not until 2013 that the first 
explanation of the molecular processes of inflammasome induction after Leishmania 
infection were explained.423 Through the utilization of various subtypes of Leishmania, 
it was shown that all these subtypes could activate IL-1β secretion via macrophages’ 
inflammasome components, such as NLRP3, ASC, and caspase-1. After phagocytosis, 
parasites activate the CLR, and Dectin-1. This activates a Syk-dependent signaling path-
way that leads to ROS production, which results in NLRP3 induction after Leishmania 
amazonensis infection.424 The Leishmania lipophosphoglycan (LPG) can induce cas-
pase-11 and the noncanonical NLRP3 inflammasome.425 By utilizing macrophages 
genetically lacking caspase-11, highly purified LPG, and parasites lacking a transferase, 
which is crucial for LPG anchoring in the membrane (Leishmania major Lpg1-/-), 
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it was shown that caspase-11 is induced via different Leishmania subtypes and their 
corresponding LPGs enhance pore formation, cell death, NLRP3 induction, and IL-1β 
secretion when delivered in the cytoplasm of macrophages. This work also shows that 
the amastigote kind of the parasite that exhibits little concentrations of LPG on its sur-
face leads to lower inflammasome triggering in comparison with promastigote forms. 
Also, that amastigotes disrupt NLRP3 induction in macrophages via targeting histone 
H3.426 NLRP3 induction is important to the course of the Leishmania infection. But, 
while some researchers proposed a defensive function for NLRP3 during Leishmaniasis, 
others have found a deleterious function for this inflammasome to the host. These 
variations may be justified by the use of various parasite subtypes, strains, and different 
mouse backgrounds.427 For instance, by inducing Leishmania amazonensis infection in 
C57BL/6 rodents, it was found that NLRP3 exerts a key function in parasite killing and 
lesion healing.428,429 On the contrary, researchers utilizing C57BL/6 and Leishmania bra-
ziliensis16 or the nonhealing Leishmania major Seidman strain17 found a harmful function 
for NLRP3, acting in favor of parasite chronicity and lesion expansion.430,431 Similarly, 
studies carried out in cases infected by Leishmania braziliensis have reported a positive 
correlation between inflammasome activation and the infection severity.432,433

Regarding the role of NOD receptors, currently, there is no conclusive relation with 
parasites, but as their nature may suggest, they may be involved in intracellular detection 
of intracellular parasites, as Finney et al.434 put forth in their evaluation of the inflam-
matory actions regulated via NOD receptors in cerebral malaria.

TLRs
There are limited articles reporting the role of TLRs in the detection of parasites. However, 
they have been involved in different responses against parasites, like TLR-2 on DCs and its 
attachment to lysophosphatidylserine of Schistosoma mansoni and Tc-52 or glycophosphati-
dylinositol (GPI) anchors of Trypanosoma cruzi. In the former parasite, the interaction acti-
vates the Th2 response, and in the later parasite, Th1 response. This polar immune response 
may be associated with the collaboration of TLR-2 with TLR-1 and TLR-6.435 Also, GPI 
anchor proteins from Trypanosoma cruzi, Plasmodium falciparum, and Toxoplasma gondii seem 
to activate the release of TNF via macrophages through TLR.436 TLR-9 senses unmethyl-
ated CpG motifs in bacterial DNA content of phagosomes, and it has been reported that 
protozoal DNA comprising CpG motifs is adequate to induce a TLR-9-response of host 
cells.437 The induction of TLRs could result in complications related to parasitic infections, 
like anemia and nephritis that result from autoantibodies in malaria.438

Other mechanisms

Other innate immune receptors PAMPs have been identified in human parasitic patho-
gens, which are detected via PRR of various kinds. However, none has been found that is 
specific for parasites, as those receptors are also employed via other microorganisms.420,439 
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Other than inflammasomes and TLRs, several extracellular classical PRRs have been 
related to the detection of parasites. For instance, from collectins, the mannose-binding 
lectin (MBL)440,441 attaches mannose-rich LPG of Leishmania and Plasmodium falciparum 
proteins on affected erythrocytes,442,443 Trypanosoma cruzi amastigotes,444,445 Schistosoma 
mansoni,446 and all Trichinella spiralis developmental phases.447 Moreover, pentraxins that act 
as classical human receptors act as opsonins when adhered to their ligand. One member 
of the pentraxin family, the C-reactive protein (CRP), attaches to elements of Leishmania 
LPG and enhances via opsonization of infiltrated parasites in macrophages.448 Additionally, 
CRP attaches to Plasmodium sporozoites and thereby defends the host against its hepa-
tocyte attack.449 Also, CRP contributes to the natural resistance to Schistosoma mansoni 
infection.450 Various C- type lectins produced on the external surface of macrophages and 
DCs have been related to parasite detection. From them, the macrophage mannose recep-
tor has been found to be able to enhance the permissive entrance of Trypanosoma cruzi 
amastigotes into macrophages, and DC-exclusive ICAM-3- grabbing non-integrin recep-
tor (DC-SIGN) on DCs attaches with high affinity to schistosomes via Lewis x451 and 
amastigotes and promastigotes of Leishmania by mannose-capped LPG.452-454 Alternative 
C-type lectins, the calcium-dependent galactose-attaching proteins, named intelectins, are 
produced via paneth cells and goblet cells and have as well been indicated in the detec-
tion of gastrointestinal helminths, along with in the reaction with the surface of parasites 
to avoid binding to host surfaces.455 Among the scavenger receptors, CD-36, a type B- 
scavenger receptor, helps the attachment to PfEMP1 that permits the phagocytosis of 
Plasmodium falciparum-infected erythrocytes through macrophages, and it has been shown 
that this attachment mediates the actions of DCs.456,457 Complement receptor, CR3, 
which has a multifaceted function in the innate immune response like other members 
of its PRR family, is the gateway to multiple intracellular pathogens, such as Leishmania 
major, where it was recently explained to be quintessential in avoiding the advancement 
of lesions during the course of infection.458

Adaptive immunity
The role of cellular and humoral immunity is extensive in protozoan and helminthic 
parasitic infections. Here, we exemplify a few protozoan species and refer the readers to 
comprehensive expert reviews on the topic.439

Cellular immunity
In Th1 responses to protozoa, IFN-γ release by CD4+ T cells and CD8+ T cells results 
in the triggering of effector processes to effectively eradicate parasites, like macrophages 
activation to destroy phagocytosed parasites (e.g., Trypanosoma cruzi).459 This point is very 
important as many protozoa escape the humoral immunity via infiltrating the macro-
phages, such as Toxoplasma460 or Leishmania.461,462

It has been found that cellular immune response rather than antibody production 
is crucial for resistance to protozoa with intracellular phases, such as the Plasmodium 
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pre-erythrocytic phase.463,464 The versatile clinical presentations of malaria have been 
explained via defining the contradicting poles of T cell immune responses. In the rodent 
model, a Th1 immune response is related to low numbers of Leishmania parasites in 
lesions, while a Th2 immune response has been related to uncontrolled parasite out-
growth.465

Moreover, IFN-γ induces Th1 cells’ development through triggering of the tran-
scription factor T-bet generation and blocks Th2 cytokine release by inhibition of the 
transcription factor GATA-3 expression by T-bet.466 Moreover, IFN-γ enhances the 
expression of MHC class I to help detection and killing via CD8+ T cells and MHC 
class II molecules to facilitate the presentation of antigens to CD4+ T cells.462

Cellular immunity affects humoral immunity in parasitic infections. For instance, 
IFN activates the switch to special classes of Igs, such as IgG2a, and suppresses isotype 
switching to IL-4 dependent Igs, like IgE and IgG1.467 The most typical example of the 
defensive role of Th1 responses at the expense of Th2 is Leishmania infection. While this 
applies to cutaneous leishmaniasis, this is to be determined in visceral leishmaniasis.468 
Th1 responses are defined, other than IFN-γ release, by the induction of cytotoxic T 
lymphocyte (CTL)-regulated cell lysis, despite that the significance of these cells in the 
protection against protozoa results from their IFN-producing potential rather than to its 
lytic activity, such as in toxoplasmosis.469 However, CD8+ T cells protect against malaria 
through demolishing Plasmodium sporozoites-infected hepatocytes. Overstreet et al.470 
reported that memory CD8+ T cells incapable of producing perforin, FasL, or IFN-γ, 
separately, could defend against the liver stage in any of the three cases. This highlights 
that the effector actions of memory CD8+ T cells are because of a mixture of the 
cytotoxic/cytolytic processes and IFN release. However, any of these is indispensable in 
the presence of others. The function of CD8+ T cells seems necessary for the immune 
response to Plasmodium sporozoites.463,464,471 Cellular responses towards the erythrocytic 
phase of malaria have also been explained,472 but, while the role of CD4+ T cells is 
evidently vital, it has not been determined if CD8+ T cells are indispensable,473 and yet, 
CD8+ T cells have been related to the immunopathology of cerebral malaria.474

The involvement of CD8+ T cells in Chagas ́disease is important for the manage-
ment of infection, to the extent that Trypanosoma cruzi infection has been highlighted as 
a model for CD8+ T cells-regulated vaccine design for intracellular pathogens. Indeed, 
knowledge of the importance of CD8+ T cell responses in protozoan infections is lead-
ing to the exploration of parasite epitopes that strongly activate CD8+ T cells to design 
efficient vaccines.475,476

Humoral immunity
Even though antibodies are not probably the chief control process in parasitic infections 
with intracellular phases, they increase in response to all protozoal infections such as 
Leishmania,477 Trypanosoma cruzi,478 Toxoplasma gondii,479 and Plasmodium.480 In addition, 
in African trypanosomes, which is caused by Trypanosoma brucei (extracellular parasite), 
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the significance of various immunoglobulins has been found. It has been reported that 
IgGs play a more important role than IgMs in infection management, despite that 
IgM concentrations are high. Also, it has been found that different subclasses of IgGs 
are produced at each phase of infection based on the detected antigen (although the 
immunodominant antigen is probably the variable surface glycoprotein (VSG)).481-484 As 
a result, although the synthesis of Igs is not always the major effector process, they are 
contributed to the immune response to various parasitic protozoa.

The roles of antibodies in response to protozoa are miscellaneous. For instance, 
direct lysis through antibodies (e.g., for Trypanosoma cruzi infection485) and complement-
regulated lysis (e.g., for Plasmodium gametocytes and Trypanosoma cruzi trypomasti-
gotes485,486) has been explained. While previous research showed the role of cellular 
immunity is more prominent in malaria, in a recent work, authors reported instances in 
human, canine, and some rodent models of leishmaniasis that exhibit a direct relation 
between high anti-parasite antibody responses and uncontrolled parasite outgrowth. The 
spectral character of malaria infection may be caused by quantitative and qualitative 
variations in the antibodies, which are synthesized during infection. In human visceral 
leishmaniasis, a reduction in anti-parasite antibody titers could predict disease resolution. 
As a result, rather than defining this disease as a simple Th1/Th2 dichotomy, the authors 
showed that clinical leishmaniasis relies on the degree of humoral immunity, with high 
IgG predicting a higher chance for chronicity of the infection.465

Immune escape mechanisms
Immune escape mechanisms are explained here, through the lens of the parasites, in 
two passive and active sections. However, these mechanisms can also be categorized into 
innate and adaptive changes in the immunity of the host.439

Passive
Parasites can conceal from the immune system via attacking immune-privileged tissues, 
including the CNS and the eye.487 Moreover, several parasitoids lay their eggs within 
tissue like the fat tissue, which is not screened prominently via the host's immune 
system. Parasites may become undetectable to the immune system. For instance, this 
may be attained through protecting surface elements as soon as they are opsonized 
via the host's immune system (e.g., in Plasmodium488). Parasites are also able to alter 
their surface character. The cellular and humoral immunity of the vertebrate's immune 
system sense special epitopes, and the parasite evades this detection by altering its anti-
genic outer layer during infection. Usually, parasites contain surface variants that are 
sequentially expressed. For instance, Plasmodium falciparum has kept about 60 variants, 
and Trypanosoma brucei has a few hundred,489-491 and antigenic differences are recognized 
from bacteria (phase shift492,493) and nematodes.494 Parasites can also escape through 
mutation of their epitopes, and they outsmart the immune system.495 The parasites can 
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be transiently inactivated, and as a result, they can dodge the immune system (i.e., qui-
escence). This characteristic of parasites is like some bacteria that can also go quiescent 
with limited or no metabolic activity and no cellular replication, and by this mechanism, 
they prevent inhibition through antibiotics, which target cell division.496 Furthermore, 
viruses like herpes simplex virus (HSV) are able to enter a state of latency during which 
the formation of viral proteins is significantly diminished.497

Active
The most important class of immune escape mechanisms denote active interference 
with the host's immune responses. Particularly, parasites usually disrupt the regula-
tory relations that orchestrate the different branches of immune protection. However, 
parasites also disrupt the fundamental actions of the host's cells. To this aim, parasites 
synthesize molecules that can inhibit or modulate special phases in the host's immune 
response, along with general cellular actions that are important for host defense (e.g., 
cell motility). These regulatory elements are positioned differently.

Diagnosis
Falcon assay screening test-elisa (FAST-ELISA)
The Falcon assay screening test-ELISA (FAST-ELISA) comprises the utilization of arti-
ficial peptides to assess antibody responses to an antigen.498 In the late 20th century, this 
approach was used to diagnose malaria, fasciolosis, schistosomiasis, and taeniasis.499-502 In 
2011, an assessment of FAST-ELISA compared to standard ELISA to diagnose human 
fasciolosis was performed. The sensitivity, specificity, positive, and negative predictive 
values were reported as 97.2 percent, 100 percent, 94.6 percent, and 95.6 percent for 
both assays, and the results showed that FAST-ELISA had a similar and good perfor-
mance in detecting the infection.503 However, this approach has some downsides similar 
to most serological assays. For instance, antibodies against a peptide of one parasite 
can cross-react with proteins from other subtypes. Also, antibodies produced against a 
peptide may react only in specific tests, and certain regions of a peptide may be more 
immunogenic compared to others. Therefore, more research on the utilization of the 
FAST-ELISA for the detection of parasitic infections is needed.

Dot-ELISA
The major difference between the standard ELISA and the dot-ELISA is the surface of 
attachment for the antigen. In the dot-ELISA, the plastic plate is substituted by nitrocel-
lulose or other paper membranes with a low amount of specimen volume. The attach-
ment matrix significantly enhances the diagnostic performance of the test via decreasing 
the attachment of nonspecific proteins observed when plastic-attaching matrices are uti-
lized. The methodology resembles that of the immunoblot. First, the dotted membrane 
is incubated with an antigen-exclusive antibody and then with an enzyme-conjugated 

(c) ketabton.com: The Digital Library



Clinical immunology548

anti-antibody. Adding a precipitable, chromogenic substrate results in the synthesis of a 
colored dot on the membrane that is visible.2 The advantages of this approach include 
high speed of the test, cost-effectiveness, and that it can be easily performed and inter-
preted. Because of these, throughout these years, the dot-ELISA has been routinely 
employed for the diagnosis of human and animal parasitic infections, such as amebiasis, 
babesiosis, fascioliasis, cutaneous and visceral leishmaniasis, cysticercosis, echinococcosis, 
malaria, schistosomiasis, toxocariasis, toxoplasmosis, trichinosis, and trypanosomiasis.504 
Recently, the dot-ELISA has been utilized to diagnose Fasciola gigantica, Haemonchus 
contortus, Theileria equi, Trypanosoma cruzi, and Trypanosoma brucei. The researchers showed 
that the dot-ELISA had higher diagnostic performance compared to the ELISA in the 
recognition of anti-neurofilament and anti-galactocerebrosides antibodies in cerebrospi-
nal fluid of patients infected with African trypanosomes. The better diagnostic perfor-
mance of the dot-ELISA was attributed to the nitrocellulose membrane. Importantly, 
this test was proved to be reproducible in the field.505-509

Rapid diagnostic tests (RDTs)
Rapid diagnostic tests (RDTs) are depended on immunochromatographic antigen 
recognition. These tests have been utilized in numerous diagnostic facilities as an aid to 
microscopy for the detection of malaria. In RDTs, soluble proteins are captured through 
binding with capture antibodies embedded on a nitrocellulose strip. A small amount of 
blood specimen is administered to the strip and eluted from the nitrocellulose strip via 
adding multiple drops of buffer, which included a labeled antibody. Then, the antigen-
antibody complex will be visible directly from the membrane. After the use of the first 
RDTs, significant enhancement has been made to this approach, making the utilization 
of RDTs practical in rural areas. RDTs are currently quick, stable at temperatures as 
high as 40 °C, easy to perform, and cost-effective. Because of these reasons, they are 
better than the conventional microscopic methods. RDTs are useful in the diagnosis 
of Plasmodium falciparum  and Plasmodium vivax infections but cannot be utilized to 
diagnose Plasmodium malariae and Plasmodium ovale infections. Additionally, they are not 
practical for detecting very poor-density infections. In this case, methods based on PCR 
remain optimal strategy. There are over 80 RDTs for the diagnosis of either histidine-
rich protein (HRP) unique to Plasmodium falciparum or species-exclusive isotypes of 
lactate dehydrogenase (LDH).49 Nevertheless, as Murray et al.510 showed, only 23 have 
fulfilled the WHO's criteria for international marketing. Malaria RDTs have lately 
been utilized in African regions to help avoid misdiagnosis of malaria infections and 
to consequently decrease the practice of presumptive therapy. Indeed, the tendency 
to treat slide-negative samples with antimalarials is still a prevalent phenomenon. This 
results in issues for the patients’ health care and also unnecessarily increases the cost of 
treatment with the more expensive malaria drugs, such as sulfadoxine/pyrimethamine 
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and artemisinin-dependent regimens. Ultimately, excessive drug use may facilitate the 
development of drug-resistant strains.510-512

Luciferase immunoprecipitation system (LIPS)
LIPS is an adjusted ELISA-dependent test. In this assay, serum comprising antigen-
exclusive antibodies may be recognized via assessment of light production. Indeed, an 
antigen of choice is fused to the enzyme reporter Renilla luciferase (Ruc) and expressed 
as a Ruc-fusion in mammalian cells to permit mammalian-exclusive posttranslational 
alterations. The crude protein isolate is then exposed to the test serum along with pro-
tein A/G beads. While incubating with the serum, the Ruc-antigen fusion is stabilized 
on the A/G beads, which permits the antigen-exclusive antibody to be calculated via 
washing the beads and adding coelenterazine substrate and evaluating light produc-
tion.513 Lately, LIPS has been effectively used for the detection of sera specimens from 
cases infected with Strongyloides stercoralis (by a Ruc-NIE fusion)134 and Loa loa (by a 
Ruc-LlSXP-1 fusion).514 Certain benefits of the LIPS technology comprise its rapidity 
and accuracy in recognizing infected cases. Sensitivity is enhanced through the utiliza-
tion of mammalian cells that express fusion antigens, clear of bacterial proteins contami-
nation. Additionally, low backgrounds are produced in comparison with the ELISA. This 
helps the differentiation of negative and positive specimens. Also, the Strongyloides LIPS 
utilizing the NIE antigen exhibit higher specificity compared to ELISA because no 
cross-reactivity is present with serum from filarial-infected patients.515 A normal LIPS 
test can be conducted in about 2.5 hours. A study showed 100 percent specificity and 
sensitivity are attainable by conducting a LIPS test based on the Loa loa SXP-1 antigen 
with a very small degree of cross-reactivity with some Onchocerca volvulus and Wuchereria 
bancrofti-infected patient sera. Also, cross-reactivity was decreased by reducing the incu-
bation period of a normal LIPS test. A considerable proportion of the Onchocerca volvulus 
sera specimen that were positive by the LIPS test, were negative by this 15-minute LIPS 
assay, named QLIPS. In addition, it was reported that blood obtained via finger-prick 
(contaminated with red blood cells and other elements) did not disrupt the LIPS test.514

Immune-based diagnostic assays have a number of important restrictions. Parasitic 
infections like amebiasis, cryptosporidiosis, filariasis, giardiasis, malaria, cysticercosis, 
schistosomiasis, and African trypanosomiasis still do not have commercially- or Food 
and Drug Administration (FDA)- verified antibody diagnostics with a favorable perfor-
mance. Laboratory findings lack consistency because of the type of antigen preparation 
utilized (e.g., crude, recombinant purified, adult worm, and egg) and also because of 
the use of non-standardized test processes. Also, cross-reactivity that causes false-positive 
and misdiagnosis is an issue, especially in areas where multiple parasites are endemic. 
While a number of parasites in South America share similar epitopes, coinfection with 
Trypanosoma cruzi and Leishmania subtypes is rather prevalent.516 Similarly, in Africa, 
the issue of cross-reactivity among filarial and other helminth antigens is present.514 
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Additionally, it is vital to note that it is difficult for antibody-diagnostic assays to differ-
entiate between the past and current active infections.517 Moreover, antibody-recogni-
tion assays cannot be utilized in parasitic infections that do not raise significant antibody 
responses. This has been found in certain individuals who are carriers for Echinococcus 
cysts518 or during cutaneous leishmaniasis.519 Also, for the diagnosis of African trypano-
somiasis, these assays are of restricted use as seroconversion takes place only after the 
initiation of clinical symptoms.83 Overall, these highlight a need to improve available 
diagnostic tools.

Treatment
Leishmaniasis
Leishmaniasis is the most-researched parasitic infection in the sense of the number 
of immunotherapy trials for its therapy. The first attempt to vaccinate humans against 
leishmaniasis employing dead leishmanial promastigote preparation was done in 
1939. It investigated the influence of vaccine injection containing killed dermotropic 
Leishmania spp. and phenol on cutaneous leishmaniasis infections. Beneficial influ-
ences of suspension of killed leishmanial promastigote concoction (the proposed vac-
cine) were observed against the infection.520,521 The first human clinical trial against 
leishmaniasis was conducted in 1940s, using the suspension of promastigotes, which 
achieved a decrease by 80 percent in the incidence of the disease. After inoculation, 
researchers reported no adverse events and that the Montenegro skin test stayed nega-
tive.520 After that, other studies continued to experiment immunotherapy in localized 
cutaneous leishmaniasis via dead promastigotes and bacillus Calmette-Guerin, and in 
mucosal leishmaniasis via dead promastigote complete antigen, with the efficiency of 76 
percent522 to 94 percent,523 respectively. Vaccination is a safer and more suitable option 
and a practical preventive tool in American cutaneous leishmaniasis. However, it could 
be beneficial for the therapy of mucosal leishmaniasis in specific cases as well.520 While 
these vaccines are advised, they have unspecified concoction, are hard to standardize, and 
have the potential of inducing noxious local or systemic unwanted influences. Therefore, 
it appears implausible to be administered routinely.524,525 The mixture of a single-strain 
Leishmania amazonensis dead promastigote crude antigen vaccine accompanied by a 
half dose administration of meglumine antimoniate is greatly efficient for the therapy 
of American cutaneous leishmaniasis.525 Immunotherapy by crude productions of 
Leishmania antigen, with or without bacillus Calmette-Guerin, is advised and used with 
success in therapy of mucosal leishmaniasis, and clearly displayed healing in some cases 
with the infection.520,522,523,526,527 The vaccine with a regimen of antigen, in combination 
with standard chemotherapy, was found to be an effective approach for therapy of drug-
resistant mucosal leishmaniasis. This approach also displays mild systemic complications 
like fever, headache, malaise, and somnolence in the first therapy. Local reactions of the 
injection area like redness and edema can take place and resemble leishmanin skin-test 
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induration. However, vivid granulomatous reactions are absent. The local reaction 
occurs in the first, second, and third doses of immunotherapy. Drug-resistant mucosal 
leishmaniasis has been successfully treated with antigens thiol-specific antioxidant, 
Leishmania major stress-inducible protein-1, Leishmania elongation initiation factor, 
Leishmania HSP83, and GM-CSF.524 The effective role of Leishmania complete anti-
gen in the facilitation of healing of cutaneous leishmaniasis and mucosal leishmaniasis 
and also its less serious adverse events has been shown.523,526,527 Adverse events mostly 
take place when the vaccine is utilized along with bacillus Calmette-Guerin.523,527 
Immunotherapy is widely practiced for canine visceral leishmaniasis. The fucose man-
nose ligand (FML)-vaccine provided a good effect on curing visceral leishmaniasis 
in non-symptomatic dogs infected in the lab via Leishmania donovani and Leishmania 
chagasi. As well, this vaccine resulted in an enhancement in CD8+ lymphocytes pro-
portion in the peripheral blood of dogs.528 Fucose mannose ligand (Leishmania donovani 
FML)-saponin inoculation led to an elevation in various FML-neutralizing antibodies 
in visceral leishmaniasis in an experimentally infected rodent model. The delayed type 
of hypersensitivity response, known as type IV hypersensitivity, against promastigote 
lysate (DTH) and the in vitro proliferative response of ganglion cells against FML 
antigen were reported. Moreover, a reduction in liver parasitic load was found in 94.7 
percent of FML-vaccine-administered rodents.529

Immunotherapeutic influences of heat-treated dead Leishmania crude antigen 
accompanied by live bacillus Calmette-Guerin are correlated with T cell responses by 
Th1 and release of IFN-γ. T cell response by antigen-driven IFN-γ release alone does 
not result in immunopathology in mucocutaneous leishmaniasis. As a result, triggering 
the Th1 response in cases with American cutaneous leishmaniasis does not end with 
immunopathology.530

Overall, the triumphant utilization of immune-based therapies for cutaneous leish-
maniasis made this approach an outstanding alternative for chemotherapy in single-
lesion cutaneous leishmaniasis in which chemotherapy is not advised because of the 
development of drug resistance and also in severe infections, like diffuse cutaneous 
leishmaniasis and/or leprosy/HIV and Leishmania co-infections.520 Enhancement of 
Th1 response and also the absence of Th2 response are contributed to resistance to 
Leishmania infection.531-533 Immunotherapy is an efficient, safe, and cheap approach for 
therapy of cutaneous leishmaniasis of humans and visceral leishmaniasis of animals.523, 
526, 528-530

Cryptosporidiosis
Protozoan parasite Cryptosporidium is the cause of cryptosporidial diarrhea in 
both animals and humans.534 Cryptosporidiosis is not common.535-537 it is a benign 
infection of humans that generally continues for two weeks, but in some unique 
conditions, it may progress into a dangerous disease. For instance, it is difficult to 
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cure the infection in immunocompromised/immunosuppressed cases, individuals 
who have been diagnosed with HIV/AIDS or received organ transplantation.534 
Chemotherapy for cryptosporidiosis has restricted efficacy in the therapy of the 
infection, and that made scientists establish valid reasoning for immunological experi-
ments of Cryptosporidium with recombinant vaccine utilizing the live or attenu-
ated parasite.538 Researches performed in animals showed an efficient influence of 
hyperimmune bovine colostrum, paromomycin, and nitazoxanide for the treatment 
of Cryptosporidium infections.539-543

Passive and active immunotherapeutic approaches are useful strategies for immu-
nizing against cryptosporidiosis.544 Passive immunotherapy with antibodies for 
Cryptosporidium infection is an approach of therapy that has been performed experi-
mentally and clinically. Many studies in this area have been started in the last years, 
namely on utilization of hyperimmune or by-nature-immune bovine colostrum com-
prising the colostral antibody, antibodies from chicken egg yolk, mAbs, and antibod-
ies from human plasma that are administrated orally. Most articles have applied oral 
administration method of treating or preventing of this protozoan infection. Different 
antibody preparations have been evaluated in animals and humans and proved partial 
efficiency.545 Cryptosporidium parvum-targeting antibodies in hyperimmune bovine 
colostrum have curative influences on cryptosporidiosis. These antibodies differenti-
ate sporozoite, oocyst, and merozoite antigens. Also, they sense phase-specific antigens. 
Following incubation of hyperimmune antibodies with sporozoites, they undergo 
detectable morphologic changes and are characterized by forthcoming production 
and secretion of sporozoite membranous surface antibody-antigen complexes. The 
interaction counteracts the infectivity of sporozoites.546 In the lab-infected nude 
rodent model, the intestinal-infection score is attenuated when administered with dis-
abling mAbs (mAb 17.41). Disabling mAbs against sporozoite and merozoite external 
antigens disable the infectivity of sporozoites547 and attenuate oocyst release and the 
infection score in the gall bladder.546 Bovine immune colostrum attenuates intestinal 
development score of Cryptosporidium parvum to about half in rodents.540 Several rec-
ognized antigens of Cryptosporidium parvum that are recognized by antibodies comprise 
gp15/45/60(Cpgp40/15),548 CP15,549 Gp900,550 TRAP-C1,551 and COWP.552 Some 
known antigens of Cryptosporidium parvum, which are identified by antibodies, are 
suggested to play a role in host immune response.544 Defense against cryptosporidi-
osis would be obtained via designing a vaccine against Cryptosporidium spp., which 
if done, would have several beneficial influences, particularly and most importantly 
on immunocompromised cases that are at risk of developing chronic infection. It has 
been shown that a suitable method in the therapy of Cryptosporidium infection in 
immunocompromised cases is passive immunotherapy by antibodies targeted towards 
merozoites and sporozoites of Cryptosporidium parvum, released into the gastrointestinal 
lumen.544,553
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Malaria
Glycosylphosphatidylinositol (GPI) is a glycolipid antigen of Plasmodium spp., which can 
activate the oversecretion of TNF-α and IL-1 and is potentially involved in the malarial 
pathophysiology, such as cerebral malaria. GPI from malaria parasite can be an important 
candidate to raise mAbs and subsequently can disable the toxicity of extracts of the para-
site. Indeed, GPI of parasitic origin can be utilized as a target for immunotherapies.554 
A robust immunotherapeutic approach to malaria is cytotoxic T lymphocyte-associated 
protein (CTLA)-4 suppression. T cells exhaustion is a routine immune escape process 
in tumors and long-lasting infections. It is a condition of T cell impairment that occurs 
during chronic infections and cancer and is characterized by abnormal effector function, 
consistent production of suppressive receptors, and a transcriptional condition, different 
from that of functional effector or memory T cells.555 Moreover, the exhaustion process 
may involve the loss of the cells. Recent research on malaria has investigated the PD-1 
process that regulates the exhaustion of T cells. These explorations have reported exhaus-
tion of CD4+ T cells and an underappreciated role for CD8+ T cells in provoking steril-
izing immunity against blood-stage malaria. Interestingly, this underappreciation is due 
to that PD-1 is responsible for up to a 95 percent decrease in quantity and functional 
capability of parasite-exclusive CD8+ T cells. The concept of T cell exhaustion during 
malaria justifies the lack of sterile immunity after the clearance of acute infection. These 
data will be relevant to upcoming malaria-vaccine development.556 mAb 7H8 is an IgM 
mAb against a protein of Plasmodium spp. This antibody attaches to Pf93, which is a spe-
cial antigen of Plasmodium falciparum. mAb 7H8 is suitable for immune-based diagnostic 
assays and therapies of malaria in humans and other animals.557

Trypanosomiasis
Designing a vaccine against the infection is a hard and complex duty, as the parasite 
can activate many different processes, making the host immune system incapable to 
fully eliminate the infection.558,559 Immunotherapy can enhance the efficiency of the 
anti-parasite treatments, and as a result, reduce the severity of chronic infections like 
deadly Chagas’ disease.560,561 Optimal immunotherapy towards American trypanosomiasis 
would cover these agents that activate lymphocytes to function in concordant immune 
responses, such as antibody release, cytotoxic function to induce moieties of the parasite, 
and cytokines to mediate the immune response against the parasite.558,562 Trypanosoma 
cruzi produces GPI that is an activator of IL-12 release. During the Chagas’ disease, IL-12 
and GPI activate NKT cells to direct a defensive response. In fact, NKT cells are involved 
in defensive immune responses against this infection.563,564 For efficient immunotherapy 
against Trypanosoma cruzi infection, the importance of polyclonal lymphocyte responses 
right after the infections, and the inadequate immune homeostasis that they induce, are 
the most significant restrictions. It is believed that immunotherapy can provoke sustained 
immunity against Trypanosoma cruzi, if it includes agents that can neutralize non-specific 
immune responses.558 In addition to American trypanosomiasis, African trypanosomiasis 
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exists. Bloodstream subtypes of African trypanosomes are enclosed with a high-density 
packed defensive coat comprising over 107 clones of VSG agents.565 Similar to the situa-
tion with malaria, Trypanosomiasis is affected by PD-1 and CD8+ T cells.566

The transcription of VSG genes takes place at a telomere of the chromosomes 
surrounding the VSG expression areas.567 Since solely one expression area can func-
tion at any given time, no more than one of the VSG molecules is presented on the 
surface coat of the parasite, resulting in the identical exhibition of the surface coat.565 
Additionally, because antibody response is raised solely to this special antigenic subtype, 
which is being expressed, a switch in VSG production would result in the trigger-
ing of the antibody response. Subsequently, this could smooth the path for immune 
exhaustion because of the persisting need to induce the immune response to multiple 
VSG-expressing clones. Trypanosomes can manage VSG gene production via disabling 
a functional expression site and enabling a formerly silent expression region, and by 
reorganization of the VSG genes chiefly via reciprocal recombination and gene conver-
sion.568-570 Researches indicated polyclonal induction of CD8+ T cells via Trypanosoma 
brucei-derived T lymphocyte triggering factor (TLTF) could lead to the massive release 
of IFN-γ, which is responsible for profound immunosuppression and susceptibility to 
the infection.571 Research conducted by Wei and Tabel presented that the advantageous 
influence of anti-CD25 therapy in rodents with Trypanosoma congolense infection van-
ished after they were emptied of CD8+ T cells,572 indicating that CD8+ T cells could 
be immunoprotective during Trypanosoma congolense infection. Therefore, the role of 
CD8+ T cells in African trypanosomiasis still remains controversial.573

Toxoplasmosis
Toxoplasmosis is a benign condition of humans and other warm-blooded animals 
that results from a zoonotic protozoan Toxoplasma gondii, which is of the phylum 
Apicomplexa.574,575 The worldwide prevalence of toxoplasmosis is rather significant.576,577

It has been reported that transfer of the spleen or serum and lymph node cells of 
guinea pigs, which were immunized against the RH strain of Toxoplasma gondii, can lead 
to a partial defense of symptomatic infection in receiver guinea pigs. This observation 
is due to the decrease in the spread or replication of Toxoplasma from the inoculation 
spot to other different systems of immunotherapy recipients. The same extent of partial 
immunity against systemic toxoplasmosis occurs in animals treated with suspensions of 
cells enriched with immune T cells. However, the immune cells exposed to a mAb raised 
against guinea pig T cells and complement lose their ability to transport resistance.578

Trichomoniasis
Trichomoniasis is an infection that results from Trichomonas vaginalis that is a usual 
cause of vaginitis.579 Lactobacillus vaccine, Solco Trichovac, has a beneficial effect on 
trichomoniasis that may result from cross-reactivity of vaccine-activated antibodies with 
Trichomonas vaginalis.580 The Solco Trichovac is a lactobacillus vaccine that displayed a 
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dramatic positive influence on trichomoniasis. The effectiveness ratio has been found 
90 percent581 and 80 percent582 in vaccinology experiments. Immunotherapy of tricho-
moniasis has several benefits compared to metronidazole, such as the preventive influ-
ence of vaccines on patients in terms of reinfection and recurrence.581 There is a study 
on metronidazole and immunotherapy resistant trichomoniasis in two cases that the 
parasites lasted following a high-dosage metronidazole injection. On such limited occa-
sions, the immunotherapy by Lactobacillus failed.583 Ultimately, more research by well-
designed clinical trials assessing repurposed vaccines is warranted.

Schistosomiasis
Schistosoma spp. are flatworms and underlying etiology of schistosomiasis, which is a para-
sitic disease that, after malaria, is of the highest public health importance. The prevalence 
of the illness is approximated to be over 200 million cases and 100000 deaths yearly.584

Granulomatous response against ova of Schistosoma that are entrapped within the 
host's liver contributes to fibrosis. Treating with IL-12 and Schistosoma egg averts the 
development of pulmonary granuloma. Treatment with eggs and IL-12 leads to partial 
suppression of granuloma formation. This treatment significantly decreases the tissue 
fibrosis caused as a result of natural Schistosoma mansoni infection. This achievement is 
an example of a vaccination effort in which the pathogenesis of infection is averted, 
but not the infection itself. This is occurring through the replacement of Th2 cytokine 
response, characterized by Schistosoma infection immune response, with Th1 that is 
activated by IL-12.585

IL-13 is functionally similar to IL-4,586 and it shares similar receptor subunits with 
IL-4. Hence, it has the same function in the pathogenesis of schistosomiasis. Therapy 
with IL-13 (sIL-13Rα2-Fc) prevents the development of hepatic fibrosis in rodents 
when infected by Schistosoma mansoni.587

Administering of rodents by Schistosoma mansoni in the lab with a mAb raised against 
IL-4 inhibits the formation of granuloma in the lung, but not the formation of hepatic 
granuloma. Anti-IL-4 therapy significantly attenuates the collagen accumulation within 
the liver. IL-4 has a key role in the activation of the Th2 response in rodents infected 
with Schistosoma mansoni and, as a result, is involved in the formation of hepatic fibro-
sis.588-590 These data open new horizons for the development of new therapies targeted 
at the patients’ clinical condition, and demonstrate a need for novel treatments to eradi-
cate the Schistosoma infection.

Viral infections
Definition
The global severity and incidence of viral sepsis are increasing over time. However, 
sepsis-linked mortality is declining.591-594 A new systematic review and meta-anal-
ysis591 demonstrated a 26 percent and 270 per 100000 person-years mortality and 

(c) ketabton.com: The Digital Library



Clinical immunology556

global incidence of hospital-treated sepsis in adults, respectively, in the last ten years. 
Generalizing these numbers to the globe denotes estimates of 5.3 million deaths and 
19.4 million sepsis patients annually. Another worldwide study595 found mortality and 
incidence of 9 percent-20 percent and 22 per 100000 person-years sepsis in pediatric 
populations (between 4 weeks and 20 years of age), respectively. The mortality and 
incidence of neonatal sepsis (Sepsis-2 classification, for the comparative description of 
sepsis classifications, refer to the recent article by Poutsiaka et al.596) were 11 percent-19 
percent and 2202 in 100000 living childbirths, respectively.597

Viruses are intracellular parasites that abuse cells for their own replication and 
spread. Despite being highly cytotoxic, viral infections rarely cause human mortality. 
Mortality usually happens while viruses undergo zoonotic transmission (e.g., HIV or 
Ebola), when the viral antigens change drastically (i.e., influenza viruses), or when the 
immune system is weakened. One of the most bizarre viruses that causes mortality 
in humans is HIV. However, HIV initiates a slow death that gives the virus enough 
time for distribution in the species. Although adults can well tolerate viral infections, 
critical clinical presentations or death could occur in infants or neonates, especially 
if they are lacking passive immunity. These data result from the increasing wealth of 
immunological tools, such as tetramers of MHC and transgenic animal models, and 
have gained incremental efficiency and sensitivity to identify the immune mechanisms 
of antiviral resistance. Mostly, there are substantial variations in hosts’ immunologi-
cal resistance mechanisms against the virus, and the effect of each mechanism varies 
enormously depending on the viral entrance, replication, and spreading within the 
host.598

The viruses must tackle many barriers to reach out human tissues. The most 
effective barriers comprise mechanical ones. For example, mucosal surfaces and the 
skin are in line with the acidic environment of the gut. Several usual human viruses 
infect and invade through the gut comprising enteric adenoviruses, Hepatitis A virus 
(HAV), and Rotavirus that are distributed through close contact or polluted water 
and food. Respiratory viruses that are spread by droplets and close contact consist of 
coronaviruses, influenza viruses, Measles virus, rhinoviruses, respiratory syncytial virus 
(RSV), and varicella-zoster virus (VZV). Numerous herpes viruses attack the mucosa 
or skin, such as VZV and HSV. HSV can infect the eye, genital and oral mucosa, and 
skin through scratches and small cuts. Herpesviruses, like CMV and Epstein-Barr virus 
(EBV), attack the mucosa. CMV can also spread through mother-borne or blood 
transfusions in rare instances. Human papillomavirus (HPV) attacks mucosa and skin 
and causes cell transformation, resulting in cervical cancer and warts. Also, viruses 
such as the Semliki Forest virus and West Nile virus can enter by the means of the 
skin through insects. Hepatitis B virus (HBV) and HIV are good examples of sexu-
ally spreadable viruses. Hepatitis C virus (HCV), HBV and HIV are also blood-borne 
through blood transfusions and needles. Due to viral receptor distribution, most 
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human viruses can only infect specific tissues. Viruses usually utilize two receptors. 
For instance, HIV uses CCR5 and CD4 co-receptor. After binding to their receptors, 
viruses might enter the cell by being fused with lipid membrane or endocytosis and 
access the cytoplasm or nucleus by being fused with the vesicular membrane (e.g., in 
HSV and HIV that are enveloped viruses), or alternatively, cross the cell membrane or 
cause the endocytic vesicle to lyse when they are in the cytoplasm (Norwalk virus and 
poliovirus that are non-enveloped viruses).599 Viruses then use the host cell's func-
tions and their own specialized proteins to multiplicate at high rates inside the cell. 
When they replicate excessively inside the cell, lots of viruses lyse the cell to enable 
the liberation of new infectious virions (such as the poliovirus, poxviruses, and herpes 
viruses). Some viruses bud through the cell membrane in the absence of cell death to 
get liberated (e.g., influenza virus and HIV).

However, by entering the body, viruses confront various innate defensive mecha-
nisms and trigger adaptive immunity. Adaptive immunity stops the viral infection from 
becoming clinically evident. Considering the fundamental role of immunity in viral 
infections, manipulating the immune system for their treatment and management is 
beneficial. However, many challenges still should be overcome (e.g., development of 
vaccines for chronic infections by HCV and HIV600).

Mechanisms
The viruses and relevant intermediates could be detected through numerous innate 
immune receptors on the cell surface or within the cell. Numerous innate immune 
receptors can mediate immune response in viral infections, such as inflammasomes, 
TLRs, retinoic acid-inducible gene I (RIG-I, also known as DDX58). The endosomal 
TLRs (TLR-8, TLR-3, TLR-9, and TLR-7) normally take part in the detection of virus 
infections through recognition of double-stranded RNAs and viral nucleic acids.601 The 
viral DNA is recognized by NLRs, whereas viral or genomic RNA is detected by 
cytoplasmic RIG-I-like receptors.602 In summary, pro-inflammatory cytokines and IFNs 
are the results of innate immunity receptors activation in line with signals recruiting 
and activating cells engaged in initiation of adaptive immunity and inflammation. The 
innate immune patterns established after the virus entry could predict the infection 
outcome. The persistence of viruses induces innate cells such as NK cells, macrophages, 
and DCs to release anti-inflammatory proteins such as TGF-β and IL-10. For example, 
DCs derived from mice infected with Lymphocytic choriomeningitis virus (LCMV) pro-
duce high amounts of IL-10,603 and also monocytes derived from patients infected with 
HCV, HIV, or HBV release IL-10.604-606 The interface between RSV and plasmacytoid 
DCs (pDCs) in the lungs is vital since the removal of pDCs before infection leads to an 
immunopathological response in them.607 The viruses interfering with innate defenses 
could cause a detrimental reaction.
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Innate immunity
Inflammasomes
The evidence on the role of inflammasomes in viral infections is comprehensive. An 
up-to-date discussion of major examples for each inflammasome component has been 
provided in this section, and for further details, readers can refer to the article by Chen 
and Ichinohe.608

Research has confirmed the viral activation of NLRP3 by influenza virus, encepha-
lomyocarditis virus, Human rhinovirus, RSV, HCV, Japanese encephalitis virus, Sendai virus, 
Rift valley fever virus, Dengue virus, West Nile virus, HSV-1, Vesicular stomatitis virus, vac-
cinia virus Ankara, and Rabies virus,609-624 NLRP1 by LCMV,625 AIM2 by Vaccinia virus,69, 
626 and RIG-1 by influenza virus and Vesicular stomatitis virus.627,628

NLRP3 The most well-known viral inducer of NLRP3 is the influenza virus. Influenza 
virus activates the development of caspase-1 and the excretion of IL-1β in BMDMs and 
bone marrow-derived dendritic cells (BMDCs) isolated from wild-type rodents, contrary 
to what has been observed in BMDMs or BMDCs extracted from NLRP3- or caspase-
1-lacking rodents. Amplified IL-1β production has been reported in bronchoalveolar 
lavage fluid of wild-type rodents, contrary to bronchoalveolar lavage fluid of Nlrp3-/-, 
Casp1-/-, or Asc-/- rodents following infection by the influenza virus. Production of 
NLRP3 inflammasome elements is elevated in the lung tissue of wild-type rodents after 
intranasal infection by the influenza virus. Ca-074-Me (that blocks lysosomal cathepsin 
B) and N-acetyl-L-cysteine or (2R,4R)-4-aminopyrrolidine-2,4-dicarboxylate (APDC) 
(that block the formation of ROS) block the influenza virus-triggered elevation of 
IL-1β. Influenza virus triggering of the NLRP3 inflammasome is believed to take 
place via influenza virus RNA and its non-contractual element PB1-F2. These can 
be potentially explained by the lysosomal rupture and ROS models. Transfecting viral 
RNA into wild-type BMDMs activates the amplification of IL-1β. However, this has 
not been observed in Nlrp3-/- or Casp1-/- BMDMs. The viral RNA analogs poly(I:C) 
and single-stranded GU-rich RNA (ssRNA40) also activate IL-1β release. The amount 
of IL-1β in bronchoalveolar lavage fluid from PB1-F2-lacking mutant (ΔPB1-F2) 
influenza virus-infected rodents is remarkably few, compared to bronchoalveolar 
lavage fluid isolates of wild-type virus-challenged rodents. Administering with a PB1-
F2 C-terminal peptide activates IL-1β secretion in rodents bronchoalveolar lavage 
fluid, human peripheral blood mononuclear cells (hPBMCs), and wild-type BMDMs, 
contrary to what has been observed in BMDMs isolated from NLRP3-, ASC-, or 
caspase-1-lacking rodents. Latrunculin A suppresses phagocytosis, prevents PB1-F2 
peptide-activated IL-1β release by BMDMs. In conclusion, such findings denote that 
PB1-F2 accumulates in phagosomes to additionally activate the secretion of IL-1β by 
the NLRP3 inflammasome during infection by the influenza virus. A new study showed 
that the production of the influenza virus proton-exclusive ion channel M2 protein in 
the acidic trans-Golgi network induces the NLRP3 inflammasome. Infection by wild-
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type influenza virus triggers the secretion of IL-1β and IL-18 from BMDMs. As well, 
transduction of BMDMs and BMDCs primed by LPS via a recombinant Lentivirus 
producing the M2 protein triggers the NLRP3 inflammasome. Histidine 37 that lies 
in the transmembrane domain of the M2 element is crucial for the proton-specific 
functionality of the M2 elements. Transduction of BMDMs and BMDCs primed by 
LPS / poly(I:C) via a Lentivirus that produces H37G (a mutant M2 protein) is two 
times as potent as transduction with a Lentivirus that produces wild-type M2 protein, in 
activating the secretion of IL-1β. Moreover, exposing wild-type influenza virus-infected 
BMDMs to monensin (a Na+/H+ antiporter within the trans-Golgi nexus) more 
potently activates the secretion of IL-1β and amplifies localization of the M2 protein in 
the Golgi apparatus. Brefeldin A dismantles the Golgi apparatus, inhibits the secretion of 
IL-1β, and triggers the M2 element to accumulate in the endoplasmic reticulum (ER). 
Because of this, the intracellular accumulation and biological ion channel functions of 
the M2 element are a major influence in NLRP3 inflammasome induction.610-612,629-631 It 
should be noted that inflammasomes, in particular NLRP3, are an important mechanism 
of immune escape targeted by different viral components, such as the influenza virus 
NS1 protein, Measles virus, and paramyxoviruses (e.g., Sendai virus and Nipah virus) V 
protein. These elements suppress NLRP3 inflammasome triggering through reaction 
with NLRP3, subsequently reducing the excretion of IL-1β.632-635

NLRP1. Similar to NLRP3, NLRP1 is involved in immunological escape by viruses. 
The Vaccinia virus B-cell chronic lymphocytic leukemia (CLL)/lymphoma 2 (BCL2) 
homolog protein F1L assists viruses in evading the immunity of the host. The F1L 
element reacts with NLRP1, but not with NLRP3, through its N-terminal area. The 
function and level of developed caspase-1 and the secretion of IL-1β are higher in F1L-
deficient mutant Vaccinia virus-infected THP-1 cells compared to wild-type Vaccinia 
virus or other viral protein-deficient cells infected by mutant Vaccinia virus. Infection by 
F1L-deficient mutant Vaccinia virus or mutant Vaccinia virus harboring mutant F1L (that 
does not attach to NLRP1) displays less virulence compared to wild-type Vaccinia virus 
in rodents. The reaction between F1L and NLRP1 potentially influences the structural 
alteration of NLRP1 that is essential in NLRP1 inflammasome induction. Further stud-
ies should explore inducers as well as mechanisms of induction of the NLRP1 inflam-
masome in the context of viral infection.636,637

AIM2 Vaccinia virus double-stranded DNA-activated development of caspase-1 is 
AIM2-dependent and it does not depend on NLRP3. As a result, AIM2 straightly 
reacts with double-stranded DNA through its HIN200 region. It then reacts with ASC 
by its PYD to employ caspase-1 to shape the AIM2 inflammasome. AIM2 is also vital 
for infection via murine cytomegalovirus (mCMV) compared to infection by HSV-1. 
mCMV-triggered induction of developed IL-1β and caspase-1 is inhibited in Aim2-/- 
BMDCs and IL-18 production is inhibited in mCMV-affected Asc-/- and Aim2-/- 
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rodents. Inhibition of IL-18 because of ASC or AIM2 deficiency leads to a decrease 
in the level of IFN-γ-releasing NK cells and an elevation in the mCMV viral load. 
Such data show the significance of the AIM2 inflammasome in virus-activated innate 
immune response.69,626 Whether mCMV is a robust model for human disease or not 
has been explained in the review article by Fisher and Lloyd in 2021.638 Interestingly, 
a recent article showed that HSV-1 VP22 suppresses AIM2-dependent inflammasome 
induction to make possible efficient viral multiplication.639 Moreover, a study showed 
HPV-16 DNA can trigger IL-1β and IL-18 secretion by the AIM2 inflammasome in 
healthy human keratinocytes. While HPV DNA could not activate IFN-β in kerati-
nocytes, IFN-β excretion was found when AIM2 was inhibited. Additionally, inhibit-
ing IFI16 amplifies HPV-16 DNA-activated release of IL-1β, contrary to IL-18. Such 
observations indicate an interplay between IFI16 and AIM2 in the immune response 
to HPV DNA.640 AIM2 inflammasome has been found to be an important factor for 
influenza-triggered lung damage and death.641

TLRs In the spleen of rodents infected by mCMV, viral clearance relies on 
TLR2-related IFN-α/IFN-β, and IL-18 release, which can affect NK cell 
multiplication.642

TLR3-dependent responses could lead to poor clinical outcomes based on the 
subtype of viruses like West Nile virus, which is a single-stranded RNA from Flaviviridae 
class, or influenza A virus that is a single-stranded RNA virus from Orthomyxoviridae 
class. After recognition of West Nile virus, TLR3-dependent inflammatory responses 
consisting of TNF-α receptor 1 pathways, essential for the blood-brain barrier, aid the 
viral entry into the CNS of rodents with consequent deadly encephalitis.643

Influenza A virus-infected TLR3-/- rodents have an advantage to influenza A virus 
infection, with decreased levels of inflammatory mediators, declined CD8+ T cell 
infiltration, and extended survival, probably because of the existence of an imbalanced 
TLR3-dependent CD8+ T cell response that could bring about prolonged respiratory 
damage.644

TLR4 senses RSV via the F protein, activating IL-6 secretion.645 A defensive func-
tion of TLR4 has been presented in multiple other viral infections like Kaposi's sarcoma-
related herpesvirus (KSHV) or Vaccinia virus, even though some articles corroborate that 
TLR4 can enhance viral dissemination, such as in infection by MMVT. MMVT is a 
virus that can be spread by breast milk. It initially invades B cells in Peyer's patches of 
the gastrointestinal system. MMVT Env proteins may attach to TLR4 and activate the 
development of BMDCs, enhancing the levels of co-activating molecules, TNF-α, IL-6, 
and IL-12p40. Of note, the reaction of MMVT with DCs through TLR4 helps the 
progression of infection by promoting the production of the viral cell entrance protein 
CD71.646

TLR7 and TLR8 usually recognize endocytosed viruses with single-stranded RNA 
genomes and promote the formation of IFNs and pro-inflammatory factors. In rodents, 
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TLR7 function is well-characterized, while TLR8 might not be functional. TLR7 
activation in pDCs leads to cross-priming promotion and induction of high levels of 
type I IFNs, regulating type I Th1 responses and B cells isotype switching, as it occurs 
upon activation with influenza A virus or synthetic oligoribonucleotides simulating 
HIV genomic sequence.647

TLR10 binds double-stranded RNA in endosomal compartments and negatively 
regulates the type I IFN response by reducing phosphorylation of IRF7. Also, in vitro 
production of TLR10 withdraws double-stranded RNA from TLR3 attachment and 
promotes the production of SARM1, a negative mediator for TLR3 mechanisms.648

The role of TLRs in viral infection has been reviewed in further detail in other 
comprehensive articles.649-651

Adaptive immunity
Cellular immunity
Adaptive immune cells can worsen tissue damage by destroying cells. Virus-infected cells 
could straightly be destroyed by T cells that release cytokines such as TNF. In infection 
by some viruses such as HBV and HCV, the liver is mainly damaged by the elimination 
of infected cells by CD8+ T cells.652,653 The reaction of various types of CD4+ T cells 
organizes a tissue-insulting inflammatory response that could become chronic against 
persisting viruses. The cell subsets usually involved are Th1 cells, but Th17 cells might 
exacerbate inflammatory reactions in influenza virus, HIV, and HCV infections.652-656 In 
reactions caused by Th17 cells, neutrophils are also engaged, becoming a major source 
of tissue-insulting proteins. Th2 cells rarely related to inflammatory reactions in viral 
infections could cause such reactions in severe lung RSV infection.657

Humoral immunity
Efficient vaccination for some viruses, including measles, chickenpox, and rubella, in 
childhood, shows the significance of defensive antibodies, and currently, vaccines in 
clinical practice rely on the production of neutralizing antibodies but not solely on T 
cell-modulated immunity.658 Worthy of note is that all current vaccines, which are clini-
cally effective rely on neutralizing antibody responses.659 While cytotoxic lymphocytes 
can destroy infected cells, antibodies have the ability to both destroy infected cells and 
avert harmful viruses from invading a cell (neutralization). Placental transfer of defensive 
IgG antibodies from mother to newborns is an outstanding “demonstration by nature” 
of the efficiency of humoral immunity. It has been shown that agammaglobulinemia or 
hypogammaglobulinemia children are less prone to critical viral infections compared to 
children with deficient cellular immunity. Based on this data, it has been debated that T 
cells are more significant than B cells in antiviral immunity. This interpretation neglects 
the quintessential role of Th cells not solely for cellular but also for humoral immune 
response, particularly the production of memory B cells and long-lasting plasma cells. 
Following Orthopoxvirus infection, T cells are necessary for the activation of humoral 
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memory in primary responses and become of secondary significance in secondary 
responses when neutralizing antibodies exert a major function in defense against rein-
fection.660 Ultimately, the significance of humoral immunity in antiviral responses can 
be understood better based on several reports that evaluated the induction and mainte-
nance of specific T and B cell responses and resulting antiviral titers. It has been reported 
that antiviral antibodies can provide substantial defense, even where CD4+ or CD8+ T 
cells have been depleted before viral (re-)infection.661

Diagnosis
Advanced serological immunoassays
The immunoassays are mainly considered antibody/antigen-dependent assays. 
Quantifying antibodies such as IgG are favorably  utilized as diagnostic markers. The 
antibodies or antigens are coated with conjugated labels such as radioactive isotopes, 
metals, and fluorescent tags. A diagnostic approach towards chronic hepatitis C infec-
tion (CHC) determines specific antibodies to HCV (anti-HCV) (indirect tests) and 
can characterize, detect, or quantify parts of HCV viral particles. It can also determine 
HCV RNA and central antigen (direct tests). Measuring HCV central antigen as a 
single-step process has been vital. As a result, in order to assess the execution of central 
antigen quantifying in analyzing CHC and how it is affected by associated HIV or HBV 
viruses, cross-sectional confirmation tests, like HCV antigen quantitation as a single-
step process in analyzing CHC in Cameroon was intended to shorten the diagnostic 
procedure.662 It is worth noting that a newly developed complex microsphere immu-
noassay (MIA) holds diagnosis strength to confine viral envelope protein that conjures 
up being strong cross-sensitive antibodies to other flaviviruses and differencing ability 
of viral non-structural proteins NS1 and NS5. Remarkably, this serological test needs 
to be used for quick clinical detection of Zika virus and/or dengue viral infections in 
screening for immune reactions in vaccine clinical studies.663 It is remarkable that oral 
fluid is a non-invasive biological sample that can employ pathogen-concrete antibodies 
and achieve the potential for a substitute for blood-borne test procedures. As a result, 
a saliva-ordered oral fluid immunological test has been developed to evaluate past and 
present Hepatitis E virus (HEV) infections by non-destructive sampling methods. The 
sensitivity and specificity of this test were similar to serum-borne ELISAs. This salivary 
test could enhance our understanding of the ecological and natural science of HEV.664 
Analyzing the Zika virus continues to be a major challenge, as the discovery of viral 
RNA is only possible a few days after the beginning of symptoms. Vice versa, novel 
high-throughput image-based fluorescent deactivation by the method to establish the 
identity of Zika virus has been thoroughly assessed and have reported greater sensitivity 
than Plaque reduction neutralization test (PRNT) and MAC-ELISA, respectively. The 
present test might use clinical diagnostics, clinical studies, and serological prevalence 
studies of Zika virus illness.665 Determination of serum HEV antigen is considered a 
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delicate and auspicious biomarker for HEV antigen diagnostics with HEV RNA in 
both acute and chronic genotypes. An antigen test has been recently assessed and it has 
been reported that it can diagnose HEV genotypes with greater sensitivity than com-
mercial anti-HEV IgM and HEV RNA ELISA assays.666 Nevertheless, current research 
on RSV has been developing Luciferase Immunological Precipitation Systems (LIPS) 
test to determine IgG antibodies against human RSV G-Glycoprotein. Furthermore, 
human RSV G-Glycoprotein functions as a biological indicator for natural exposure or 
vaccination. RSV genes encoding native and mutant G (mG) proteins from subgroups 
A and B strains were cloned, expressed in luciferase-tagged proteins, and tested indi-
vidually to spot anti-RSV-G specific IgG antibodies using a high-throughput luciferase 
immunological precipitation system (LIPS-G). It is worth noting that RSV mAbs and 
polyclonal antisera are bound in LIPS-G

A
 and/or -G

B
 tests.667 Diagnoses of Zika virus 

and Dengue virus diseases versus the viral envelope protein and non-structural proteins 
were developed by using the Flavivirus MIA. Nevertheless, MIA cannot diagnose more 
recently from past infections, which constitutes a key diagnosis struggle. Thus, in the 
last report, an IgG-based tendency test has been developed for its diagnosis that can 
distinguish recent Zika and past Dengue virus illnesses. This test was found helpful in 
patients with a high risk of Zika comorbidities and women who are pregnant. Also, 
follow-up of the immune response in vaccine clinical studies is possible by using this 
test.668 Sequentially, in order to design a serological diagnosis of Zika virus-IgA and 
Zika virus-IgG, tendency tests were assessed to distinguish Zika infections in need of 
viremia. These tests eased interpretation of low tendency of IgG and IgA findings, and 
improved the serological diagnostic of Zika virus.669 In a different study, homologous 
proteins of diverse flaviviruses showed a high degree of sequence individuality, mostly 
inside subgroups. This has led to widespread immunologic cross-responsiveness. As a 
result, a relative unfolding of the intricate B cell responses versus Zika virus and other 
flaviviruses was reflected by testing with a microarray chip-based high-resolution serol-
ogy prepared from intersecting peptides covering the entire amino acid sequence of 
Zika virus genomic polyprotein. Furthermore, with the emergence of this test, several 
infections such as yellow fever, dengue, West Nile virus, and tick-borne encephalitis shall 
have been diagnosed with it.670

ELISA-based detection
Enzymes are comprehensive tools to diagnose the virus and have different applica-
tions, such as enzyme immune assay and ELISA. Enzyme immune assay has various 
applications, such as micro-particle immune assay (MEIA), fluorescence polarization 
immune assay (FPIA), and chemiluminescent immune assay (CLIA). Enzyme immune 
tests work via antigen-antibody interaction on conjugate tags like fluorescent tags and 
chemiluminescent tags, which are complemented with surfaces such as polarized light 
and fluorescent substrates. A highly sensitive colorimetric test is known as a magnetic 
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nano(e)zyme-linked immunosorbent assay (MagLISA), wherein silica-peeled magnetic 
nanobeads (MagNBs) and gold nanoparticles were collected to monitor influenza A 
virus up to femtogram per milliliter concentration.671 Sensitive and specific determina-
tion of Crimean-Congo hemorrhagic fever virus (CCHFV) was developed using specific 
IgM and IgG antibodies in human sera using recombinant CCHFV nucleoprotein as 
antigen in μ-capture and IgG immune complex (IC) ELISA tests.672 Recently, trun-
cated forms of Hendra and Nipah virus G proteins in line with full-length Nipah virus 
nucleocapsid (N) protein were utilized for the determination of Hendra and Nipah 
virus-specific antibodies in pigs. These recombinant proteins have been expressed 
through diverse expressing systems, and an indirect ELISA has been developed for 
determination.673 A rapid diagnosis platform in the colorimetric difference determina-
tion of Dengue virus and Chikungunya virus viral illnesses was recently developed with 
a probability to manipulate clinical diagnoses of acute febrile diseases in resource-
restricted hospitals. This platform primarily enables consistent and correct multiplexed 
determination of Chikungunya and Dengue IgM/IgG antibodies in human clinical 
specimens within a short period.674

Immunofluorescence-based immunodetection
Immunofluorescence is widely used for the rapid detection of viral illnesses in clinics 
began in the early 1970s. Immunofluorescence is used to diagnose viral antigens and 
virus-specific IgG/IgA/IgM antibodies in clinical samples. In this method, fluorescein-
labeled antibodies to stain samples that contain certain viral antigens were applied for 
ultraviolet illumination. New genetically modified Rabies virus that expresses green 
fluorescent protein (rRV-GFP) is a faster, simpler, and cheaper detector for quantifying 
virus-neutralizing antibodies in blood serum. This method streamlined the multistep 
Rapid Fluorescent Focus Inhibition Test (RFFIT) process by removing the immuno-
logical staining step.675,676

mAb-based immunodetection
Creating diagnostic and treatment platforms with aptamer technology is no doubt a 
possible approach to viral illnesses. However, the oligonucleotide aptamers, potentially 
an alternative to mAb-based determination, could be aimed against any protein in the 
infected cells, and all components of viral particles are considered to be potential new 
diagnosis molecules against viral hepatitis. These aptamers can be a beneficial replace-
ment for the mAbs in the foreseeable future.677,678

Hemagglutination inhibition (HI) assay
Some viruses such as Adenovirus, Dengue virus, Measles virus, rubella virus, and influenza 
virus have hemagglutinin antigens on their surfaces, which can bind to red blood cells 
(RBCs) and agglutinate them termed hemagglutination (HA). The suppression of the 
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capability of the viruses to agglutinate RBCs is used to develop hemagglutination 
inhibition (HI) test. In the HI test, the sequentially diluted serum specimen is prepared 
in a microtiter plate. Then, a certain amount of viral hemagglutinin will be added. Finally, 
proper RBCs will be added. Lack of HA suggests a positive response. This is concluded 
by tilting the microtiter plate, which permits free RBCs to stream. The dilution speed 
at which complete suppression of agglutination of RBCs took place is being recorded. 
The HI titer, thus, is mutual for the last serum dilution that completely inhibits HA.679-

681 The HI test has been used for serological monitoring of influenza A (H1N1) pdm09 
virus682 and Measles virus.683 In a study, HI assay was employed to test the efficacy of the 
pandemic flu vaccine.684 A verification study using sera from 79 RT-qPCR-confirmed 
cases and 176 sera from an unexposed population showed that the HI assay has high 
sensitivity (92 percent) and specificity (91 percent) for the determination of human 
infection with the 2009 pandemic H1N1 virus.685,686

Treatment
Interferons
From the very mid-1930s, scientists have acknowledged that in certain circumstances, 
one virus could interfere with another. In 1957, Isaacs and Lindenman made a sharp 
breakthrough, which explained the mechanism of resistance. They found that virus-
contaminated cells can secrete a protein known as IFN that, when added to the normal 
cells in culture, protects against viral infection. There are three types of IFN: α, β, and γ. 
IFN-α is generated by leukocytes, IFN-β is released mainly by fibroblasts, and IFN-γ is 
secreted by triggered lymphocytes. IFNs tend to show species specificity (mouse cell IFN 
will protect mouse cells much more than human cells) and are suppressive for numer-
ous viruses. For years, it was impossible to obtain adequate quantities of IFNs to carry 
out important studies. However, genetically modified DNA technology and cell culture 
technology have resulted in the manufacturing of an adequate supply of IFNs, resulting 
in the conduction of large clinical trials. IFN-α has proven to be effective on a limited 
number of viral illnesses of humans like chronic hepatitis B and C and chronic condylo-
mata acuminata. Moreover, IFNs have been effective in treating other diseases. For exam-
ple, IFN-α has proven to be effective in treating hairy cell leukemia and AIDS-related 
Kaposi's sarcoma in the select group of patients, IFN-β has been shown to be useful for 
relapsing-remitting multiple sclerosis, and IFN-γ has been reported to be able to reduce 
the incidence and severity of serious infections related to chronic granulomatosis.687

Cellular therapies
During the last few years, there has been an overwhelming body of research, which shows 
cellular immune therapies can overturn the advancement of hematological malignancies 
and can as well be an advantageous treatment option for deadly viral diseases. Although 
it is well-known that the expansion and adoptive transfer of virus-exclusive T cells from 
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the non-infected donor can be an efficient approach to manage viral multiplication, 
recent evidence highlights that this is not feasible when donors are seronegative or are 
subsequently unreachable. Lately, researchers have reported robust expansion of virus-
exclusive T cells from seropositive stem cell transplant receivers of a seronegative graft 
with an active viral infection and the long-term reconstitution of antiviral immunity 
after their adoptive transport. Moreover, this treatment approach has been expanded for 
different agents such as CMV, EBV, Adenovirus, and BK polyoma-virus. This solution 
can be used to quickly expand different pathogens-exclusive T cells that can be used for 
adoptive immunotherapy. Ultimately, novel tests to screen T cell immunity have been 
designed that will enable the detection of at-risk transplant subjects. These subjects 
could develop virus-related complications after transplantation and can be administered 
with adoptive T cell treatment as a prophylactic measure.688

Vaccines
Vaccination has been the most effective method of avoiding viral illnesses. Although 
intentional contact with virulent viruses such as Smallpox  (syn. variolation) has been 
long acknowledged as an efficient, though the hazardous, technique of prevention, the 
whole concept of vaccination was commonly introduced by Edward Jenner in 1798 
to help protect people against smallpox. A century later, the idea was proven by Louis 
Pasteur to have broader uses and, most particularly, could be used to avoid rabies. With 
the discovery of cell culture methods in the 1950s, the second age of vaccination was 
presented, and numerous live-attenuated virus and  deactivated-virus vaccines were 
developed. Lately, the field of vaccines has seen the deployment of several novel “new 
generation” vaccines manufactured through various forms of  genetically modified 
DNA and relevant technologies. When live-weakened and deactivated virus vaccines 
of the second generation are yet the “workhorses” of the veterinary profession, new 
generation vaccines are now supplementing and, evermore, substituting them. There 
are a few significant differences among the vaccination of men and animals. Financial 
constraints are normally of less importance for human use than animal medicine. 
There is also greater agreement regarding the safety and efficacy of vaccines used in 
humans than animal vaccines and superior mechanisms responsible for reporting prob-
able adverse reactions related to the use of special products. Internationally, the WHO 
leads persuasion in human vaccine utilization and holds several programs that have no 
counterparts for animal vaccine utilization in its counterpart agencies, the  food, and 
agriculture organization  and the Office International des Epizooties (OIE;  syn. the 
World Organization for Animal Health). Additionally, in countries, greater freedom is 
permitted in the production and utilization of vaccines for veterinary diseases than is 
permitted by national regulators for human vaccines. Before the latest emergence of 
new breed vaccines based on genetically-modified DNA technology, there were just 
two main strategies in the manufacture of virus vaccines: one using live-toned-down 
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(syn. modified-live) viral strains and the other using chemically deactivated (syn. killed) 
virus formulations. Live-attenuated virus  vaccines multiplicate in the target cells and 
boost the number of antigens presented to the host immune system. There are crucial 
advantages in this method since the multiplication of virus simulates infection, host 
immune reaction  is more similar to that happening following natural infection than 
occurs with inactivated or a few  subunit vaccines. When deactivated virus vaccines 
are manufactured, the chemical or physical treatment used to eradicate infection may 
be harmful enough to lessen  the immunogenicity  of the virus, especially inductions 
of viral-specific cell-mediated immune reactions. Thus,  deactivated vaccines  often 
cause immune reactions to be narrower in the antigenic spectrum, shorter in duration, 
weaker in cell-mediated and mucosal immune responses, and possibly less effective in 
inducing  sterilizing immunity. However, very effective and safe deactivated vaccines 
are readily available and most used. Most vaccines produced in larger scales to be used 
in animals still include an either live-attenuated or deactivated virus. Nevertheless, the 
new-generation vaccines developed through genetically-modified DNA technologies 
provide substantial enhancements and probable benefits of both their safety and efficacy. 
A notable range of such vaccines has recently been produced, a growing number of 
which are now in industrial manufacturing.689
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Introduction

From more than a century ago, successful attempts of transplanting tissues, including 
human skin and cornea, have been recorded.1 However, it was not until December 
23, 1954, that doctor Joseph Murray performed the first successful renal transplant on 
genetically identical twins.2 Ever since that day, organ transplant has revolutionized 
modern medicine. Although initially organ transplant was only considered as a clini-
cal experiment, it is now widely regarded as a regular and valid practice. Furthermore, 
organ transplant is currently a critical therapeutic option for many patients with ter-
minal organ failure. Liver transplantation was established a few years following renal 
transplantation. After that, several attempts were made for the transplantation of other 
organs, including the heart, pancreas, and lung. However, the patients’ survival rates 
were not favorable initially.1,3,4 When it was discovered that cyclosporine has promis-
ing immunomodulatory effects, it was soon implemented into the immunosuppressive 
regimens of organ transplantation, increasing the 1-year graft survival rates to more 
than 89 percent in patients with renal transplantation and 70 percent in patients with 
heart and liver transplantation. However, such regimens led to notable complications, 
including neurotoxicity, nephrotoxicity, opportunistic infection, de novo diabetes, and 
B cell lymphoma.1

In the early 60s, hematopoietic stem cell transplantation (HSCT) was developed to cure 
hematologic malignancies and congenital and acquired disorders of the hematopoietic sys-
tem. HSCT is an operation that leads to the substitution of the hematopoiesis and immune 
system of the recipient with donor cells. HSCT can be obtained from the bone marrow, 
mobilized peripheral stem cells, and placental blood. HSCT is either autologous in which 
cells are harvested from the patient and reinfused to the patient or allogeneic in which 
cells are yielded from a donor who can be related or unrelated to the recipient.5 Patients 
undergoing HSCT require certain conditioning regimens prior to transplantation to lessen 
the disease burden and bestow adequate immunoablation to impede graft rejection.6
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Although transplantation has significantly improved the length and quality of life 
of several patients with end-stage diseases, it is not without fault. The immune system 
within the body, both humoral and cell-mediated, which is designed to protect the body 
from foreign antigens, may act against the transplanted organ and induce rejection. This 
can cause catastrophic problems for the patients and be fatal.7 However, immunosup-
pressive regimens are being developed to be administered to patients following kidney 
transplantation and are utilized to impede graft rejection and ameliorate unfavorable 
complications, including infection, malignancy, and drug toxicity.8 Graft versus host 
disease (GVHD) is yet another complication that can happen following transplantation. 
It is a multifaceted syndrome that occurs following recognition of genetically different 
tissues of the host by donor T cells. The degree of histocompatibility variation between 
the donor and the recipient plays an important role in preventing GVHD.9,10 Potential 
organ donors and recipients should be evaluated prior to transplantation to minimize 
the risks associated with transplantation and improve the outcomes. Also, infectious dis-
ease screening is performed to identify major infections that can jeopardize transplant 
outcomes.4

This chapter explores different types of transplantations, the immunopathogenesis of 
transplantation, the process of matching the donor and the recipient, pre-transplantation 
conditioning, and complications after transplant, and ways to manage them.

Solid organ transplantation (SOT)
Sources
Autologous/allogeneic
Autotransplantation is an important surgical procedure in which the problematic organ 
is harvested from its original place and inserted back into the same location or another 
location after the patient and/or the organ is at a better state.11–14

Allogeneic transplantation is a procedure in which a genetically different organ 
(allograft) of the same species is harvested from a deceased or live donor and transferred 
to the recipients.15,16

Deceased/live donor
Organs needed for transplantation can be obtained from deceased or live donors. 
Deceased donors can be classified into two categories: donation after brain death (DBD) 
and donation after cardiac death (DCD). Donors in the DBD category are donors who 
experienced primary brain death. However, the heart circulation and respiration are 
functional or are externally preserved by medical procedures. A donor that does not 
qualify for brain death but in whom the heart stopped or is unfunctional before harvest-
ing the organ is classified as DCD.17
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Kidney transplantation
Kidney transplant is a routine procedure for treating end-stage chronic renal failure and 
is linked to better patient survival and quality of life. This procedure includes surgery in 
which the failed kidney is replaced by a healthy kidney from a living or dead donor.18,19 
The demand for donated kidneys continues to rise, which outmatches the supply. As 
a result, the number of days spent on the waiting list for kidney transplants increases 
rapidly, especially for the patients who have extremely reactive human leukocyte antigen 
(HLA)-specific alloantibodies.20 To compensate for this ever-growing demand for organ, 
the types of donors used has increased, and donors could be either alive or dead.21 Over 
the decades, the survival rates for transplanted kidneys have improved progressively as 
a result of better immunosuppression, hemodialysis, and continuous ambulatory peri-
toneal dialysis that could prepare patients for transplantation before the procedure.22,23

Comprehensive physical examination, detailed medical history, and laboratory test-
ing are required for assessing renal transplant candidates. Psychiatric disorders are related 
to unfavorable results. On the contrary, strong family and social support, good insight, 
spirituality, and being able to cope with various stressors are associated with a better 
prognosis. The main cause of mortality in post kidney transplantation is cardiovascular 
disease. For this reason, cardiovascular screening is an important part of the transplant 
assessment process. All of the patients should also be evaluated for latent or active 
infections, and a history of immunization is also required to ascertain the adequacy of 
immunization before transplantation. Because of the use of immunosuppressants, kidney 
transplant patients are at greater risk for developing malignancies. For patients with a 
history of cancer, consulting an oncologist is preferred. Screening for assessing the risk 
of coagulation is also of importance. Although a history of thromboembolism does not 
prohibit transplantation, a history of considerable venous thrombosis that involves infe-
rior vena cava, iliac vein, or both may preclude transplantation. Some centers consider 
obesity a contraindication to transplantation as it involves a greater risk of post-trans-
plant complications.24 The majority of transplant centers refrain from accepting smokers 
for transplantation and instruct smokers to give up smoking prior to transplantation as 
smokers are twice more likely to develop cardiac incidents and malignancy following 
transplantation. Due to the scarcity of organs, most patients are placed on the waiting 
list and are not allowed to undergo transplantation until the glomerular filtration rate 
(GFR) is less than 15 mL/min/1.73 m2.25

Kidney grafts can be harvested from both live and deceased donors. Kidney donors 
can be selected according to standard criteria donor (SCD) or expanded criteria donor 
(ECD). SCD is a 35-year-old man without a history of hypertension or diabetes whose 
cause of death is a motor vehicle accident.17 In ECD criteria, either of the following 
terms should be applied: 1) donor age more than or equal to 60 years, or 2) donor age 
50 to 59 years with at least 2 of the following criteria: serum creatinine more than 
1.5 mg/dL, death due to cerebrovascular accident, and history of hypertension.26 Graft 
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survivals are more favorable in living donor transplantations compared with deceased 
donor transplantations. 1-year survival is greater than 90 percent in both types of trans-
plantation. However, 5-year survival is approximately 80 percent and 65 percent in live-
donor transplantation and deceased donor transplantation, respectively.25

HLA matching has always been a controversial area in kidney transplantation. 
Geography is a key factor to take into consideration. In bigger countries, there would be 
increased cold ischemia time (CIT) if the dead donor organ has to travel long distances 
compared with smaller countries such as the United Kingdom that HLA matching is 
focused on.27 A study published by the United Network for Organ Sharing (UNOS) 
registry in the United States of America of a cohort from 1987 to 1998 demonstrated 
that HLA mismatch did not result in notable variation in kidney allograft survival of 
patients younger than 21 years of age.28 Another cohort in the novel immunosuppres-
sion era that examined the impacts of HLA matching and donor age in patients younger 
than 21 years old concluded that increased age in dead donor but not living donor 
transplant and increased HLA mismatches for both dead and living donor transplants 
decreases the allograft survival. However, the results were not statistically notable.29 A 
recent study examining the whole cohort from 1987 to 2016 found a linear relation-
ship between each HLA mismatch and allograft failure in both living and dead donor 
transplantations in patients under 18 years old, with the relation being more significant 
in the living donor group.30 Class I HLA antigen mismatches were demonstrated to 
be associated with clinical outcomes in living donor kidney transplantation in earlier 
studies. This association was not significant in dead donor kidney transplantation. After 
HLA-DR antigens discovery, the role of HLA antigen mismatches on dead donor 
transplantations was observed.31 ABO blood group antigens have also been considered 
in kidney transplantation. However, studies suggest that the association may not be sig-
nificant.32 In conclusion, the ultimate verdict for the type of transplant and a reasonable 
amount of HLA mismatches relies on the condition of the recipient, although HLA 
matching seems to be useful for very long-term aftermaths. Increased waiting times and 
complications accompanying end-stage kidney disease and dialysis are important factors 
to consider.27

Kidney transplant patients who have increased serum creatinine or proteinuria are 
suspected to have undergone rejection. A kidney biopsy is needed to confirm rejec-
tion, which is challenging, expensive, unsuitable, invasive, and risky. To overcome this 
challenge, several immune biomarkers are needed to help detect rejection rapidly.33 
Donor-specific antibodies (DSA) are an early biomarker of acute antibody-mediated 
rejection (AMR). However, the pathogenicity of DSAs relies on properties such as 
isotype (immunoglobulin (Ig)M versus IgG), class specificity (HLA class I versus class 
II), antigenic specificity, strength, IgG subclass, and complement binding capacity.34 The 
AlloSure test measures circulating donor-derived cell-free deoxyribonucleic acid (dd-
cfDNA) in transplant patients, which indicates injury as rejection includes cell death 
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in the allograft.34 Several other tests such as urinary chemokines, complement C3 gene 
polymorphism, allogeneic B cell and B cell-activating factor assay, peripheral blood 
gene expression assay, the kidney biopsy gene expression assay, and plasma endothelial 
microparticles are used to detect AMR.33 Several biomarkers have also been used to 
detect T-cell-mediated rejection (TCMR). ImmuKnow assay measures ATP generation 
by the mitogen-stimulated cluster of differentiation (CD)4+ lymphocytes, which are 
associated with rejection prediction.33 Peripheral blood and leukocytes gene expres-
sion assay, Allograft gene expression assay, Allogeneic circulating T  cell assays, single 
nucleotide polymorphisms, peripheral blood microRNAs, urinary cell mRNA, urinary 
microRNAs, urinary chemokines, urine proteomics/peptidomics, TruGraf test, and 
PleximarkTx test are another helpful test used to determine TCMR.33

Using calcineurin inhibitor-based immunosuppression has reduced T cell-mediated 
graft rejection. However, antibody-mediated graft injury and rejection are on the rise. 
In 30 percent−50 percent of acute rejection incidents and more than 60 percent of late 
graft failures, antibodies are to blame. Acute graft rejection happens days to weeks after 
transplantation, and the risk is highest in the first three months.35 Acute T-cell-mediated 
and antibody-mediated kidney transplant rejections have different histopathologic char-
acteristics. Interstitial infiltration and tubulitis with intimal endarteritis are observed in 
TCMR and thrombotic microangiopathy, neutrophil, and macrophage margination in 
capillaries and often inside glomeruli are characteristics of acute AMR.36 After suspect-
ing acute kidney rejection, treatment should begin with a 3-day usage of intravenous 
methylprednisolone, and simultaneously serum creatinine levels should be tested. 
Treatment with intravenous corticosteroids should be started if the patients experience 
similar rejection incidents.35 Hyperacute rejection is an immensely uncommon hap-
pening caused by excessive levels of antibodies against antigens on the endothelium of 
glomeruli and microvasculature of the donated kidney that develops within seconds of 
implantation and results in complement activation, platelet accumulation, and endo-
thelial necrosis. However, recent developments in detecting DSAs and advanced cross-
matching approaches have significantly prevented this phenomenon.15

Graft failure that occurs over 1 year after kidney transplantation is considered chron-
ic kidney transplant rejection (CKTR). CKTR could be cell-mediated or antibody-
mediated and generally happens due to inadequate immunosuppression. Acute rejection 
is also associated with a higher risk of CKTR. Delayed graft function, immunosuppres-
sive medication toxicity, recurrence of primary kidney disease, diabetes, hypertension, 
and hyperlipidemia are other risk factors associated with CKTR.37

Amid transplantation, induction therapy, a T-lymphocyte-depleting agent, or an 
interleukin (IL)−2 inhibitor is used to treat the patients, and maintenance immunosup-
pression is started in the hospital and maintained throughout the life of the allograft. 
T cell activation and proliferation have a 3-signal approach. Signal 1 initiates the cal-
cineurin pathway and IL-2 (T cell growth factor) transcription. Signal 2 enables the 
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expression of IL-2 and other cytokines. IL-2 stimulation, in turn, results in signal 3, 
which activates the mammalian target of rapamycin (mTOR). Calcineurin inhibitors 
(CNIs) affect signal 1 and interfere with T cell proliferation. Corticosteroids suppress 
nuclear factor kappa B (NF-κB), which is required for the expression of several cyto-
kines that play important roles in T cell activation. Mycophenolic acid, which inhibits 
the inosine monophosphate dehydrogenase (IMPDH) enzyme, is the active metabo-
lite for mycophenolate mofetil. Mycophenolic acid suppresses T cell proliferation and 
downregulates the expression of adhesion molecules leading to inhibition of lympho-
cytes from binding to vascular endothelial cells and preventing them from gaining access 
to the rejection site. mTOR inhibitors and Belatacept are also other forms of immuno-
suppressive agents that are used post-transplantation. Careful screening of drug levels is 
important as many of the immunosuppressive drugs have a restricted therapeutic win-
dow. As time passes from transplantation, target levels for different immunosuppressive 
agents become lower. However, these levels are also influenced by side effects, infectious 
and malignancy complications, underlying renal disease, and time from transplantation. 
Kidney function should also be screened as long as the transplanted kidney is used. In 
the first month, it should be screened two times a week, and it should be diminished 
slowly over the first year. However, laboratory values should never be monitored less 
than every 3 months. 30 percent to 50 percent of renal transplant recipients have a glo-
merular disease, which has led to end-stage renal disease (ESRD). Glomerulonephritis 
occurrence is 5 percent at first year, 22 percent at five years, and 42 percent at 10 years 
after transplantation. Glomerular hyperfiltration, reflux nephropathy, drug exposures, 
and viral infections result in secondary focal segmental glomerulosclerosis (FSGS), and 
primary FSGS can be familial or idiopathic. Mutations in podocyte proteins can lead to 
familial FSGS. Patients who have FSGS recurrence in the first-year post-transplantation 
have more than an 80 percent chance of recurrence in future grafts. Careful screening 
of urine protein-creatinine ratio right after transplantation is necessary for the detec-
tion of early recurrence. The usual treatment for recurrence is timely recruitment of 
plasmapheresis and preservation of high-dose CNI therapy. 40 percent to 50 percent of 
transplant recipients experience membranous nephropathy (MN), and graft failure from 
recurrence in 10 years occurs in 10 percent to 15 percent of the patients. CNIs, steroid, 
and alkylating agents have demonstrated favorable results in the treatment of recurrent 
MN. 20 percent of ESRD in kidney transplant patients happens due to IgA nephropa-
thy (IgAN). Microscopic hematuria, proteinuria, and slow deterioration of kidney func-
tion are a few of the clinical manifestations. Membranoproliferative glomerulonephritis 
(MPGN) is linked to viral infections (such as Hepatitis C virus (HCV) and Hepatitis B 
virus (HBV)), autoimmune disorders, and monoclonal gammopathies. The existence of 
HLA-B8 and -DR3, living-related donors, and previous graft loss from the recurrent 
disease are risk factors for recurrence. 15 percent of graft loss at 10 years is because of 
recurrence. Antineutrophil cytoplasmic antibody-associate glomerulonephritis is a com-
paratively rare cause of ESRD.
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Postponing kidney transplantation until the disease is inactive is suggested. Lupus 
nephritis is a notable cause of ESRD in transplant patients. In about 30 percent of 
transplant patients, histologic recurrence has been reported. It has been suggested that 
the disease should be inactive for 6 to 9 months prior to transplantation to decrease 
the risk for recurrent lupus nephritis and morbidity. Urinary tract infections (UTIs) are 
widespread complications that occur after transplantation. Usage of foley catheters or 
ureteral stents can be the reason for developing UTIs in the early post-transplantation 
period. In addition, diabetes and bladder outlet congestion due to enlarged prostate can 
result in urinary stasis and UTIs. Sexually active women should be advised on urinating 
after sex and personal hygiene. A medical examination is required to detect any possible 
anatomic defect in patients with recurrent UTIs. Present immunosuppressants mostly 
inhibit T cell activation, which is mostly responsible for cellular rejection. However, 
these cells play an important role in repressing malignancies and viral and fungal infec-
tions as well. Furthermore, viral infections can impose great risks after transplantation. 
Infection with Cytomegalovirus (CMV) is usual in transplant patients, mostly if the donor 
is seropositive and the recipient is seronegative. Diarrhea, fever, malaise, pulmonary 
symptoms, and leukopenia are common manifestations of the disease. Annual influenza 
vaccines are suggested. However, usage of any form of the live vaccine is not recom-
mended, which is an inhibitory factor for transplant patients who wish to travel to 
other countries. About 80 percent of adults have been exposed to polyoma (BK virus) 
throughout their lives, and about 20 percent of transplant patients develop BK vire-
mia after transplantation. Currently, there is no known antiviral therapy for the BK 
virus, which makes reducing immunosuppression the only potent therapy. Transplant 
recipients are more likely to suffer from severe influenza disease, which is problematic. 
Transplantation candidates must be examined for tuberculosis prior to transplantation. 
Patients with positive tuberculosis should be examined for active disease and should be 
treated for active or latent tuberculosis. Fungal infections in kidney transplant patients 
can be deadly. Aspergillus and mucormycosis have long been linked to increased morbidity 
and mortality. The main treatment is the noticeable decrease in immunosuppression.15

Non-melanoma skin cancer is the most widespread malignancy after transplantation. 
The risk of developing squamous cell skin cancer is also increased among transplant 
patients. If the patient is experiencing recurrent skin cancers, it is better to switch to 
mTOR inhibitors. Renal cell cancers are more common among transplant recipients. 
Women of child-bearing age who want to become pregnant should consult with their 
physicians. The most favorable plot for conception is to be at least 1 year after trans-
plantation, and the use of azathioprine instead of mycophenolate from 3 months before 
conception is suggested, and the patient should have a stable GFR, controlled blood 
pressure, and no notable proteinuria.15

Transplant outcomes have undergone significant transformation throughout time. 
From 1986 to 1999 and after 2000 to a lesser extent, transplant results have improved. 
These improvements were more apparent in the short-term outcomes compared with 
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long-term outcomes. The significant change in graft survival that occurred between 
1986 and 1999 was concurrent with the implementation of the progressively strong and 
original immunosuppressive regimens that led to a reduction in the risk of acute rejec-
tion. Other alterations such as improved management of high blood pressure, anemia, 
high serum cholesterol, and high serum glucose, a more uniformed histological assess-
ment of kidney biopsies, improved donor care, better kidney storing and conserving, 
modernized distribution methods and crossmatching approaches, improved identifica-
tion, prophylaxis, and handling of infections, improved handling of cardiovascular and 
urological hurdles, and other factors led to better transplantation results prior to the year 
2000. Age until 55 years is indirectly associated with the risk of graft failure as younger 
patients are more likely to experience graft failure following transplantation than older 
kidney recipients.38 The state of the patient before transplantation is an important 
contributing factor to graft outcome. Patients with pre-transplantation malignancy are 
more likely to experience malignancy reoccurrence and have increased overall mortality 
compared with patients who do not have pre-transplantation malignancy.39

Liver transplantation
Liver transplantation has advanced significantly over the last decades. Thomas E Starzl 
performed the first orthotopic liver transplant on a 3-year-old patient with biliary atre-
sia.40 Currently, the only treatment choice for end-stage liver disease, acute fulminant 
hepatic failure, hepatocellular carcinoma, hilar cholangiocarcinoma, and many metabolic 
disorders is a liver transplant. Recent improvements in surgical techniques, perioperative 
care, and post-transplantation therapies have increased the overall success of the liver 
transplant and patient survival.41

The demand for liver transplantation is on the rise. However, the number of donors 
does not increase at the same rate.41 To compensate for the shortcoming of donors, using 
liver allografts from non-heart-beating donors started in the early 90s.42 Unfortunately, 
overall graft survival rates of DCD are significantly lower than those of DBD donors. 
However, there are several risk factors that if controlled, can improve the overall survival 
rates. Previous liver transplant, being on life-support, being hospitalized or in an intensive 
care unit (ICU), having received dialysis, having serum creatinine value > 2.0 mg/dL, 
and being older than 60 years are recipient characteristics that have harmful effects on 
transplant outcomes. Minimal donor warm ischemia time (DWIT) or CIT under 10 h 
reduces the effects of ischemic injury and improves the DBDs’ graft survival.43 Prior to 
liver transplantation, hypothermic perfusion can help decelerate the cellular metabolism 
and elongate the time liver can be functional without oxygen.44 Favorable outcomes of 
hypothermic perfusion have been observed in allografts from DCD and DBD donors.45–48 
Constant delivery of required nutrients and oxygen to the organ in order to preserve cel-
lular metabolism using a normothermic perfusion setup is more appealing.49 This method 
allows secure transplantation of liver allografts and liver function assessment throughout 
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the pre-implantation period.50 Henri Bismuth proposed the method of graft size reduc-
tion in the 1980s to use adult donor grafts for pediatric recipients.40 However, to avoid 
sacrificing the remnant liver, Rudolf Pichlamyr pioneered split liver transplantation (SLT) 
in 1988. This method enables the transplant of one donor liver into one pediatric and one 
adult recipient.51 All these efforts were made to decrease the waitlist mortality.

The donor and recipient should either be ABO identical or compatible to mini-
mize humoral and cellular rejection.52 However, in hopeless situations when an ABO-
compatible organ is unavailable, an ABO-incompatible liver can be used.53,54 Blood 
group-O is generally considered a universal donor, and in acute settings, O-group 
grafts are considered for all patients of all blood groups. However, transplantation of 
O-group grafts to recipients with A, B, and AB blood groups can cause hemolysis. This 
happens because donor lymphocytes moved to the recipient’s body during transplanta-
tion produce antibodies against A and B antigens on the red blood cell (RBC) of the 
patient.55 About 10 percent of people with blood group A express lesser A antigens on 
their RBCs and are subtyped as A2. A2 grafts can be used for recipients with O and B 
blood groups.56 As opposed to ABO blood groups, Rhesus (Rh) factor is not normally 
considered significant in matching organs for transplantation.57 As mentioned earlier, 
HLA matching has long been considered for kidney transplantation. However, evidence 
is still lacking surrounding the relevance of HLA matching in liver transplantation, and it 
is not routinely used for matching liver grafts.58 GVHD is a rare complication after liver 
transplant, which happens in about 0.5 percent−1 percent of the patients. However, it 
is highly fatal due to hemorrhage, sepsis, and multiple organ failure.58,59

Long-term outcomes of liver transplantation need to be improved. The main reasons 
for long-term mortality after liver transplantation include allograft failure, cardiovascular 
events, infection, malignancy, and renal failure.60 Long-term use of immunosuppressive 
drugs is linked to such outcomes, and minimizing the usage of such medications is 
important.41 Under attentive and strict supervision, withdrawal of immunosuppressive 
drugs is safe in patients who have received a liver transplant 2 years prior.61

Heart transplantation
Christian Barnard performed the first heart transplant in 1967.62 In the beginning, the 
results were not sufficient, and there were high mortality rates. However, cyclosporine 
was discovered at the end of the 1970s, which helped decrease rejection rates.63 Patients 
with serious indications of heart failure, intractable angina, and rhythm disturbances 
can be considered for heart transplantation. However, due to the advancements in 
medicine, the definition of end-stage heart disease is not constant, and the health status 
of many patients that are considered for heart transplantation has undergone improve-
ments by using the new methods. Therefore, they do not need heart transplantation.64 
The patient’s mental and emotional status is also important for the transplantation pro-
cess.65 As it is difficult to determine end-stage heart disease, the transplant team should 

(c) ketabton.com: The Digital Library



Clinical immunology608

thoroughly inspect the patient to propose the ultimate management plan.64 Important 
heart diseases such as angina pectoris, myocardial infarction, prior coronary bypass sur-
gery, moderate to severe valvular disease, cardiomyopathy, and important arrhythmias are 
the only definite contraindication for heart donation. Other indefinite contraindications 
include untreated sepsis, malignancies, and active infections.64 The gold standard for 
early diagnosis of rejection is by endomyocardial biopsy, which is regularly performed 
in the beginning stages of transplantation as the patients are mostly asymptomatic.66 The 
most important reason for early death after heart transplant are primary graft failure 
and infection that account for approximately 12 percent of deaths in the first month 
and 29 percent of deaths between the first month and the first year.67 It is important 
for the transplanted heart to produce the required cardiac output in the primary stage 
after surgery and is one of the most crucial factors determining transplant outcome. 
Following reperfusion, severe inflammatory responses in the area near the graft result 
in tissue acidosis, severe reduction of adenosine triphosphate (ATP), membrane impair-
ment, and secretion of hydrolytic enzymes. As a result, ischemic damage may lead to 
irreversible or reversible impairment to the myocytes, which results in delayed recovery 
of the transplanted organ. The occurrence of early graft dysfunction is from 2 percent to 
28 percent with about 30 percent death rate that depends on several factors, including 
increased right atrial pressure of the recipient, being older than 60 years old, diabetes, 
inotropic support, donor older than 40 years old, and duration of ischemia. With the 
development of potent immunosuppressive regimens, allograft rejection has diminished. 
However, approximately 5 percent, 10 percent, 11 percent, and 2 percent of deaths dur-
ing month 1, month 1 to 12, month 12 to 36, and month 36 onward, respectively, are 
due to graft rejection.68

Lung transplantation
Lung transplantation is an approved therapy for individuals with end-stage pulmonary 
disease. In 1963, James Hardy performed the first lung transplantation on a lung can-
cer patient. However, the patient died 18 days after the transplant due to renal failure. 
Stanford University team performed the first successful cardiopulmonary transplant in 
1981. Later in 1983, the first isolated lung transplant was conducted in a patient with 
idiopathic pulmonary fibrosis at the University of Toronto.69,70 Over the years, the lung 
transplantation field has progressed significantly.71

As there are several risks involved, the process of patient selection is strict so that 
the patient has a greater chance of long-term survival. Absolute contraindications of 
lung transplantation for recipients include a history of neoplasm treated in the last two 
years, lung cancer, cardiac dysfunction unrelated to pulmonary disease, notable organic 
impairment of any other organs, hepatitis B and C infection without treatment, active 
pulmonary tuberculosis, addiction to tobacco, alcohol, and narcotics, usage of psycho-
active substances in the past six months, having a serious psychiatric disease without 
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control, and lack of dedication to the suggested medical plan.70 Donor and recipient 
should also be matched based on ABO blood groups.72 Over the long run, survival is 
jeopardized by chronic lung allograft dysfunction and bronchiolitis obliterans syndrome 
(BOS), which is the main risk factor for late death. It has been reported that mortal-
ity rates have decreased in patients diagnosed with BOS who received azithromycin in 
time. Patients that have undergone lung transplantation are at higher risk of infection, 
which can lead to death. The average survival in lung transplant recipients is 5.8 years 
that is less than that of other SOT recipients.73

Other
Other forms of transplantation are also being performed. Islet transplantation has long 
been an attractive solution for regaining glucose homeostasis in patients who have lost 
β-cells because of autoimmune reaction of type 1 diabetes, or from surgical resection, or 
pancreatic fibrosis in pancreatogenic forms of diabetes. Islet autotransplantation is used 
in patients with acute and chronic pancreatitis, trauma to the pancreas, or neoplasm of 
the pancreas. In such patients, total pancreatectomy is required, and then the patients’ 
own islets are transplanted into the liver to improve diabetes caused by pancreatecto-
my.74 Patients with type 1 diabetes or any cause of insulin-deficient diabetes who have 
problematic hypoglycemia are considered for islet allotransplantation, which results in 
excellent glycemic control and improved quality of life.74,75 Kidney and islet transplanta-
tions are sometimes done simultaneously in diabetic patients to protect the transplanted 
kidney from the reappearance of diabetic nephropathy.76 Immunosuppression with 
T lymphocyte-depleting agents such as thymoglobulin, a humanized monoclonal anti-
body against the cell surface glycoprotein CD52, and alemtuzumab, and T lymphocyte 
inhibitory agents that block IL-2 receptor such as basiliximab is required for islet allo-
transplantation.77–81

One of the main causes of reversible blindness is corneal blindness, which can be 
reverted back to normal with the transplantation of a healthy cornea donor.82 Due to 
the lack of vasculature, it is the most successful organ transplantation in the human body. 
The first successful keratoplasty was performed by Zirm in 1905.83 The main cause of 
failure is allograft rejection, which is associated with the existence of high-risk features, 
the most important being corneal neovascularization.84 HLA and ABO matching is 
not required. However, Class I HLA matching is favored in recent studies for high-risk 
corneal transplantations.85

The skin graft is one of the most necessary techniques in plastic surgery and der-
matology. In 1869, Reverdin performed the first skin autotransplantation. Since then, 
several pioneers have attempted to make the outcomes of skin grafting better.86 In 
1929, Brown et al. found the split-thickness skin grafting technique and distinguished 
between full-thickness, intermediate-thickness, and epidermal grafts and depicted the 
benefits and drawbacks of each method, which set the foundation of skin grafting 
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that is still being used.86 Split-thickness grafts include a portion of the dermis and can 
endure regions with less vascularity and are more likely to undergo contracture. The 
full-thickness graft consists of the entire dermis and demands a better vascular bed to 
survive. However, it is less likely to go through contracture.87 HLA-A and -B matching 
improves skin graft survival.88 However, it is not routinely done in practice due to inter-
nal immunosuppressive effects of severe burns, which preserve the unmatched skin from 
rejection. The graft will ultimately be rejected. However, it acts as a short-term barrier 
to prevent infections. To achieve better results aesthetically, the site of the donated skin 
should have compatible consistency, thickness, color, and texture.86

Hematopoietic stem cell transplantation (HSCT)

HSCT is the most widely used cellular immunotherapy in which the hematopoietic 
stem cells of any donor type and any source are utilized to substitute the patient’s hema-
topoietic system.89

Indications
HSCT may be beneficial for many disorders. Currently, the general indications for the 
HSCT procedure are different in adults and children and should be discussed separately.

Adults
Acute myeloid leukemia (AML)
Acute myeloid leukemia (AML) is the most frequent indication for allogeneic HSCT in 
Europe, and adult patients with AML should always be considered for HSCT. However, 
whether or not they should receive HSCT depends on the interplay between the risk 
of disease relapse and the risk of mortality post-transplantation.90 Recently, other factors 
such as cytogenetics refined by molecular markers and somatic mutations play impor-
tant roles in determining risk for acute leukemia in addition to white blood cell (WBC) 
count and response to induction therapy.91,92 Furthermore, better evaluation of risk 
factors and comorbidities have also contributed to improved outcomes and decreased 
mortality.93 After prognosis calculation, patients should be evaluated for autologous 
HSCT in first complete remission (CR1). If patients are positive for minimal residual 
disease (MRD), they may be candidates for allogeneic HSCT.94 Patients who do not 
reach CR1 after one induction course should also be considered to receive allogeneic 
HSCT. Patients who receive an allogeneic or an autologous HSCT in CR1 have a sig-
nificantly higher relapse-free survival compared with patients receiving chemotherapy.93

Acute lymphoblastic leukemia (ALL)
Acute lymphoblastic leukemia (ALL) is the second most common indication for allo-
geneic HSCT. A large proportion of adult patients with ALL have molecular targets for 
MRD evaluation and MRD can be utilized to determine various risk groups. However, 
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MRD is not appropriate at any time and the relevance depends on the particular prior 
therapy.95

Chronic myeloid leukemia (CML)
Since the usage of tyrosine kinase inhibitors (TKIs) in patients with chronic myeloid 
leukemia (CML), allogeneic HSCT is not suggested as the first-line treatment follow-
ing CML diagnosis. When first-line TKI therapy is not successful, second-line TKI 
therapy should be commenced. In case of failure of second-line TKI therapy, the search 
for a suitable related or unrelated donor should start as soon as possible. Furthermore, 
depending on the ABL mutation examination and risk scores, the patient should pro-
ceed to HSCT.93

Myeloproliferative disorders other than CML
Currently, the only possible cure for patients with myeloproliferative disorders is HSCT 
except for polycythemia vera and essential thrombocytopenia patients that are not sug-
gested to undergo allogeneic HSCT unless the disease has advanced to myelofibrosis or 
secondary leukemia.96,97

Myelodysplastic syndromes (MDS)
The treatment of choice for adult myelodysplastic syndromes (MDS) patients is allo-
geneic HSCT, and if the treatment is done prior to disease advancement or in CR 
following chemotherapy, the chance of long-term disease-free survival is suitable.98 If 
the number of blast cells is less than 5 percent at the time of transplantation, allogeneic 
HSCT will result in better outcomes. In patients with overabundant blast cells, intensive 
chemotherapy or hypomethylating agents are regularly utilized before transplantation. 
However, the beneficial effects of such treatments before transplantation on the post-
transplant outcomes are yet to be proven by controlled studies. Whether or not the 
patient should proceed with allogeneic HSCT depends on the risk of the disease and 
the risk of the transplantation, which is predicted by the European Society for Blood 
and Marrow Transplantation (EBMT) risk score.99

Chronic lymphocytic leukemia (CLL)
Chronic lymphocytic leukemia (CLL) management had undergone significant changes 
after the establishment of signaling pathway inhibitors (PI) like Bruton’s TKI, ibrutinib, 
the phosphatidylinositol-3-kinase inhibitor, idelalisib, and the BCL2-inhibitor, veneto-
clax.100 Patients who do not respond to both chemoimmunotherapy and PI should be 
assessed for cellular therapies such as chimeric antigen receptor (CAR)-T cell therapy 
and allogeneic HSCT. Patients who are diagnosed with CLL and MDS simultaneously 
and those with aggressive alteration in CLL should be considered for HSCT irrespective 
of the treatment stage of their CLL.101
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Lymphomas
The development of two categories for CR1 was the most prominent improvement 
regarding lymphoma. It is split into “true” CR1, which is achieving first CR directly 
by standard first-line therapy, and “first” CR, which is attained by one or more salvage 
therapies after initial induction failure.93

Diffuse large B cell lymphoma (DLBCL)
The standard treatment for patients that experience a chemosensitive relapse of diffuse 
large B cell lymphoma (DLBCL) following first-line therapy and chemosensitive relapse 
of DLBCL after the failure of the previous autograft is still autologous HSCT.102–107

Follicular lymphoma
Autologous HSCT might be an alternative choice in patients with chemosensitive 
high-grade alteration of follicular lymphoma if they had previously undergone sys-
temic therapy for follicular lymphoma (particularly if it contained immunochemo-
therapy).93

Waldenström’s macroglobulinemia (lymphoplasmacytic lymphoma 
with IgM gammopathy; WM)
As there are more potent new therapeutic options available for Waldenström’s mac-
roglobulinemia (lymphoplasmacytic lymphoma with IgM gammopathy; WM) such as 
rituximab, purine analogs, proteasome inhibitors, and kinase inhibitors, utilizing autolo-
gous HSCT as first-line therapy is controversial and not advocated outside of clinical 
trial settings.108 However, usage of allogeneic HSCT is supported as a clinical option for 
younger patients with aggressive or high-risk types of WM.93

Mantle cell lymphoma (MCL)
Ibrutinib has been an accepted salvage treatment for patients with relapsed or refractory 
mantle cell lymphoma (MCL).109 Available data does not recommend HSCT in patients 
with MCL in CR1.93

T cell lymphomas
Peripheral T cell lymphomas generally have a very poor prognosis, and allogeneic 
HSCT is an effective therapeutic option in patients with relapsed and refractory disease 
and is suggested as standard care for patients with chemosensitive relapse.110

Hodgkin lymphoma
HSCT is the standard care for Hodgkin lymphoma patients with chemosensitive relapse. 
It should be autologous in patients who previously received an autograft and allogeneic 
in patients with a prior unsuccessful autograft.93
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Multiple myeloma (MM)
Currently, first-line autologous HSCT remains the standard treatment for recently diag-
nosed multiple myeloma (MM) patients.93

Systemic immunoglobulin-light-chain amyloidosis
High-dose therapy along with autologous HSCT is beneficial to patients with systemic 
immunoglobulin-light-chain amyloidosis without severe heart failure.111 Allogeneic 
HSCT might be taken into consideration in younger patients who did not respond 
or relapsed following autologous HSCT and were administered at least one alternative 
drug.93

Acquired severe aplastic anemia
The standard treatment for adult acquired severe aplastic anemia patients is HLA-
identical sibling allogeneic HSCT with worse results in patients older than 40 years old. 
Along with age, evaluation of comorbidities is also important. To decrease the chance 
of chronic GVHD, all patients should undergo T cell depletion with anti-thymocyte 
globulin (ATG) or alemtuzumab. Matched unrelated allogeneic HSCT is considered as 
first-line therapy in severe aplastic anemia patients younger than 18 years.93

Constitutional severe aplastic anemia
Allogeneic HSCT is the only treatment capable of restoring the normal hematopoiesis 
in patients with constitutional severe aplastic anemia.93

Solid tumors
Autologous HSCT ameliorates progression-free survival (PFS) in breast cancer. The 
standard treatment for patients with germ cell tumors that do not respond to platinum-
based chemotherapy or have relapsed is high-dose therapy and autologous HSCT.93

Autoimmune diseases
HSCT has long been considered as a treatment option for patients with autoim-
mune diseases. Patients with severe autoimmune disease resistant to standard therapy 
are considered for autologous and allogeneic HSCT. Autologous HSCT is utilized in 
multiple sclerosis, systemic sclerosis, Crohn’s disease, and systemic lupus erythematosus, 
and allogeneic HSCT has been mostly used in pediatric patients, especially those with 
refractory autoimmune cytopenia and juvenile idiopathic arthritis.93

Children and adolescents
More than 20 percent of all allogeneic HSCTs are performed on children and adoles-
cents. Transplant complications are related to the vulnerability of the developing child, 
organ development dysfunction, growth retardation, delayed hormonal development, 
and increased risk for malignancies in congenital disorders with chromosomal breakage 
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syndromes. High-resolution HLA matching for unrelated donors, conditioning regi-
mens, and palliative care for infectious and non-infectious complications have improved, 
which resulted in lower mortality and further supported the use of allogeneic HSCT in 
the early stages of non-malignant indications.93

Acute myeloid leukemia (AML)
Childhood AML is a rare and heterogeneous disease with heterogeneous behavior. 
The cure and survival rates have increased due to rigorous chemotherapy, especially in 
patients with positive prognostic markers. Consequently, allogeneic HSCT is the stan-
dard treatment for high- and very high-risk patients in CR1. However, it is not recom-
mended as a first-line treatment in low-risk patients(112–115). Children who undergo 
AML relapse and achieve the second CR are considered for allogeneic HSCT. Children 
with high- and very-high-risk AML in CR1 are considered for autologous HSCT if a 
well-matched allogeneic donor is not available.116

Acute lymphoblastic leukemia (ALL)
The standard treatment for high-risk ALL patients in CR1 and those in CR2 or later 
is allogeneic HSCT from a matched sibling or a well-matched unrelated donor.93 The 
most critical prognostic factor for distinguishing high and very-high ALL is MRD

Chronic myeloid leukemia (CML)
Allogeneic HSCT is not suggested as the first-line treatment of CML in children and 
adolescents. However, in the case of treatment, patients with failure or relapse after 
receiving salvage second-generation TKI treatment and advanced-stage CML are can-
didates to receive allogeneic HSCT as the standard treatment.117–119

MDS and juvenile myelomonocytic leukemia
The treatment of choice for pediatric patients with primary MDS, including juvenile 
myelomonocytic leukemia and secondary AML is allogeneic HSCT from a sibling or a 
well-matched unrelated donor.117–119

Lymphoma
Almost all children and adolescents with Hodgkin and non-Hodgkin lymphoma 
(NHL) are treated with multidrug chemotherapy. Patients with the lingering disease 
following repeated therapy by the current chemotherapy protocols, patients with early 
NHL relapses, and patients without adequate response or relapse of anaplastic lym-
phoma kinase- (ALK) positive anaplastic large cell lymphoma are eligible for HSCT.93

Inherited diseases

Primary immunodeficiencies (PID) Primary immunodeficiencies (PID) refers to a 
group of genetic disorders characterized by the increased risk of infections, auto-immu-
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nity, and malignancies, which are resulted from incapable or malfunctioning innate or 
adaptive immune system. Allogeneic HSCT is a treatment option in pediatric patients 
with PID.93 Severe combined immunodeficiency (SCID) is a pediatric emergency, and 
patients should receive allogeneic HSCT from a well-matched related or unrelated 
donor rapidly, which could increase the survival rates to more than 90 percent when 
performed shortly after birth.120–122 Most of the T-lymphocyte immunodeficiencies, 
including CD40 ligand deficiency, and Wiskott-Aldrich syndrome, phagocyte disorders 
such as leukocyte adhesion deficiency, and chronic granulomatous diseases, hemo-
phagocytic syndromes, including familial lymphohistiocytosis, and a growing number 
of other immunodeficiencies can be cured with allogeneic HSCT. A pre-transplantation 
conditioning regimen is required. Survival is not significantly different between HLA-
identical family donors and HLA-matched unrelated donors.123–127

Metabolic diseases Most of the metabolic diseases that lead to HSCT are lysosomal 
storage diseases that depend on the transference of enzymes from donor-derived blood 
cells to the reticuloendothelial system and solid organs. Recently, the HSCT outcomes 
have advanced by adjusted transplant strategies.93

Hemoglobinopathies Treatment of choice for pediatric patients with severe 
β-thalassemia is allogeneic HSCT from a healthy related sibling or a related cord blood. 
If an HLA-matched related donor is not accessible, a well-matched unrelated donor is 
considered as an option.93

Osteopetrosis Malignant infantile osteopetrosis is a rare genetic type of skeletal dys-
plasia that typically presents in infancy and is characterized by osteoclast deficiency, 
which leads to elevated bone density, pancytopenia from medullary obliteration, cranial 
nerve compression, and pathologic features. Allogeneic HSCT is suggested as a potent 
treatment option.93

Acquired severe aplastic anemia and inherited bone marrow failure syndromes The 
standard first-line therapy for pediatric patients diagnosed with acquired severe aplastic 
anemia is allogeneic HSCT from an HLA-matched related donor.93

Solid tumors Generally, allogeneic HSCT in pediatric patients should only be exam-
ined within clinical trial settings. However, HSCT can be used after high-dose chemo-
therapy as a clinical option and a part of the front-line treatment.93

Autoimmune diseases Autologous and allogeneic HSCTs are viewed as a clini-
cal choice for pediatric patients diagnosed with autoimmune diseases.128–130 Pediatric 
patients diagnosed with inflammatory arthritis and other autoimmune diseases such as 
systemic sclerosis, systemic lupus erythematosus, vasculitis, and polymyositis-dermato-
myositis can be considered for autologous HSCT.131
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Sources
Autologous/allogeneic/syngeneic
There are three main types of HSCT: autologous, allogeneic, and syngeneic. In autolo-
gous HSCT, the stem cells are gathered from the patient and are returned back to the 
patient at another time. In allogeneic hemopoietic stem cell transplantation, the cells are 
harvested from a different individual, either related or unrelated, and are infused into 
the patient.89 A well-matched unrelated donor is an unrelated donor that is 10 out of 
10 or 8 out of 8 identical according to HLA high-resolution typing for class I (HLA-A, 
-B, -C) and II (HLA-DRB1, -DQB1). A mismatched unrelated donor is an unrelated 
adult donor that is not matched in a minimum of one antigen or allele at HLA-A, -B, 
-C, or -DR. The outcomes of all HLA mismatches are not the same.132–134 In syngeneic 
HSCT, hematopoietic stem cells are harvested from one identical twin and infused into 
the other identical twin.135

Peripheral blood/bone marrow/umbilical cord blood/amniotic fluid
There are different candidates for stem cell therapy. Originally, stem cells were harvested 
from bone marrow. In addition, peripheral blood is a new source of stem cells that is 
being used more and more as it seems to reduce the risk of relapse.136 Patients receiv-
ing stem cells from peripheral blood have better recovery rates compared with patients 
who received stem cells from the bone marrow.137 Human umbilical cord blood has 
been proven to be incredibly effective, at least in certain situations. These cells can be 
obtained when an infant is born and can be reserved. Cord blood contains mesenchymal 
stem cells that can differentiate into all tissues.138 These cells have an important role in 
providing a crucial microenvironment for hematopoiesis and can be used during HSCT 
to facilitate hematopoietic recuperation.139 Also, amniotic fluid is a new source of mes-
enchymal stem cells that can be utilized in transplantation settings.140

Establishment process
Homing/engraftment/repopulation/reconstitution
Successful transplantation of hematopoietic stem cells relies on the effective homing, 
engraftment, and repopulation of the stem cells in the bone marrow. Stem cell homing 
occurs using the bloodstream to the bone marrow. For engraftment to occur, first, the 
transplanted hematopoietic stem cells need to interact with the sinusoidal endothelial 
cells of the bone marrow. Furthermore, the E- and P-selectin that are expressed on the 
bone marrow sinusoids bind to glycosylated ligands on hematopoietic stem cells and 
migrate through the endothelium.141 Engraftment is defined as the series of actions by 
which hematopoietic stem cells reach free bone marrow recesses where they are able 
to find the most favorable circumstances in which they can survive and proliferate to 
produce all of the subtypes of the hematopoietic cells. Engraftment is usually considered 
the first three days in a row that the peripheral blood neutrophil count is sustained at 
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more than 500 × 106/L. Engraftment is mostly influenced by the source of the graft 
and the conditioning regimen of HSCT. Sometimes, following stem cell transplantation 
during neutrophil recovery, patients experience a clinical condition presented by fever, 
rash, pulmonary edema, weight gain, liver and renal dysfunction, and/or encephalopathy 
called engraftment syndrome. It has been suggested that this condition is caused by a 
proinflammatory circumstance resulting from the release of various cytokines and other 
mediators of inflammation. Engraftment syndrome is self-limited, and there is no need 
for therapy. However, if the fever is higher than 39 °C and is not caused by an infection 
and it has presentations associated with vascular leak like pulmonary edema, corticoste-
roids are administered until the symptoms are resolved.137 After the engraftment process, 
the hematopoietic stem cells repopulate the bone marrow that was previously ablated.142 
Following HSCT, the immune system undergoes reconstitution. The innate immunity 
experiences reconstitution first, followed by adaptive immunity. Monocytes followed by 
neutrophils are the first cells to return to normal condition. Two weeks after transplan-
tation, more than 80 percent of circulating dendritic cells (DCs) are of donor origin. 
Seven to eight weeks after transplantation, NK cells reconstitution occurs. B cells and 
T cells are the last types of cells, which undergo reconstitution.143

Transplantation immunopathogenesis
The role of cellular immunity
T cell expansion and repertoire formation
The traditional T cell feedback to alloantigen is crucial for evaluating short and long-
term results for solid organ transplants. Alloantigen can be detected through at least two 
routes (Fig. 7.1). The direct pathway is temporary and accounts for acute rejection. The 
indirect pathway lasts longer and leads to chronic rejection.144 In the direct pathway, 
which was long considered the main pathway responsible for rejection, CD4+ T cells 
detect the major histocompatibility complex (MHC) class II, and CD8+ T cells rec-
ognize MHC class I alloantigens that are on the surface of donor antigen-presenting 
cells (APCs).145 In order to explain this phenomenon, passenger leukocyte theory was 
suggested. Allograft rejection is stimulated when donor DCs that have relocated to the 
host’s secondary lymphoid tissues are recognized through the direct pathway.146–149 The 
indirect pathway was proposed when allografts that did not have passenger leukocytes 
still underwent rejection offering the idea that alloantigen could also be detected tra-
ditionally. There are several mismatched major and minor histocompatibility antigens 
on the cells’ surface of transplanted organs, which could result in the production of 
large numbers of variable allopeptide epitopes. These epitopes are able to be recognized 
through the indirect pathway. The role of the indirect pathway has been enhanced 
more and more in allogeneic organ rejection.144 Intact antigens can move between dif-
ferent cell types, which can indicate that T cells of the direct pathway may recognize 
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intact alloantigens that are presented on DCs, which is called the semi-direct pathway. 
Although hard to prove, it has gained support from the migration of alloantigen to 
DCs.150–153

In the direct pathway, CD4+ T cell responses are restricted to the first few weeks 
following transplantation and it was suggested that its length depends on the lifespan 
of the donor DC proportion in mouse models.154–157 A few human studies also demon-
strated the brief lifespan of CD4 T cell stimulation through the direct pathway.154,158–160 
The response of CD4+ T cell through indirect pathway against processed alloantigen 
can be longer than those through direct pathway against intact alloantigen. Several ani-
mal studies have proposed the possible contribution of the indirect pathway CD4+ T 
cell response to the development and maintenance of chronic allograft rejection.161–164 
The duration of indirect responses against MHC class I allopeptide is longer lasting than 
indirect responses against MHC class II allopeptide, which was as brief as the direct 
pathway and only detectable during the first week following transplantation.144 The 
main mechanism for prompting direct pathway CD8+ T cell alloimmunity is present-
ing intact MHC class I alloantigen by migrating donor DCs. However, differentiation 
of naïve CD8+ T cells depends on aid from stimulated CD4+ T cells.144

Fig. 7.1 The role of T cells in antigen presentation. 1) Direct pathway: Donor antigen-presenting cells 
(APCs) present alloantigen to T cells of the recipient. 2) Indirect pathway: Recipient APCs present allo-
antigen of the donor organ to the recipient T cells.
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Notch signaling
Notch is a fundamental extremely preserved signaling pathway that constitutes the cell 
signaling foundation of multi-cellular organisms by affecting cell fate and, as a result, 
morphogenesis. The final signals channeled by the Notch receptor are significantly 
pleiotropic and can greatly influence differentiation, proliferation, and apoptosis. It is not 
surprising that disorders in this pathway may result in diseases and can potentially be a 
therapeutic aim of treatment.165 Notch has been acknowledged as a crucial component 
in early T cell evolution for a long time.166,167 In vitro studies showed that Notch sig-
naling regulates T helper (Th)1 differentiation. Notch1 and Notch2 receptors are also 
crucial for some models of Th1 polarization. The suggested functions of Notch signal-
ing in immunity has a wide range. However, the exact procedures of these effects are 
still unclear.168

The role of Notch signaling in the establishment of alloimmune injury caused by 
GVHD following allogeneic HSCT has been defined with the help of mouse models. 
GVHD is a major complication that patients can face following allogeneic HSCT as 
a result of the recognition of the transplant patient antigens by naïve donor T cells.168 
Impeding the Notch signaling pathway in mature T cells can protect against GVHD. 
In MHC-mismatched and matched allogeneic HSCT patients, those receiving Notch-
deprived T cells can have extended GVHD-free survival. These T cells that are deprived 
of Notch have deficiencies in several cytokines, including interferon (IFN)-γ, tumor 
necrosis factor (TNF)-α, IL-2, IL-17, and IL-4. Although inhibiting Notch only had 
insignificant effects on allogeneic T cells’ proliferation, it notably increases regulatory 
T cells (Tregs) proliferation.169–171 In conclusion, Notch signaling has demonstrated 
promising results in the treatment of GVHD. Notch signaling has also been associated 
with solid organ rejection. Inhibiting Notch signaling seems to be beneficial in allograft 
HSCT as in heart transplant patients, pan-Notch blocking in mature T cells increases 
the allograft survival. Notch signaling using Dll1/4 ligands is suggested to have crucial 
roles in the regulation of solid organ rejection. Overall, Notch signaling is an important 
component in alloimmune responses that lead to GVHD and solid organ rejection. 
Treatments aimed at Notch signaling in animal models have proved to be beneficial, 
making it a potential therapeutic option in the future.168

Treg activation
Tregs are cells that express CD4 and CD25 molecules and FOXP3, which is a transcrip-
tion factor crucial for their evolution and function.172,173 Tregs can be classified based on 
their source into thymic-derived (tTregs) naturally occurring and peripherally derived 
Tregs (pTregs), which can be discerned by their Treg-specific demethylated region.174 
Tregs are known for their ability to modulate the immune system. However, their func-
tion is not carried by only one mechanism, and it is believed that several mechanisms 
are involved in harmony to orchestrate immune modulation. T lymphocytes’ existence 
and reproduction depend on IL-2. Tregs express IL-2 receptor, CD25, which can attract 
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IL-2s, making them unavailable for T lymphocytes.172 Another mechanism involves 
the cytotoxic T lymphocyte-associated antigen (CTLA)−4 molecules that are on the 
surface of Tregs and have a higher affinity to CD80/86 costimulatory molecules than 
the proinflammatory CD28 molecule that effector T cells express. This can inhibit the 
activation of effector T cells.175 Lymphoproliferative disorders and severe T-cell-directed 
autoimmune diseases have been linked to CTLA-4 deficiencies.174 Studies also dem-
onstrated the role of Tregs in the suppression of immune responses in cancer, chronic 
infection, and allogeneic transplantations.176 CD4+ CD25+ Tregs were shown to have 
roles in tolerance induction as the infusion of allogeneic blood in the rat produced 
CD4+ T cells that could inhibit anti-donor responses.177 It was later observed that naïve 
CD4+ CD25+T cells could impede allogeneic skin graft rejection and autoimmune 
responses. However, CD4+ CD25- T cells could not produce the same effect.178 The 
exact mechanisms, which Tregs utilize to induce allograft tolerance is still not clear. 
However, some of the mechanisms are absolutely necessary for allograft induction in 
mice. Tregs preserve immune homeostasis in mice utilizing IL-10 and CTLA-4 to a 
certain extent.176 Therefore, it did not come as a surprise that CD4+ CD25+ Tregs 
from mice provided tolerance to heart allografts using IL-10-dependent pathways.179,180 
Furthermore, inhibiting CTLA-4 impedes graft tolerance that was induced by CD4+ 
CD25+ Tregs.180 These properties have made scientists use Tregs in transplantation 
settings.

Memory T cells
When our bodies reencounter specific antigens, the responses tend to be stronger and 
quicker. These responses are crucial for infections, vaccinations, and tumor immunosur-
veillance. However, in the context of transplantation, such memory immune responses 
that are directed against donor antigens can be dangerous and lead to unfavorable graft 
outcomes.181 When previous exposure to alloantigen has not occurred, 1 percent to 
10 percent of memory T cells are able to act against MHC molecules utilizing a direct 
allorecognition pathway in experimental settings.181,182 It is possible that these memory 
cells are produced when peptides from other antigens are presented by MHC molecules 
and can imitate complexes by allogeneic MHC molecules that are attached to other pep-
tides.183 An example can be sensitization to allo-MHC molecule HLA-B4402 because 
of antigen mimicry after Epstein-Barr virus (EBV) infection in HLA-B8+ patients.184,185 
Memory T cells can be produced from prior exposure to alloantigen through previ-
ous transplants, pregnancies, and blood transfusions.181 Different mechanisms mediate 
the contribution of memory T cells in allograft rejection. Memory T cells can turn 
into effector cells after reactivating. They can also aid in strong stimulation of donor-
reactive effector CD8+ T cells that can induce rejection.186 It is currently acknowledged 
that detection of memory T cells is associated with worse outcomes, and alloreactive 
memory T cells can speed up the process of allograft rejection and impede tolerance.181
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Natural killer T cells
Natural killer T (NKT) cells comprise a small proportion of T lymphocytes (<1 per-
cent) that can recognize glycolipids presented by a molecule like MHC class I known 
as CD1d.187 After NKT cells activation, they can regulate the fast and sustained produc-
tion of a series of cytokines that can affect innate and acquired immunity.188 As CD1d 
molecules are not polymorphic as opposed to MHC molecules, it is unclear whether 
or not NKT cells can detect alloantigen directly.189

Following transplantation, nonspecific inflammation produces an environment of 
cytokines that may stimulate NKT cells. Furthermore, NKT cells may prompt rejec-
tion or tolerance according to their reaction to such stimuli. IFN-γ secreted from NKT 
cells was shown to regulate graft injury by recruiting neutrophils in islet transplantation. 
Although these reports exist, more studies suggest the inhibitory role of NKT cells in 
transplantation.190 Invariant natural killer T (iNKT) cells are a small proportion of lym-
phocytes that are defined by Vα14-Jα18 invariant T cell receptors. Following activation 
by α-GalCer, they rapidly excrete immense quantities of cytokines such as IFN-γ and 
IL-2, and Th2 cytokines, including IL-4 and IL-10.187 It has been acknowledged that 
iNKT cells are required for promoting and/or sustaining tolerance in transplantation.187

The role of humoral immunity
The humoral immunity involved in allografts can be divided into two principal branches: 
adaptive B cell immunity and innate B cell immunity. Producing high-affinity antibod-
ies that react to foreign antigens of the donor cells (predominantly MHC class I and II 
molecules) with the help of T cells is the foundation of adaptive B cell immunity. Innate 
B cell immunity employs pre-existing antibodies against ABO blood group antigens 
and xenoantibodies, including IgM, which react to Ga1 α−1, 3 Gal Xenoantibodies 
have some common characteristics with “natural antibodies” (Nabs), which are immu-
noglobulins present in animals and humans. Although Nabs were discovered more than 
half a century ago, their exact function is still unclear, which may be due to the absence 
of specificity as they are reactive to numerous, supposedly irrelevant, antigenic patterns. 
Nabs are mostly detected as IgM and to a lesser extent, IgG. However, this equilibrium 
can unsettle in certain pathological states.191

Innate B cells/natural Abs
The role of Nabs in transplantation was only observed in xenotransplantation or ABO 
mismatched transplantation. Previously produced Nabs in the host powerfully respond 
to xeno- or allogeneic carbohydrate determinants on donor cell surfaces, which results 
in hyperacute rejection. Increased serum quantities of IgG Nabs were reported in renal 
transplant patients with AMR. Furthermore, Nabs may trigger complement to deposit 
C4d on target cells in vitro, which proposes the possibility of a similar role in vivo.192 
Elevated levels of IgG Nabs prior to transplantation were also associated with lower 
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survival rates following renal transplantation in non-sensitized patients.193 There also is 
an extremely notable relation between the elevation in levels of Nabs following trans-
plantation and graft loss.194 Although Nabs are independently linked to decreased graft 
survival when there is a lack of DSA, when DSA and Nabs both exist, the occurrence 
of graft loss is at its highest.192–194

Complex immune infiltrates are widespread during rejection in the renal and cardiac 
allograft. B cells can be largely found in these infiltrates, even in TCMR.195–208 B cells 
have many functions other than antibody secretion. It is extremely likely that CD20+ 
innate B cells have a different function from CD20- Cd138+ plasma cells, which secrete 
Nabs. However, their roles are yet to be understood, and there are three principal 
hypotheses taken into consideration: innate B cells become triggered following detect-
ing damage-associated molecular patterns (DAMPs) and secrete pro-inflammatory 
cytokines and chemokines that heighten the local immune reaction, antigens being pre-
sented to infiltrating T cells by B cells, and immunomodulatory capabilities comparable 
to that of regulatory B cells (Bregs) producing IL-10.191 However, future examinations 
are needed to discover the exact function of these cells during rejection for them to be 
considered as preventative or therapeutic options.

Donor specific antibodies (DSA)
Detecting antibodies for the possible donor before transplantation is extremely useful. 
Different levels of antibodies can have different results. Low levels of antibodies may 
predict AMR, whereas increased levels of antibodies may result in hyperacute rejection. 
De novo DSAs may also be produced following transplantation.209 Major histocompat-
ibility loci were discovered by utilizing DSAs, thus making them sensitive and specific 
to MHC antigens.210,211 Following organ transplantation, some of these antigens may 
not trigger humoral immunity, or if they do, they may be absorbed into the graft, 
making them undetectable. This can make it hard to discern if the lack of response is 
from the absorption of antibodies or not. Second transplants with no cross-match have 
a higher risk of rejection compared with primary transplants presenting the idea that 
sensitization does not depend on the production of DSAs.209 Interestingly, the result 
of transplantation in patients who were undergoing secondary transplantation did not 
differ if the donated kidneys shared similar antigens or not.212 If DSAs can be measured 
before or in the early stages of rejection, the process of rejection can be prevented or 
neutralized. These antigens can also help evaluate the effectiveness of immunosuppres-
sive therapies.209 It is important to understand to what degree the detected antibodies 
constitute the antibodies that can harm the graft. The antibodies that get absorbed 
into the graft probably have more affinity and pathogenicity than those that stay in the 
blood.213 Either antigen alongside co-stimulation or inflammation triggers antibody cre-
ation. When it is stimulated by antigen, tolerance or a long-term state of non-reactivity 
can be prompted. However, if it is inflammation that has triggered antibody production, 
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immunity or immunodeficiency can be prompted.213–216 Therefore, it is currently not 
clear that measuring DSAs demonstrates immunity or inflammation.209 The field of 
DSA is very attractive in transplantation settings and presents diagnostic, preventative, 
and therapeutic opportunities.

Anti-donor memory B cells
Most of the research revolving around humoral responses to the transplanted organ has 
emphasized circulating antibodies and plasma cells that excrete them. Naïve B cells are 
activated after interaction with specific antigens with simultaneous signals from special-
ized CD4+ T cells and experience clonal expansion and differentiate into distinctive 
B cell types. B cells have to differentiate into plasma cells to gain antibody secretion 
ability. Memory B cells are generated when the triggered B cells inhibit their activa-
tion and become quiescent.217 Zachary et al. were the first group to identify alloreactive 
B cells from peripheral blood utilizing HLA tetramers (tet). Tets are streptavidin-biotin 
complexes that consist of four peptide-loaded HLA molecules bonded to a fluorescent 
protein. These B cells are specified using flow cytometry, which permits instant and 
sensitive measurement of the patient’s B cell reaction to the intended MHS antigen. 
CD27 and CD38 were employed to detect the tet+ memory B cells and plasma cells, 
respectively. Surprisingly, there was not a significant relationship between the number 
of CD27+ tet+ memory B cells or CD38+ tet+ plasma cells and the equivalent HLA 
mismatch for prior transplantation. However, in patients who were DSA-negative 
before transplantation and were among the tet+ B cells, the prevalence of CD27+ cells 
was increased.218,219 These findings indicate the existence of memory B cells in sensitized 
patients and their considerable resistance to the regularly used immunosuppressive regi-
mens prior to transplantation. It is important to note that pathogen-specific memory 
B cells are crucial for the long-term survival of the patients and such cells have to be 
maintained under the immunosuppressive regimen.217

The role of NK cells, DCs, neutrophils, macrophages, and toll-like receptors
Innate immunity is progressively regarded as a crucial component in transplantation 
that not only is involved in inflammation in the early period following transplanta-
tion but also affects the differentiation of the cells of adaptive immunity that can lead 
to rejection or tolerance.220 Monocytes which comprise 5 percent−10 percent of the 
WBCs of the peripheral circulation can arise from a myeloid progenitor and can turn 
into DCs or macrophages.221 It has been increasingly suggested that monocytes may 
have an important part in allograft rejection. Renal transplant recipients with glomeruli 
infiltrated by monocytes have an increased risk of adverse kidney function at 1, 2, and 
4 years after transplantation. In addition, glomerular monocyte infiltration is correlated 
with C4d accumulation. At the time of rejection, monocyte-derived cytokines also 
increase.222 Furthermore, monocytes and macrophages are demonstrated to be adequate 
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to prompt rejection when the adaptive immune system is depleted that without main-
tenance immunosuppression, all of the patients undergo acute rejection with immense 
infiltration of triggered monocytes.223 Macrophages have phagocytic functions and 
can be classified into pro-inflammatory (M1) and anti-inflammatory (M2) subtypes. 
M1 subtype is active during rejection by phagocytosis, antigen-presentation to CD4+ 
T  cells, and manufacturing pro-inflammatory cytokines such as IL-1β, IL-12, IL-18, 
IFN-λ, and TNF-α.224,225 These actions are able to prompt naïve T cell differentiation 
and maintain the responses of memory cells.226 These findings lead to the assumption 
that macrophages and monocytes may play an important role in graft rejection.

DCs are a crucial part of the innate immune system that connects innate and adap-
tive immunity.227 During pro-inflammatory states, when pathogen-associated molecu-
lar patterns (PAMPs) are recognized by pattern-recognition receptors, DC maturation 
is prompted, which enables change from innate to adaptive immunity. Classically, it 
was thought that following transplantation, the graft attracts immature circulating DCs 
with a cascade of pro-inflammatory chemokines and cytokines. These DCs are APCs 
for MHC class II molecules of donor cells.220 After DCs activation, they upregulate 
C─C chemokine receptor (CCR)7 that leads to them transferring to secondary lym-
phoid tissues in which they start cognate detection of MHC peptides by a particular 
type of T cells.220 DCs can be classified into two major subgroups: myeloid or conven-
tional DCs (mDCs) and plasmacytoid DCs (pDCs). mDCs produce elevated levels of 
IL-12 and can trigger proliferation and alloreaction of effector T cells. Furthermore, 
pDCs promote Tregs differentiation and maturation.228 They also seem to take part 
in peripheral T cell tolerance.220 Utilizing pharmacologically altered tolerogenic DCs 
(TolDCs) to impede autoimmune disease and graft rejection has been reported.229,230 
These contradictory effects of DCs seem to arise from the disparity in the expression 
of surface co-stimulatory ligands and the manufacture of cytokines, which are both 
crucial for the maturation and polarization of T cells.228,231 TolDCs have reduced the 
number of MHC molecules, CD80 and CD86, which makes them physiologically 
immune to the maturation signal from stimulating DAMPs. They also do not produce 
cytokines that differentiate T cells into Th1 or Th2 phenotypes, and therefore, they are 
incapable of triggering effector T cells.220 Although DCs have not have been an attrac-
tive target for graft rejection and tolerance, they seem to be involved in the process of 
transplantation.

Although NK cells arise from the lymphoid cell line, their immune functions 
depend on a separate network of receptors. Their activation process is controlled by 
the equilibrium between activating and inhibitory receptors.232 The involvement of 
NK cells in allograft rejection remains debatable. In naïve mice that have undergone 
transplantation, NK cells play an important role in allograft rejection. Due to the lack 
of self MHC molecules on cells of the transplanted organs, NK cells become activated. 
However, traditionally animal studies demonstrated that eradication of NK cells does 
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not affect rejection.233–235 More recently, it was observed in a transplant from C57BL/6 
to BALB/c mouse that eradication of NK cells inhibited rejection, which contrasts 
previous observations.234 NK cells infiltrated the graft while the transplanted organ 
underwent rejection in stringent Rag-1-deficient mice, which lacked mature T and 
B cells. These observations indicate the role of NK cells in case of lack of T cells.236 NK 
cells have direct cytotoxic functions that are mostly regulated by perforins and gran-
zymes, which have been demonstrated to be biomarkers of rejection.232,237 Conversely, it 
has been observed in some animal models that tolerance induction in allograft requires 
perforin-dependent NK cells.238 There is convincing evidence indicating that NK cells 
enhance alloimmune responses that seem to be not sufficient to prompt rejection in 
humans. However, there is a need for more evidence to implement therapies directed 
at NK cells to prevent rejection.220

Neutrophils are an important player in the innate immune system. Along with 
monocytes, they are the first cells to respond to inflammation prompted by ischemic 
reperfusion injury after organ transplantation.239,240 Neutrophils contribute to mono-
cyte and macrophage chemotaxis by producing cytokines such as IFN-γ on site. 
Furthermore, they can produce and send out chemokine ligands, which trigger the 
maturation of DCs present at the site of inflammation by upregulating CD40, 46, and 
86 on DCs.241,242 Neutrophils also aid in T cell maturation by interacting with DCs 
causing them to produce more IL-12.241–243 Neutrophils have several capabilities and 
are involved in both innate and adaptive immunity activation.220 Traditionally, observing 
neutrophils in the graft was linked to bacterial infection. However, it has been proposed 
that alloimmune and non-alloimmune responses could be prompted by T cell co-
localization with neutrophils and that this co-localization is not only restricted to the 
effector phase of the inflammation.244 Like NK cells, neutrophils appear to be involved 
in allograft rejection. However, treatment options only targeting neutrophils may not 
be effective, and they should be in combination with T cell-directed therapies to inhibit 
rejection or induce tolerance.220

Toll-like receptors (TLRs) were discovered in 1996 in the drosophila fly, and until 
now, 10 operative TLRs have been detected in humans. Many leukocytes express these 
receptors, including monocytes, macrophages, DCs, neutrophils, T cells, and B cells.220 
Other cells, such as endothelial and epithelial cells of solid organs, also express these 
receptors.245 The most widespread intracellular signaling pathway that is comprised of 
TLR activation occurs after a microbial agent joins TLR, which results in the universal 
adaptor protein MyD88 stimulation. Following MyD88 activation, a phosphorylation 
cascade takes place that results in the excretion of NF-κB. The final outcome is the 
activation of activator protein-1 (AP-1), interferon regulator factor 3, and other tran-
scription factors that increase the expression of genes such as cytokines IL-6, IL-12, and 
TNF-α that are involved in inflammation.220 Findings of studies show that ischemic-
related injury is regulated by the interaction of DAMPs with TLRs.245–247 In a mice 
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model of graft rejection, a totally MHC-mismatched kidney mouse who lacked MyD88 
experienced donor antigen-specific tolerance, which impeded acute and chronic rejec-
tion.248 MyD88 insufficiency elevates the equilibrium of Tregs to Th17 cells, and in turn, 
induces tolerance.220 Furthermore, TLRs and their role as a target in transplantation are 
still under research.

The role of complement activation
The complement system comprises one of the first members of immunity. It was once 
accepted that complement proteins were exclusively functioning against microbial 
agents. Surprisingly, this view was later changed after the realization of the contribu-
tion of the complement system to many inflammatory diseases.249,250 Classical, lectin 
and alternate pathways are the three pathways of activation of the complement system. 
The fundamental of the alternate pathway, which is the oldest pathway and is in charge 
of 80 percent−90 percent of the whole complement activation, is pattern recognition 
molecule, including properdin. This pathway is prompted after PAMPs and DAMPs 
on alien and injured cells are recognized.249 The classical pathway, which depends on 
antibodies, was the first pathway that was discovered. Mannose-binding lectin and fico-
lins in the lectin pathway act as pattern recognition molecules that primarily attach to 
carbohydrate patterns.250 It is widely acknowledged that the complement system has 
crucial roles during tissue injury, which includes ischemic-related injury after SOT.251 
The complement pathway, especially the lectin pathway, utilizes C5a, anaphylatoxin 
excretion, and leukocyte employment for neoepitope identification, opsonization, 
amplification, and regulation of the cellular response.252 C5a has a crucial part in the 
chemotaxis of innate and T cells, up-regulation of cell adhesion molecules (CAMs), 
and P-selectin and von Willebrand factor secretion by endothelial cells.253 In mice 
with elevated amounts of C5a and C3a, the need for CD40/CD154 appears to be 
avoided in the interplay between CD4+ and CD8+ T cells resulting in the induction 
of alloimmune responses.254 C5a and C3a send direct signals to T cells using responses 
from C5a and C3a receptors, moderating natural Treg activity.255 Furthermore, comple-
ment proteins injure allogeneic grafts through oxidative stress, the buildup of remains, 
and chronic complement stimulation, which sustains a disruptive cycle of injury.251–253 
As a novel solid-phase assay was developed for detecting anti-HLA antibodies, it was 
proposed that complement binding can be utilized to foretell the antibodies that are 
damaging to the graft. The complement system has also been a matter of interest as 
a therapeutic option in allograft rejection mainly due to the commercialization of 
eculizumab, which is an anti-C5a agent. This drug was first produced for paroxysmal 
nocturnal hemoglobinuria. Eculizumab impedes the development of the membrane 
attack complex, and it has also been utilized in transplantation to prevent AMR in 
sensitized kidney transplant patients who have an affirmative cross-match against the 
donated organ.220 The complement system is obviously a new realm in transplantation 
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immunology, and it is very likely that novel therapeutic options based on this system 
will be evolved to inhibit rejection.

The role of cytokine level and polymorphisms
Cytokines are important messengers that partake in the innate immune system. The 
immune signals between the cells of innate and adaptive immunity are regulated and 
enhanced by cytokines.256 The exact mechanism through which cytokines affect graft 
rejection is yet to be understood. However, recently there have been several publica-
tions on cytokines and their effects in transplantation. It is recognized that depending 
on the environment that cytokines exist, the pro- and anti-inflammatory cytokines 
can encourage or impede rejection.257,258 IL-1β, TNF-α, and IL-6 are among the cyto-
kines that have recently attained attention. Mononuclear phagocytes manufacture pro-
inflammatory cytokines such as IL-1β and TNF-α that are mostly involved in triggering 
monocytes, neutrophils, and endothelial cells in order to create CAMs and chemokines. 
IL-1β, which is mainly excreted by activated cells, starts and maintains inflammation by 
prompting the production of IL-2, IL-6, TNF-α, TNF-β.259 It also has an important part 
in supporting leukocyte migration into damaged tissues and intensifies the expression of 
CAMs on endothelial cells and leukocytes.220 There have been a few reports of utilizing 
anti-cytokine therapies against IL-1β and TNF-α in transplantation settings, such as the 
routine use of anti-TNF-α in islet transplantation in some centers.78,260 Inflammation 
can be efficiently restrained in rheumatoid arthritis patients by a recombinant antago-
nist of the human IL-1 receptor named Anakinra.261 IL-6 is mainly secreted by APCs, 
fibroblasts, and endothelial cells and is a pro-inflammatory cytokine involved in T cell 
differentiation. IL-6 deficiency in mice leads to decreased production of IFN-γ at the 
time of allograft rejection.262 In mice with extremely immunogenic skin allograft, tol-
erance is induced when the co-stimulatory blockade is combined with a lack of IL-6 
and TNF-α.263 In conclusion, anti-cytokine therapeutic options are slowly becoming 
implemented into the treatment plans of transplant patients.

Matching
HLA compatibility
All human cells express molecules on their surface that are considered foreign anti-
gens by other individuals’ immune system. Successful transplantation of human organs 
requires histocompatibility methods to find a suitable donor.264 In 1930, the first major 
histocompatibility antigen was discovered in mice.265 However, it was not until 1952 
when HLA-A2m, which is a human MHC, was identified.266 The MHC is a 3.6 mil-
lion base genomic sequence on the short arm of chromosome 6 (Fig. 7.2).267 MHC 
encodes many genes, including the six original HLA genes, which help regulate the 
immune system and have basic roles in cellular functions.268 MHC molecules present 
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unfamiliar peptides on their surface to T cells so that the activation of antigen-specific 
host defense mechanism is ensured.266 MHC molecules are extremely heterogeneous, 
which provide the immune system the ability to fight against various foreign patho-
gens.266 However, these molecules can cause problems in patients who have undergone 
transplantation. The survival of transplanted organs from a sibling with identical HLA 
is far higher than those from lesser matched relatives or well-matched cadavers.269 HLA 
matching has since been an important part of transplantation. Molecular methods have 
enabled clinicians to analyze the recipient and donor characteristics and calculate the 
allograft failure risk. A single HLA mismatch increases the risk of graft failure by 13 
percent, and six HLA mismatches increase the risk by 64 percent.270 HLA antigens are 
classified as class I (HLA-A, -B, -C) and class II (HLA-DR, -DQ, -DP) molecules. HLA 
class I molecules can be found on the surface of all nucleated cells. However, HLA class 
II molecules can only be found on B cells, APCs, and activated microvascular endo-
thelial cells.271 HLA-DR matching has a significant correlation with the transplantation 

Fig. 7.2 Chromosome 6 which contains major histocompatibility complex.
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outcome, and its effect is as strong as that of HLA-A and -B together.272 HLA-DQ and 
-DP mismatches are generally better tolerated. However, the inclusion of these mis-
matches into the matching process can help to predict the outcome more accurately.273 
Any presentation of HLA antigens can result in HLA sensitization, which can adversely 
affect the result of or access to transplantation.266 Therefore, it is important to match his-
tocompatibility before an organ transplant. Sera, including antibodies for various kinds 
of HLA antigen specificities, are used for serologic typing. When the cell surface antigen 
and serum antibody are matched, cellular death takes place. Serologic typing provides 
fast results and can differentiate “null” HLA alleles, which are not expressed on the cell 
surface but can be detected on the DNA sequence. As HLA proteins are encoded by 
DNA regions, molecular typing methods such as sequence-specific primer PCR (SSP), 
sequence-specific oligonucleotide probes (SSOP), and direct DNA sequencing are also 
becoming popular.264

Desensitization
Patients who produce DSAs because of pregnancy, blood product transfusions, or prior 
transplants face a significant obstacle to transplantation as a result of sensitization to 
HLAs.274 They are difficult to match, have poor transplant rates, and are at increased risk 
of acute and chronic AMR incidents after transplantation.275 Desensitization therapies 
made an appearance in the 1980s when donor-specific blood transfusion (DST) was 
conducted for HLA desensitization with poor outcomes. However, in the mid-1990s, 
HLA antibody desensitization with intravenous immunoglobulin (IVIG) was developed 
that introduced a new era in transplantation. IVIG is a complicated product extracted 
from the gamma globulin portion of pooled human plasma that is utilized as a thera-
peutic option for various disorders. In this therapy, broad-acting mechanisms such as 
neutralization of circulating antibodies, inhibition of B and T cell proliferation using 
interactions with Fc receptors, alteration of cytokine production, and down-regulation 
of complement are used to regulate auto- and allo-immune responses. This has a strong 
immunomodulatory impact and is broadly utilized for desensitization in patients expe-
riencing AMR.276,277 Rituximab is a chimeric anti-CD20 (anti-B cell) monoclonal 
antibody that binds to CD20 and marks the cell for obliteration and thus depletes 
CD20+ B cells (not plasma cells) in the bone marrow, spleen, and lymph nodes.278–280 
Rituximab has been integrated with desensitization guidelines over the years. The 
inclusion of two weekly doses of rituximab to a high-dose IVIG regimen in sensitized 
patients has significantly reduced panel reactive antibodies and improved transplant 
outcomes.281 Bortezomib is a selective inhibitor of the 26S proteasome that prevents 
antibody production from plasma cells, regulates apoptosis of these cells, and reduces the 
number of bone marrow-derived plasma cells.282–286 Most studies demonstrate encour-
aging results of bortezomib for HLA desensitization. However, further studies have to 
be designed to better understand its effects.276
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Tolerance induction
In the 1940s, Gibson and Medawar demonstrated that the underlying mechanism 
for graft rejection has an immunological basis, and that the body has the same reac-
tion to the foreign graft as it has to the invading bacteria and viruses.287 One of the 
methods to make the graft immunologically acceptable for the host is tolerance induc-
tion. Laboratory experiments demonstrated that if mammals and birds are sufficiently 
exposed to foreign homologous tissue cells in their fetal life, they do not initiate an 
immunological response against the tissue, and if they develop a reaction, it is limited.288 
Bone marrow transplantation following full-body myeloablative radiation has made skin 
grafts in mice aged 2 to 8 months successful.289 However, radiating the whole body to 
repel the host immune system is toxic and can be even lethal.290

In transplant immunology, tolerance can be full immunological tolerance, or 
operational tolerance, or immunosuppression minimization (also known as prope toler-
ance).291 Several animal studies have shown immunological tolerance. However, being 
completely unreactive towards donor tissue is difficult to display.291–296 Operational 
tolerance is explained as a survival of an allograft for more than 1 year without signs 
of immunosuppression. Tolerance has been implemented using bone marrow transplan-
tation, more targeted stimulation, and transfer of immune regulatory cells that recon-
structs the immune system.297

A person in whom genetically diverse tissues or cells exists simultaneously without 
causing immunological reactions is called a chimera. It was long believed that such an 
individual does not exist naturally until red cell chimerism was discovered in Freemartin 
cattle.298 Years later, Balner et al. demonstrated that after transient mixed chimerism, 
persistent skin allograft tolerance was possible.299 The exact circumstances under which 
this transient state took place were not properly understood. Later, it was shown that 
the usage of anti-T cell antibodies to deplete peripheral T cells and further selectively 
radiating the thymus to destroy thymic T cells allows for stable mixed allogeneic chi-
merism in animals.290 These tactics were used as the foundation for preclinical tolerance 
experiments. Reduced-dose total body irradiation (TBI), thymic irradiation, anti-T cell 
antibody treatment, splenectomy, donor bone marrow transplantation, and a brief cyclo-
sporine treatment resulted in tolerance to renal allografts. Although donor and recipients 
were MHS incompatible, results were successful, with about 70 percent of the recipients 
having a normal renal function, and graft survival were between 4 and 70 months.298,300 
The first successful study on the utilization of mixed chimerism-based tolerance in 
human renal transplantation without the permanent use of immunosuppression was 
reported in 2008 by Kawai et al.301 It was accidentally discovered in kidney transplant 
patients who had to be withdrawn from immunosuppression.301

The most effective methods for tolerance induction to date are mixed chimerism-
based strategies. However, they are not without medical and management chal-
lenges, and selective utilization of regulatory immune components should be focused 
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on.297 Donor-derived DCs are originally known as the main initiators of rejection. 
However, evidence shows that such DCs, especially immature or semi-mature DCs, 
may be able to regulate alloimmune reactions. Systemic administration of immature 
donor DCs in mice can hinder alloimmune responses directed by T cells when anti-
rejection therapy is not present and, thus, elongating the graft survival.302 Transfer 
of CD86-silenced but CD80-sufficient DCs notably improves rat-to-mouse islet 
transplantation outcomes.303 pDCs have an important role in preserving peripheral 
immune tolerance. This capacity may stem from their ability to prepare naïve T cells 
to express IL-10.304 The DCs may also unintentionally promote tolerance by either 
inhibiting reactive T cells or prompting regulatory cells. DCs also have several other 
immune regulations: IL-4, IL-10, IL-27, and transforming growth factor (TGF)-β 
expression, T cell mediating enzyme, indoleamine 2,3-dioxygenase (IDO) expression, 
and ATP and adenosine destruction.305

One of the most established mechanisms of peripheral immune tolerance in T cell 
regulation can be implemented by direct removal of T cells, co-stimulatory block-
ade, and production of Tregs.297 Utilizing ATG in the clinical setting has shown the 
importance of direct destruction of alloreactive T cells to avoid short-term rejection of 
graft loss.306,307 Animal and non-human primate models have demonstrated that T cell 
reduction has elongated the survival of allogeneic grafts. Such studies prove that T cell 
depletion is helpful but not enough for tolerance induction.78,308,309 CTLA-4 immuno-
globulin can impede signaling using CD28:B7 and inhibit T cell-APC interaction. It has 
demonstrated promising results in tolerance induction and in mice models of heart and 
islet transplantation, it has provided graft tolerance.310–312 CD40 and CD40L antibod-
ies have shown promising results in non-human primate islet transplant recipients.313 
However, in large animal models of kidney and heart transplantation, anti-CD40L was 
not comparably successful, and there were significant amounts of anti-donor antibod-
ies detected.314,315 Bleselumab is a fully human anti-CD40 monoclonal antibody that 
impedes humoral and cellular immunity by obstructing CD40-CD154 interaction 
between T cells, B cells, and APCs. Bleselumab is well-tolerated and is not linked to 
any notable short- or long-term side effects. However, its usage does not significantly 
change graft survival.316,317

Utilizing Tregs to induce tolerance is a crucial part of transplant immunology. Tregs 
were originally known as CD4+ T cells with increased expression of CD25. Afterward, 
the Foxp3 gene was found to be the main regulator in Treg cell development.318 Tregs 
can inhibit immune functions with different approaches: CTLA-4-mediated inhibition 
of APC function, IL-2 depletion, and immunosuppressive cytokines and metabolites 
production.319 Tregs are currently considered a pivotal element in cell therapy and aids 
in the controlling of graft rejection.320 Several tolerance induction protocols such as 
costimulatory blockade and mixed chimerism Tregs have demonstrated that tolerance 
and better graft outcomes are linked to an increase in Tregs along with temporary T cell 
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depletion and CD28:B7 inhibition and CD40:CD40L co-stimulation.321–324 Integrated 
treatment with IL-2 and mutant IL-15 or IL-2 and anti-IL2 can change the proportion 
of Tregs to T effector cells, which have yielded Treg-dependent tolerance to the skin, 
cardiac, and islet allografts.325,326 It is important to use a suitable type and dose of the 
immunosuppressive drugs to guarantee the welfare of the patient in the case of failure 
of the cell therapy. However, it should not be damaging to the transferred CD8+ Treg 
cells.327 For example, it was recently demonstrated that mycophenolic acid inhibits 
Treg proliferation as opposed to rapamycin, which induces Treg proliferation.328 CNIs 
are also damaging to the persistence of CD4+ Tregs in patients up to a year post renal 
transplantation.329–332

The exact role of B cells in immune regulation is not yet fully understood. However, 
recently, Bregs have been recognized as prominent regulators of homeostasis, autoim-
munity prevention, and experimental tumor induction. The mechanism by which Bregs 
suppress the immune system is multifaceted with IL-10 and TGF-,β.297 Other factors 
have also been demonstrated to have possible roles in Breg-mediated tolerance induc-
tion, including CD45RB, MHCII, transporter antigen presentation (TAP) CD40, inter-
cellular adhesion molecule (ICAM), lymphocyte function-associated antigen (LFA), 
and B7. However, it is still being heavily researched.333–337 CD45 is a transmembrane 
protein that is required for lymphocyte development and activation. It also influences 
the general responsiveness of the adaptive immune system to antigenic stimulation. 
Therefore, it could be a target for immunosuppression in autoimmune and transplant 
models. Anti-CD45RB treatment in mice that received heart transplants demonstrated 
the B cell-dependent pathway of tolerance induction in which the B cells have direct 
interaction with T cells.338 Most of the animals receiving heart transplants treated with 
anti-CD45RB survived as opposed to the control group that rejected the graft rapidly. 
This B-cell-dependent tolerance declined with the age of the animal, which indicates 
that Breg activity is a part of the active immune regulation.297 The T cell immunoglobu-
lin and mucin domain (TIM) family proteins are effective costimulatory molecules in 
T cell activation. Recent studies showed that anti-TIM-1 solitarily did not lengthen 
the survival of islet allografts, whereas anti-CD45RB alone elongated the long-term 
survival in 40 percent of the recipients. Interestingly, the combination of these two 
antibodies culminated in 100 percent long-term graft survival.339

Pre-transplantation conditioning
Hematopoietic stem cell transplantation
Patients with malignant diseases that undergo HCT need preparative or condition-
ing regimens to produce adequate immunosuppression to impede graft rejection 
and decrease the tumor burden. These goals have been originally attained by total 
body irradiation (TBI) and chemotherapeutic agents.6 There are three classes of 
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conditioning regimens: myeloablative (high intensity), reduced intensity (intermedi-
ate intensity), and non-myeloablative (low intensity) conditioning derived from the 
myelosuppressive effect. Such conditioning regimens will lead to extended, generally 
irreversible pancytopenia except if hematopoiesis is restored after infusion of hema-
topoietic stem cells. Although myeloablative conditioning has increased toxicity, it 
reduces the risk of relapse and increases disease control significantly. However, only 
patients younger than 55 years old and with no notable comorbidities are suitable for 
this conditioning.89

High-dose conditioning regimens
The widely used regimen in patients with hematologic malignancies that are opted for 
autologous or allogeneic HSCT is high-intensity TBI-based regimens that have immu-
nosuppressive features, are effective against most leukemias and lymphomas, and are 
able to reach sanctuary regions (areas in which it is difficult to get sufficient concentra-
tion of chemotherapy). Generally, increased doses of TBI decrease the risk of relapse. 
However, TBI increases the risk of deadly gastrointestinal, hepatic, and pulmonary 
toxicities, secondary malignancies, and weakened growth and development in children. 
Delivered dose, dose rate fractionation, the interval between fractions, and the source 
of radiation can also affect the antineoplastic and toxic effects of TBI. Fractionation 
tends to decrease organ toxicity because an increased percentage of unimpaired repair 
mechanisms are maintained in normal tissues compared with leukemic cells. Multiple 
fractions a day (hyperfractionation) leads to reduced occurrence of interstitial pneumo-
nitis from 50 percent to 4 percent. Currently, most TBI schedules are either fractioned 
or hyperfractioned.6 High-dose chemotherapy-based regimens have been evolved in 
autologous and allogeneic settings to substitute TBI with other chemotherapeutic 
agents to minimize short- and long-term toxicities linked to high-dose TBI, particularly 
in patients who have undergone radiation therapy before. Alkylating agents are the cen-
tral component of these regimens because of their acceptable toxicity and their impact 
on non-dividing tumor cells.6

Reduced-intensity and non-myeloablative conditioning regimens
Studies in the late 1970s and early 1980s suggested that patients developing GVHD 
following allogeneic HCST had better relapse-free survival and that GVHD had anti-
leukemic effects. It was recognized that allogeneic hematopoietic cells preserved patients 
from hematologic toxicity of high-dose conditioning regimens and played a role in 
curing the malignant disease through immunologic effects of GVHD.340–342 Reduced 
relapse rates were also reported in unmodified grafts compared with autologous, syn-
geneic, and T cell-depleted grafts.343–345 These outcomes resulted in the establishment 
of reduced-intensity and non-myeloablative regimens, which are a possible choice for 
patients who were not eligible for high-dose conditioning, such as older and medically 
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weak patients.6 Generally, such regimens produce different levels of primary mixed 
donor-host chimerism.346 The difference in levels of chimerism results from the severity 
of the conditioning regimen, the degree of HLA divergence between donor and host, 
graft composition, and other factors. However, the complete donor chimerism estab-
lishes quickly following reduced-intensity regimens that utilize more myelosuppressive 
drug combinations. Also, reaching full donor engraftment needs months while lower 
intensity, non-myeloablative conditioning regimens are employed. Donor T cell chime-
rism has a direct relationship with grafted T cells, CD14+ cells, NK cells, and CD34+ 
cells numbers. This relationship is more evident in non-myeloablative settings.347

Common reduced-intensity conditioning regimens
Studies conducted by MD Anderson Cancer Center used reduced-intensity condition-
ing with melphalan/purine analog combination in patients that were not suitable for the 
traditional myeloablative conditioning regimen.348,349 The group also used a combination 
of various doses of melphalan with purine analogs (fludarabine or cladribine) in patients 
with high-risk AML and MDS experiencing allogeneic HCST. The significance of such 
regimens lies in non-relapse mortality (NRM) rates rather than complete remission 
with 2 years survival of 23 percent and 40 percent in patients with active disease with 
and without circulating blasts at the time of transplant, respectively. However, an update 
on the study showed increased 4-year overall survival and PFS.350,351 Combination of 
fludarabine, oral busulfan, and ATG in younger patients with hematologic malignancies 
along with genetic disorders who are undergoing HSCT from HLA-identical siblings 
resulted in partial or complete donor chimerism in all 26 patients except 2. All of the 
patients experienced complete neutropenia, and 13 patients experienced sinusoidal 
obstruction syndrome indicating the vigorous nature of the regimen.352 A regimen of 
fludarabine, cytarabine, and amsacrine, followed by 4-Gy TBI, ATG, and cyclophospha-
mide after 3 days of rest along with early donor lymphocyte infusion demonstrated 
encouraging outcomes for high-risk AML and MDS patients.353 Additional studies 
showed the beneficial effects of substituting TBI with busulfan in this regimen.354,355 
Clofarabine, a second-generation purine nucleoside analog with inherent anti-leukemic 
effects, has shown to have beneficial effects when added to reduced-intensity condition-
ing regimens with an alkylating or TBI for allogeneic HSCT.356,357

Common non-myeloablative regimens
In a study, a low-dose, 2-Gy TBI-dependent conditioning regimen combined with 
90  mg/m2 fludarabine to elevate pre-transplantation T cell immunosuppression was 
used. Cyclosporine and mycophenolate mofetil were also utilized for peri-transplant 
immunosuppression.358 A newer study evaluated the outcomes of 1092 patients under-
gone HLA-matched related or unrelated donors with a conditioning regimen consist-
ing of 2-Gy TBI either with or without 90 mg/m2 fludarabine. The major reason for 
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treatment failure was relapsing with a 34.5 percent 5-year relapse-dependent death rate. 
The 5-year NRM rate was 24 percent, which was mostly observed in patients with 
a previous history of GVHD.359 The MD Anderson Cancer Center produced a non-
myeloablative regimen, including 90 mg/m2 of fludarabine and 2250 mg/m2 along with 
peri-transplant rituximab that appeared to encourage preserved long-term clinical and 
molecular remission in patients who were diagnosed with relapsed, chemosensitive fol-
licular lymphoma.360 Another group also used this regimen in patients with relapsed or 
primary refractory B cell NHL who were not suitable for myeloablative conditioning 
due to physician decision, old age, deficient performance status, end-organ inadequacy, 
remarkable comorbidities, or recent high-dose therapy and autologous stem cell trans-
plantation. This study reported good tolerability of the regimen and showed favorable 
results.361 The Stanford team also produced a new regimen, including 8–12 Gy total 
lymphoid irradiation over 11 days and ATG given over 5 days according to murine 
studies to promote the presence of NK cells that inhibit GVHD but sustain graft versus 
tumor (GVT) effects. This regimen led to decrease rates of acute GVHD in primary 
reports. Anti-tumor activity was apparent, and survival rates were favorable in patients 
diagnosed with lymphoid malignancies and acute leukemia.362–364

Radioimmunotherapy-based regimens
Most leukemias and lymphomas are extremely sensitive to irradiation, and increased 
doses of external TBI significantly decrease the risk of relapse following alloge-
neic HCST. The downside of irradiation is increased toxicity as it can harm normal 
organs.365,366 To minimize the toxic effects of irradiation, targeted radiotherapy with 
radiolabeled monoclonal antibodies were developed, working towards the delivery of 
more doses of radiation to the tumor site and simultaneously decreasing the exposure 
of normal organs to radiation. To have a suitable biodistribution of a radiolabeled 
monoclonal antibody, there is a need to find an excellent antigen that is homogenously 
expressed on the tumor cells’ surface and is not expressed on normal cells.367–369 NHL 
cells are ideal targets for radioimmunotherapy due to their significant sensitivity to 
irradiation and the expression of lineage-specific antigens. I-tositumomab (Bexxar) and 
Y-ibritumomab (Zevalin) are two anti-CD20 radioimmunoconjugates that are the food 
and drug administration (FDA)-approved for treating relapsed, refractory, or transformed 
follicular lymphoma.370,371 High-dose I-tositumomab showed promising results when 
used in conditioning regimen after autologous HSCT in excessively pretreated B cell 
NHL patients older than 60 years old.372 Combining standard doses of I-tositumomab 
and high-dose BEAM (Carmustine + Etoposide + Cytarabine + Melphalan) after 
autologous HSCT and administering them to patients with chemotherapy-refractory 
or B cell NHL that have relapsed multiple times was relatively effective and safe.373,374 
The CD45 antigen, also known as the common leukocyte antigen, is expressed on the 
surface of all hematopoietic cells, excluding platelets and mature red cells. Also, it can 
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be detected in 85 percent to 90 percent of AML and ALL.6 Several studies have shown 
promising results with the inclusion of the 131I-anti-CD45 antibody in the condition-
ing regimens of AML and ALL patients before allogeneic HSCT.375–377 However, further 
studies need to be conducted to find an efficient way to incorporate radioimmuno-
therapy in the conditioning regimens of patients undergoing HSCT to elevate their 
chances of survival.

Complications
Graft failure
Graft failure is a rarely occurring complication that happens following allogeneic HSCT 
that has a poor prognosis. Patients who face graft failure have higher mortality compared 
with those with persistent engraftment of donor cells. Graft failure is a condition that 
hematopoietic cells do not undergo engraftment following HSCT. Graft failure can be 
divided into primary and secondary forms. The primary graft failure is diagnosed by the 
lack of engraftment within the first month following transplantation with no proof of 
disease relapse, whereas secondary graft failure occurs when the formerly functioning 
graft is lost, which leads to cytopenia that involves more than one blood cell lineage.137

Graft rejection
Antibody-mediated rejection (AMR)
Although desensitization protocols are effective, AMR still continues to exist as a crucial 
reason for graft failure in patients with DSAs. Treatment options such as plasmapher-
esis and high-dose IVIG have demonstrated promising results in the prevention and 
treatment of AMR. Antibodies that detect HLAs and incompatible ABO blood group 
antigens have been linked to AMR and graft failure. Although DSA-sensitized patients 
are at higher risk of AMR, de novo DSAs can also evolve early or late following trans-
plantation.378 Recently, the roles of antibodies other than HLA antibodies in graft rejec-
tion and injury have been scrutinized. It is demonstrated that patients with non-HLA 
antibodies are more likely to experience rejection compared with patients who do not 
develop non-HLA antibodies. Non-HLA antibodies also seem to appear or reappear in 
relation to allograft rejection or infection.379 Main effector cells of rejection following 
MHC-mismatched bone marrow transplantation have been known to be NK cells for 
a long time. However, it has been shown that NK cells also play a role in SOT as the 
suppression of NK cells leads to long-term allograft survival. AMR is thought to be 
mainly induced by effector functions of the Fc particle of DSA.380 After the detection 
of C4d in transplant biopsy, the association of AMR and complement-mediated reac-
tions were acknowledged. Ever since a consensus diagnostic criterion was developed 
for acute and chronic AMR that incorporated circulating DSA and C4d accumulation 
in the graft. The ligation of the C1 complex to HLA antigen, which is bound to DSA, 
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activates the classical complement pathway that eventually results in the development 
of the membrane attack complex (C5b-C9) that causes direct damage to the graft. This 
reaction usually occurs against the antigens residing on the vascular endothelium that is 
responsible for the histological pattern of acute microvascular injury, including glomer-
ulitis and peritubular capillaritis, and chronic vascular injury, which includes transplant 
glomerulopathy. C4d, which is a remnant of C4 following degeneration, continues to 
covalently bind to the site of complement activation and can be detected for weeks.378 
Diagnosing acute and chronic AMR is important. AMR can be diagnosed using sero-
logical markers such as the detection of serum DSAs in the kidney, pancreas, liver, and 
lung transplantation.381–385 Table 7.1 summarizes the criteria for diagnosing acute and 
chronic AMR following kidney, liver, heart, lung, and pancreas transplantation. AMR 
can present as several phenotypes. Before the development of crossmatch testing and 
successful immunosuppressive therapy, as a result of pre-existing DSA, hyperacute rejec-
tion was prevalent. Hyperacute rejection is exhibited as instant allograft dysfunction. 
However, this phenotype was abolished after the establishment of crossmatch proce-
dures. The development of effective immunosuppression directed at T cells made AMR 
significantly contribute to the development of acute and chronic allograft rejection. 
Acute AMR develops in previously sensitized patients and chronic AMR occurs follow-
ing the production of de novo DSAs more than a year after transplantation.386

T cell-mediated rejection (TCMR)
Acute TCMR needs the existence of T cell infiltration for diagnosis, which is linked to 
proof of parenchymal damage, including tubulitis and arteritis.389 It was once thought 
that the mechanism of tissue damage in TCMR results from the direct elimination of 
donor cells by cytotoxic molecules such as perforin, granzymes A and B, granulysin, and 
Fas ligand. Currently, it is accepted that TCMR is an inflammatory reaction inside the 
interstitium of the transplanted organ tissues.390

GVHD
GVHD is a harmful immunologic occurrence seen after allogeneic HSCT.391 Less com-
monly, it can occur after blood products transfusion, SOTs, and autologous HSCT.392–394 
GVHD happens in 40 percent to 60 percent of patients receiving HSCT. This disease 
can be deadly, with a mortality rate of approximately 15 percent.391 GVHD is a complex 
illness, which involves several organs, needs management from multiple specialties, has 
acute and chronic demonstrations, and has several therapeutic possibilities.395 Organs 
that may be affected include lungs, hepatobiliary system, musculoskeletal system, gastro-
intestinal tract, and skin.

The mechanism by which GVHD occurs differs in the acute type from the chronic 
type. The acute GVHD happens in between 20 percent to 70 percent of the patients 
and has 3 steps. The first step occurs before the infusion of the donor cells. Before 
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Table 7.1 The criteria for diagnosing acute and chronic AMR following kidney, liver, heart, lung, and 
pancreas transplantation.

Organ Criteria for AMR diagnosis

Kidney387,388 Fordefinite acute AMR diagnosis, it is required that all of the following 
criteria be present:

1.  Histological proof of graft damage with at least one of the succeeding: 
microvascular inflammation, intimal or transmural arteritis, acute 
thrombotic microangiopathy, or acute tubular injury when there are 
no other apparent reasons

2.  Proof of antibody interactions with vascular endothelium with at least 
one of the succeeding: linear C4d staining in peritubular capillaries, 
moderate microvascular inflammation in case of lack of recurrent or 
de novo glomerulonephritis, elevated expression of gene transcripts in 
the biopsy tissue

3.  Detecting circulating DSA mostly anti-HLA antibody (C4d staining 
can replace DSA)

For definite chronic AMR diagnosis, it is required that all of the following 
criteria be present:

1.  Morphologic evidence of chronic tissue damage including more 
than one of the subsequent presentations: Transplant glomerulopathy, 
severe peritubular capillary basement membrane multilayering, and 
arterial intimal fibrosis of recent emergence eliminating other possible 
justifications

2. Same as criterion 2 for acute AMR
3. Same as criterion 3 for acute AMR

Liver383 Fordefinite acute AMR diagnosis, it is required that all of the following 
criteria be present:

1.  Histopathological pattern of injury: portal microvascular endothelial 
cell hypertrophy, portal capillary and inlet venule dilation, monocytic 
eosinophilic, and neutrophilic portal microvasculitis, portal edema, 
ductular reaction, usual presence of cholestasis, edema and periportal 
hepatocyte necrosis especially in ABO-incompatible allografts, and 
variable active lymphocytic and/or necrotizing arteritis

2. Positive DSA
3. C4d deposition
4. Exclusion of other probable reasons

For probable chronic AMR diagnosis, it is required that all of the following 
criteria be present:

1.  Histopathological pattern of injury: portal and/or perivenular inflammation 
with the interface and/or perivenular necro-inflammatory activity 
and at least moderate portal/periportal, sinusoidal, and/or perivenular 
fibrosis

2. Positive circulating DSA
3. C4d positive
4. Exclusion of other probable reasons
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Organ Criteria for AMR diagnosis

Heart385 Not all of the criteria are required for a definitive diagnosis.
1. Morphological proof of tissue damage
2. C4d deposition
3. Microvascular inflammation
4. Immune cell infiltration
5. Existence of circulating DSA

Lung381 1. Existence of circulating DSA
2. Positive C4d peritubular capillary staining
3. Allograft dysfunction
4. Other histopathologic changes
5.  Exclusion of other causes
Definite AMR: when all of the criteria are present
Probable AMR: lacks 1 criterion or other reasons have not been ruled 
out yet
Possible AMR: lacks 2 of the criteria

Pancreas382 Fordefinite acute AMR diagnosis, it is required that all of the following 
criteria be present:

1. Positive circulating DSA
2.  Morphological proof of tissue damage (interacinar inflammation/

capillaritis, acinar cell damage swelling/necrosis/apoptosis/dropout, 
vasculitis, thrombosis)

3. Positive C4d

HSCT, the patient’s tissues are already harmed as a result of several factors, including 
the underlying disease and its treatment, infection, drugs, and irradiation utilized in the 
conditioning phase.9,396 This step results in elevated expression of MHC antigens and 
adhesion molecules, which lead to enhanced identification of the host’s alloantigens 
by the donor T cells.391 In the second step, donor T cells are activated by the APCs of 
the host as early as 12 h after HSCT. Inflammatory cytokines and microbial-derived 
molecules such as bacterial lipopolysaccharides (LPS) are taken into account as “danger 
signals” that aid the process of T cell activation. Stimulated NK cells can deplete host 
APCs and result in GVHD suppression. Activated T cells secrete cytokines that are cat-
egorized into Th1, which secretes IL-2 and IFN-α, and Th2, which secretes IL-4, IL-5, 
IL-10, and IL-13. DCs can change T cell function, which can lead to the following 
effects: increased cytokine secretion, decomposition of target cells by Fas/FasL inter-
action, and secretion of monocyte chemo-attractant protein (MCP)−1, which results 
in the employment of macrophages.396 In the last step, cytotoxic effector T cells move 
to target organs and lead to tissue injury through molecular attractants and receptor 
interactions. Soluble inflammatory mediators act simultaneously and result in the full 
spectrum of detrimental consequences that can be seen in acute GVHD.391,396 The main 
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target organs of acute GVHD are the skin, liver, and gastrointestinal tract. Early clini-
cal manifestations of the skin are pruritus, dysesthesias, and subtle macular erythema 
and edema. Furthermore, folliculocentric or morbilliform eruption occurs that com-
monly start on the trunk and merge gradually. Nikolsky sign, represented by epidermal 
denudation, is a harbinger of a more dangerous disease. Although these symptoms may 
suggest GVHD, it is important to differentiate between GVHD, drug interactions, and 
infectious exanthema.9 Treatment and prevention of acute GVHD should interfere 
with the three-step pathophysiologic cycle of acute GVHD. Corticosteroids are usually 
included in the first line of treatment for acute GVHD, which show successful results in 
about 50 percent of the patients.397

30 percent to 70 percent of allogeneic HSCT patients experience chronic GVHD, 
which endangers the survival and quality of life of the patients. Chronic GVHD affects 
both the organs affected in acute GVHD as well as any other organ systems such as 
oral, esophageal, musculoskeletal, joint, fascial, ocular and lymphohematopoietic systems, 
hair and nails, and genital tissues.398,399 Chronic GVHD can be divided into three phases. 
The first step occurs when the patient undergoes tissue injury, which is followed by 
early inflammation. It has been observed that areas of the cell damage caused by local 
pressure, exposure to sunlight, restricted irradiation, or reactivation of varicella-zoster 
can provoke localized, cutaneous chronic GVHD. The second phase is chronic inflam-
mation, thymic injury, and B cell and T cell immunity dysregulation. Following tissue 
damage, IL-1β and IL-6 are released, which induce Th17-cell differentiation that leads 
to chronic inflammation. The final phase includes tissue repair with fibrosis. Also, macro-
phage activation has been observed in this phase.400 In about 75 percent of the patients, 
skin is involved, and with lower frequency, the oral mucosa, liver, and eye.9 Based on 
the NIH Consensus Development Project, poikiloderma, lichen planuse-like eruptions, 
lichen sclerosus-like lesions, morphea-like sclerosis, and deep sclerosis/fasciitis indicate 
chronic GVHD and do not need a biopsy specimen for diagnosis.401 Nail alterations 
happen in about 50 percent of the patients with chronic GVHD and are distinguished 
by dystrophy, thickening, thinning, onycholysis, vertical ridging, and pterygium. Mucous 
membrane disease is also observed in chronic GVHD, and symptoms include dry mouth 
and oral pain, mainly with spicy food.9

Biomarkers are being researched to help in clinical and histopathological diag-
nosing as well as evaluating the response to treatment. Several biomarkers have been 
studied in clinical trials, including elafin, B cell-activating factor, chemokine receptors 
such as C-X-C chemokine ligand (CXCL)10 and CXCL11, T cell immunoglobulin 
and mucin-domain-containing-3, IL-6, and soluble tumor necrosis factor receptor 1 
(sTNFR1).402–404 However, implementing them in clinical settings should be further 
investigated.

The number of allogeneic HSCT is on the rise, and it is important to find effec-
tive therapies to treat acute and chronic GVHD. Treating acute and chronic GVHD is 
challenging as it mostly depends on preventive procedures and modifying treatment 
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according to responses.391 Generally localized acute and chronic GVHD are limited to 
the epidermis and have a suitable reaction to topical therapies like corticosteroids and 
CNIs.405–407 Corticosteroids are the first-line therapy for the GVHD, and if failed, it is 
suggested to add a second-line agent such as photopheresis, mycophenolate mofetil, 
mTOR inhibitors, and Janus kinase (JAK) inhibitors.391 Utilizing corticosteroids is 
challenging as they can have multiple fatal side effects such as diabetes, hypertension, 
osteoporosis, myopathy, and avascular necrosis. Current second-line treatments have 
unfavorable response rates and can result in worse outcomes, so better treatment options 
should be developed.408

Change in immunosurveillance
Malignancies
De novo malignancies are one of the leading late complications in transplant patients due to 
immunosuppression and other transplant-related and traditional risk factors. In comparison 
to the general population, the overall prevalence of de novo malignancies is 2- to 4- fold 
more in all SOT recipients. Immunosuppression inhibits immunosurveillance mechanisms 
and directly impairs host DNA resulting in carcinogenesis. Another mechanism that can 
potentially lead to malignancy is the enhancement of the effects of pro-oncogenic viruses, 
such as human herpesvirus (HHV)−8 for Kaposi sarcoma, EBV for the post-transplantation 
lymphoproliferative disorder (PTLD), and human papillomavirus (HPV) for oropharyngeal 
and anogenital carcinomas. Lung transplant recipients are at greater risk for head and neck 
carcinoma in comparison to other SOT recipients. In addition, the most frequent solid 
organ tumor in lung and renal transplant recipients is lung cancer.409

Lymphoproliferative disease (LPD)
PTLDs are disorders described by abnormal proliferation of lymphoid that occurs fol-
lowing the external immunosuppression after SOT or HSCT. Heterogenous pathology 
is observed in transplant recipients who experience PTLD, and the patients have diverse 
clinical manifestations.410 The first incident of PTLD was reported in 1968.411 However, 
it was not until 1984 that the term PTLD came into existence.412 SOT recipients are 
about 10-fold more likely to develop lymphoma than the general population. Viruses 
are the cause of most PTLDs. However, the occurrence of EBV-negative PTLD is far 
higher than the occurrence of classic lymphoma in the general population.412 PTLDs 
demonstrate a wide range of abnormal lymphoproliferations. However, the most fre-
quent and lethal types arise from EBV infection of the transplant recipient’s B cells.413 
Although EBV infection is generally harmless in healthy immunocompetent individuals, 
it has been linked to infectious mononucleosis, nasopharyngeal carcinoma, and Burkitt 
lymphoma. A significant number of transplant patients undergo immunosuppression 
and are EBV-positive. However, only a few patients develop PTLD, which shows other 
underlying factors that are beyond chronic immunosuppression. Managing PTLD needs 
a disease-specific approach. First-line therapy includes decreasing immunosuppression, 
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and if it is not fully successful, treatment with rituximab is needed. If required, chemo-
therapy should also be included.410

Infections
A broad range of possible pathogens can contaminate immunocompromised recipients. 
A great number of them are uncommon in healthy people. Infections can be diagnosed 
by other subtle laboratory or radiographic abnormalities. Antimetabolites are linked to 
reduced leukocyte counts and reduced maximum temperature. Some infections, includ-
ing peritonitis, do not result in fever or localizing signals. The risk of infection depends 
on two factors: The epidemiologic exposures of the patient and the organ donor, and 
the patient’s state of immunosuppression.414

The collection of microorganisms in tissues and on body surfaces is called the 
microbiome. The microbiome of the transplant recipient has several sources: previous 
colonization of mucosal surfaces, latent infections, infections from the organ donor, and 
newly acquired community-derived or nosocomial exposures. In transplant patients, 
these microbial complexes are affected by immunosuppression, infectious exposures, 
antimicrobial therapies, metabolic disorders, and surgery, which can influence graft out-
comes.415 However, further research is needed to examine the relationship between the 
microbiome and immunity in allograft recipients.

Post-transplant preventative strategies can be determined by screening the donor 
and recipient microbiologic profile. Such plans are personalized and include interven-
tions such as prescribing isoniazid that can treat the patients for latent tuberculosis and 
Ivermectin for Strongyloides stercoralis, vaccinating seronegative recipients, and empiric 
antifungal treatment in lung recipients. After evaluating the risk of infection, antiviral 
treatment for the herpesvirus is decided.416,417

A number of donor-derived infections may manifest decades after primary expo-
sure. Donor colonization may amplify susceptibility to graft damage, rejection, and drug 
toxicity. It is better to treat active infections before transplantation. Patients who are 
immunosuppressed and have not completed the treatment course of the infection often 
relapse.418 With a standardized immunosuppressive regimen, most usual infections hap-
pen in a fairly foreseeable pattern based on the time elapsed since transplantation which 
reflects the altering risk factors over time: surgery/hospitalization, immunosuppression, 
the emergence of latent infections, and community exposure.419

Quick and specific diagnosis in transplant patients is required to start specific anti-
microbial therapy as soon as possible and avoid drug toxicities.414 CMV is a prominent 
microorganism in transplant patients. Characteristics of CMV infection differ depending 
on the site of infection and antiviral susceptibility.420 Latent CMV infections are mostly 
reserved in monocytes and affect the innate immune responses to microorganisms such 
as Pneumocystis and Aspergillus. CMV replicates in all transplanted organs and vessels in 
fibroblasts, epithelial, endothelial, and other parenchymal cells. Without preventative 
measures, infection is most common 1 to 6 months following transplantation depending 

(c) ketabton.com: The Digital Library



Transplantation 643

on the organ, the immunosuppressive regimen, and the host’s immune status.414 Viremia 
and symptomatic infections are infrequent while the patient is under potent antiviral 
preventive treatment. However, it can happen after the termination of such measures.421 
The standard therapy for CMV is a minimum of 2–3 weeks of intravenous ganciclovir 
or valganciclovir treatment.414 EBV is a gamma herpesvirus, which is highly prevalent 
and is present in over 90 percent of adults and about 50 percent of people by age 
5 in developed countries. In immunocompromised people, infection manifests as a 
childhood febrile respiratory illness or as infectious mononucleosis of young adults 
with fever, lymphadenopathy, hepatosplenomegaly, and hepatitis. After transplanta-
tion, EBV seronegative individuals are at risk for primary infection, which is linked 
to a significantly elevated chance of PTLDs.422,423 The EBV-linked disease has various 
clinical manifestations that make the diagnosis process difficult. Other pathogens such 
as polyomaviruses, HPV, fungal infections, Candida spp., Aspergillus spp., Cryptococcus 
spp., Strongyloides stercoralis, Pneumonitis and Pneumocystis infections, and Pneumocystis 
jiroveci pneumonia are also important in transplant patients and need to be treated and 
prevented accordingly.414

Autoimmune diseases
There have been infrequent cases of autoimmune presentations following allogeneic 
HSCT. Autoimmunity cascade begins with the donor cell infusion. The most usual 
autoimmune manifestation after allogeneic HSCT is hematologic autoimmune cytope-
nias (AICs). AICs can be divided into different subtypes according to the affected lin-
eages and include autoimmune hemolytic anemia (AIHA), immune thrombocytopenic 
purpura (ITP), Evans syndrome (AIHA and ITP). Non-malignant disease and utilizing 
donor grafts from nonrelatives are significantly linked to AIC in children. The probable 
underlying mechanism of autoimmunity after HSCT is the lack of functional T cells, 
especially Tregs, which results in incapability to inhibit B cell proliferation following 
HSCT. AICs usually manifest while the thymus is not fully recovered from transplant-
related injuries indicating the possible role of peripheral tolerance in preventing auto-
immunity. The pathophysiology of AICs is yet to be fully established. However, it seems 
that AIHA is mostly caused by donor immune reactions against donor erythrocytes. 
HLA matching has a higher priority than ABO matching making ABO mismatch 
inevitable in some cases of HSCT, which is linked to hindered engraftment and other 
complications. However, AIHA differs from ABO mismatch. The therapy course for 
AIHA is mostly treatment with IVIG or steroids, rituximab monotherapy, and other 
approaches. ITP following allogeneic HSCT is slightly more likely to happen in chil-
dren compared with adults. However, it is not common, and the pathophysiology is not 
fully understood.

Other non-hematologic autoimmune disorders may occur after allogeneic HSCT, 
such as autoimmune thyroid disease (AITD), neurological autoimmune and GVHD 
manifestations after AHSCT in children, and skin autoimmune GVHD-associated 
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manifestations after allogeneic HSCT. AITD mostly includes Hashimoto thyroiditis and 
Graves’ disease and is mediated by antibodies against thyroid antigens. Neurological 
autoimmune manifestations can involve both the peripheral and central nervous 
systems (PNS/CNS). PNS manifestations include Guillain-Barre syndrome (GBS), 
neuromuscular junction, and myasthenia gravis. CNS immune manifestations include 
cerebrovascular, stroke-like presentations, encephalopathy with resultant seizures, and 
demyelination. Vitiligo is a rare occurrence, which is usually seen with acute or chronic 
GVHD following AHSCT.424

Organ-dependent complications
Kidney transplantation
Complications following kidney transplantation can be classified into 8 groups. Arterial 
vascular complications, venous vascular complications, graft dysfunction, urological 
complications, hernia, neoplasm, and recurrent native renal disease. Arterial vascular 
complications include renal artery stenosis, renal transplant infarction, arteriovenous fis-
tula, and pseudoaneurysm.425 Transplant renal artery stenosis is normally a belated occur-
rence and is the most widespread vascular hurdle in kidney transplantation. This may be 
straightly linked to the surgical strategy, and its normal location is at the anastomosis or 
the proximal donor artery. This complication is more common in living donor allografts 
compared with cadaveric allografts.426–428 Although renal artery thrombosis is a scarce 
occurrence, it can be damaging in patients who experience it. This is an early occur-
rence and often time results in graft loss.429 About 10 percent of the patients that undergo 
biopsy experience arteriovenous fistula. Transplant renal vein thrombosis is a venous 
vascular complication. It is an infrequent occurrence that mostly happens within the first 
two weeks following transplantation. It is accompanied by abrupt oliguria, allograft pain, 
and swelling.425 Urinoma, calculi, and transplant obstruction are some of the urological 
complications. Undergoing ureteroneocystostomy can prevent these complications.430–432

Liver transplantation
As liver has a dual blood supply that includes the portal vein and the hepatic artery. Liver 
transplantation requires several vascular anastomoses that can lead to complications at 
the sites of the anastomoses. Hepatic artery thrombosis, stenosis, and pseudoaneurysm 
are arterial complications and are more widespread than venous complications. Stenosis 
or occlusion of the portal vein, hepatic vein, and inferior vena cava are venous compli-
cations. Thrombosis of the hepatic artery is the most dangerous and the most common 
complication of the vasculature that affects 2 percent−14 percent of the patients. It is 
also the main reason for graft failure and death. Biliary complications are also wide-
spread phenomena, which mostly occur in the first 6 to 12 months following trans-
plantation. Up to 20 percent of the patients experience biliary complications, including 
stricture, biliary leak, cholangitis, sphincter of Oddi dysfunction, and stone disease.433
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Heart transplantation
It is necessary to assess the function of left and right ventricles following cardiac trans-
plantations. Left ventricular systolic dysfunction may indicate deficient heart condi-
tion or hyperacute rejection. Right ventricular dysfunction may be due to increased 
pulmonary vascular resistance, severe volume overload, reduced preload, or deficient 
conservation of the transplanted organ. Conservative therapeutic options are utilized 
in most patients. However, some may require extra aid. Tricuspid regurgitation is the 
most frequent valvular complication that 19 percent to 84 percent of transplant patients 
undergo. Most patients are treated with diuretics, and a few of them may need to be 
managed surgically. Mitral regurgitation is a mild vulvar complication that happens in 
more than half of the patients and usually does not need intervention.434

Allergies
In 1997, the development of the first food allergy after combined kidney and liver 
transplantation was reported. The donor had passed away because of cardiorespiratory 
arrest after an anaphylactic reaction after eating a peanut. One out of the two recipients 
developed a new food allergy to peanuts 3 months following transplantation.435 There 
have been reports of developing food allergies in recipients after SOT. Furthermore, 
there have been reports of food allergy development after SOT from donors with no 
documented history of prior food allergy.436–438 Food allergies are IgE-mediated hyper-
sensitivity responses after exposure to proteins of the food. There are many suggested 
mechanisms for developing allergies after transplantation, which include the passive 
transfer of donor IgE to the recipient, and more frequently, loss of tolerance to food 
proteins after organ transplantation. Most food allergies develop after liver transplanta-
tion. However, the passive transfer of food allergies may happen following any organ 
transplant, which includes lymphoid tissue. It is important to test organ donors prior to 
transplantation to predict the risk of developing new food allergies after organ trans-
plantation.439 However, additional research is needed to better understand the mecha-
nism of developing de novo food allergies in transplant recipients.

Other complications
Hepatic Veno-occlusive disease (VOD) is a condition, which manifests as a sudden 
increase in weight, ascites, painful hepatomegaly, and jaundice, and it primarily occurs 
following allogeneic HSCT. However, it has rarely been reported following reduced-
intensity conditioning and after exposure to hepatotoxic chemotherapies.440 The most 
prominent occurrence that leads to VOD appears to be damage to sinusoidal endothelial 
cells and hepatocytes by high-dose alkylating chemotherapy conditioning regimens.441 
Irradiation also generates the same sort of harm. The release of local cytokines triggers 
the induction of cell adhesion molecules on endothelial cells that leads to cell injury and 
disconnection and activates the coagulation pathway.442 Fibrinolytic pathway induction 
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results in fibrosis of sinusoids accompanied by perivascular hepatocyte necrosis and 
venular occlusion.441 Early accurate diagnosis and risk evaluation is important to initiate 
effective treatment rapidly to prevent the progression of the disease.442

Transplant recipients undergo a series of complex procedures before, during, and 
after transplantation. These complicated procedures put patients at an increased risk of 
neurological disorders. Early complications usually happen in patients with organ or 
graft dysfunction and can also happen following toxicity from the many medications 
that patients are exposed to. The most frequent manifestation of neurological disorder 
is encephalopathy, which includes delirium, lethargy, and coma. Postoperative encepha-
lopathy mostly originates from systemic toxic-metabolic causes. However, other factors 
such as strokes and infections may also be involved. Seizures occur in 5 percent−10 
percent of transplant patients, generally near the acute postoperative stage. They can 
happen with or without encephalopathy and share many similar etiological traits. 
Treatment and prognosis depend on the exact cause of the seizure.443 Organ transplant 
recipients have an increased chance of acquiring opportunistic infections, which can 
regularly involve the CNS. Recently, cases of opportunistic infections have dropped 
due to effective prophylactic regimens. Neurological presentations of viral infections 
include limbic encephalitis-like syndrome, rhombencephalitis, ventriculitis, myelitis, 
vascular involvement, and a multisystem PTLD, which may involve the CNS. Bacterial 
infections such as nocardiosis, Listeria monocytogenes, and Mycobacterium tuberculosis may 
also involve the nervous system. High-dose corticosteroids are the main risk factor 
for nocardiosis, and brain abscess is the most frequent clinical manifestation. Listeria 
monocytogenes infection may also result in meningitis or meningoencephalitis that is 
manifested with fever, headache, altered mental status, and seizures. Mycobacterium tuber-
culosis includes symptoms such as fever and altered mental status. Fungal and protozoan 
infections may also cause neurological symptoms.444 Neurological complications after 
organ transplantation are diverse and may involve the CNS or PNS. Neurological pre-
sentations after organ transplantation are challenging to medical specialists and require 
further investigation.

Post-transplantation therapy

Patients undergo maintenance immunosuppression starting from the hospital, and it is 
resumed throughout the life of the allograft.15 Immunosuppressive drugs mostly target 
T cell-mediated responses. As previously mentioned, three signals are needed to activate 
T cells. Impeding these signals is the aim of immunosuppression that results in stable, 
long-term allograft tolerance.445 Immunosuppression has undergone a lot of changes 
throughout the years. In the beginning, the success of immunosuppression was depen-
dent on HLA matching, as most successful transplants were between HLA-identical sib-
lings that did not require immunosuppression. Treatment options were corticosteroids, 
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6-mercaptopurine, and radiation.446 Following the observation that allograft survival in 
dogs was prolonged by azathioprine, it was blended into the immunosuppressive regi-
mens in humans.447 Azathioprine extended the graft survival rates by about 60 percent. 
After the introduction of cyclosporine, rejection rates decreased to less than 50 percent, 
and graft survivals increased to more than 85 percent. After that, the current era of 
therapy started with the acceptance of tacrolimus, mycophenolate mofetil, rabbit ATG 
(rATG), and IL-2 receptor blockers such as basiliximab and daclizumab. Incorporating 
these therapeutic options increased graft survival rates to 95 percent and decreased the 
one-year rejection rate to 10 percent−15 percent. When opting for an immunosup-
pression regimen for a patient, the main aim is to balance the advantages of preventing 
rejection and the side effects of undergoing immunosuppression. This has to be evalu-
ated individually and is not necessarily the same in different patients.445

Maintenance therapy
Maintenance immunosuppressive therapy is used to impede rejection and maintain 
allograft function. The most favorable combination out of the six distinct maintenance 
therapies that exist (CNIs, azathioprine, mycophenolic acid, mTOR-inhibitors, pred-
nisone, and belatacept) is being researched in clinical trials. Due to the complex nature 
of T cell activation, it is beneficial to use a combination of therapies compared with 
a single therapy. Another advantage of combination therapy is that a decreased dose 
of each therapy is needed, and therefore, drug-specific toxicity is alleviated.445 CNIs 
are immunosuppressive agents that inhibit the second signal of T cell activation. CNIs 
attach to particular receptors that lead to inhibition of calcineurin. Cyclosporine and 
tacrolimus are two of the first CNIs to be introduced as immunosuppressants.448 CNIs 
have strongly affected allograft results, particularly when combined with azathioprine 
or mycophenolic acid.449–451 Patients treated with tacrolimus demonstrated decreased 
rates of rejection compared to patients treated with cyclosporine. These observations 
have made regimens, including tacrolimus and mycophenolate mofetil with or without 
prednisone (gold standard). However, toxicity related to CNIs has led to trials with con-
temporary immunosuppression that strives for lesser exposure to tacrolimus. There are 
three different approaches for CNI-sparing: minimization, when blood levels of CNIs 
are diluted to lesser than normal blood levels and are utilized de novo combined with 
supplementary therapy, elimination, when CNIs are originally prescribed at a standard 
or reduced dose along with supplementary therapy and then gradually diminished, 
which is in many times substituted with a less toxic agent, and avoidance, where CNIs 
are entirely evaded.445 Mycophenolate mofetil and its active form, mycophenolic acid, 
are reversible purine synthase inhibitors that can inhibit the proliferation of T cells and 
B cells by inhibiting the third signal of cell activation.452 Mycophenolate mofetil is an 
immunosuppressive agent that does not cause nephrotoxicity, making it beneficial for 
patients with renal dysfunction who require reduced doses of CNIs. Mycophenolate 
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mofetil also has demonstrated beneficial effects in immunosuppressive regimens when 
it is combined with CNIs, and corticosteroid elimination is favorable.453 Azathioprine, 
which is a purine synthase inhibitor, is one of the earliest immunosuppressants that was 
used in SOT. For a long time, it was incorporated as the sole immunosuppressant in 
maintenance regimens, and subsequently, it was utilized along with CNIs. When tacro-
limus was introduced, the demand for azathioprine was diminished, and later it was sub-
stituted with mycophenolic acid when a second immunosuppressant was required.448

Prophylaxis
Induction therapy is a rigorous perioperative preventative immunosuppression that is 
utilized to impede acute cellular rejection in the initial months after transplantation.448 
Induction therapy was presented as intravenous injection of high-dose corticosteroids 
during the transplantation and in the initial days after surgery to impede elevated 
rates of rejection. It is generally combined with at least another immunosuppressive 
drug. Although the dose of the corticosteroid administered varies, it is typically 500 
or 1000 mg of methylprednisolone, which will be quickly decreased to 10 to 20 mg a 
day. The main hindrance to the usage of corticosteroids is their side effects. Delirium, 
infections, hypertension, hyperlipidemia, diabetes, and obesity are a few of the adverse 
effects. Arising in the 1980s, T-cell-directed antibodies, OKT3 (muromonab-CD3), 
equine ATG, and Minnesota anti-lymphocyte globulin (MALG) antibodies were pro-
duced to treat acute rejection. Hyperglycemia, diabetes, and CMV infection occur less 
commonly when patients are administered with antibodies compared to when they 
are administered corticosteroids.447,448 These antibodies also reduce the required dose 
of other accompanying immunosuppressive drugs, including corticosteroids and CNIs 
that can attenuate the side effects associated with these agents.454 Two groups of anti-
bodies are used in induction immunosuppression: T cell-depleting and non-depleting 
antibodies.455 T cell-depleting antibodies can be classified into polyclonal and mono-
clonal antibodies. ATGs are polyclonal antibodies that act against human T cells and 
their precursors (thymocytes). Equine ATG (eATG) is originated from the equine, 
and rATG is originated from the rabbit. In organ transplantation, one of the most 
frequently utilized drugs for antibody induction is rATG.448 rATG is better in pre-
venting acute renal rejection compared to eATG.456 Alemtuzumab is a humanized rat 
monoclonal antibody that acts against CD52 receptors, which is expressed on all blood 
mononuclear cells.457 It is a potent agent that can deplete cells and has been used in 
bone marrow transplantation, several autoimmune diseases, and organ transplantation. 
Using it in organ transplantation leads to decreased risk of rejection. It has been mostly 
experienced in renal transplantation. However, other forms of transplantation have 
demonstrated comparable outcomes.458 IL-2Ras, which are humanized non-depleting 
monoclonal antibodies, attach to IL-2 receptors that are expressed on the surface of T 
cells leading to inhibition of T cell proliferation. IL-2Ras are utilized in patients who 
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must avoid or reduce the dose of an accompanying immunosuppressant.459 A summary 
of drugs, their classification, and indication are presented in Table 7.2.

Future directions and concluding remarks

Over the past few years, the field of transplantation has revolutionized. SOT has trans-
formed from an experimental method to an acknowledged and definitive therapeutic 
option for patients experiencing end-stage organ failure. SOT has developed rapidly and 
consists of liver, kidney, islet, heart, and lung transplants. Novel developments in surgi-
cal techniques have enabled a more effective multi-organ transplantation with fewer 
complications and reduced ischemic injury occurrence. Immunosuppression has also 
been revolutionized, making it very successful in inhibiting the host immune system and 

Table 7.2 Summary of drugs, their classification, and indication.

Agent Brand name Classification Indication

Methylprednisolone460 Medrol Corticosteroid Induction, Rejection, 
Maintenance

Tacrolimus461 Prograf, Astagraf CNI Maintenance
Cyclosporine462 Neoral, Sandimmune, 

Genraf
CNI Maintenance

Mycophenolate 
mofetil463

Cellcept, Myfortic Inosine 
monophosphate 
dehydrogenase 
inhibitor

Maintenance

Azathioprine464 Imuran Purine synthase 
inhibitor

Maintenance

Sirolimus465 Rapamune Macrolide, mTOR 
inhibitor

Maintenance, 
Rejection

Everolimus466 Afinitor Kinase inhibitor, 
mTOR inhibitor

Maintenance, 
Rejection

Muromonab-CD3467 OKT3 Monoclonal 
antibody

Induction, Steroid 
resistant Rejection

Alemtuzumab468 Campath-1H Monoclonal 
antibody

Maintenance, 
Induction, Acute 
rejection

ATG469 Thymoglobulin, 
ATGAM

Polyclonal antibody Induction, Steroid 
resistant Rejection

Daclizumab470 Zenapax IL-2Ra, monoclonal 
antibody

Induction, Steroid 
resistant rejection

Basiliximab471 Simulect IL-2Ra, monoclonal 
antibody

Induction
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improving long-term graft survival. Currently, the barrier existing in the field of SOT 
is the ever-increasing demand for donated organs.

Immunomodulation has currently gained attention in the field of translation, and 
much of the ongoing research focuses on it. Rejection is carried by complex signaling 
molecules and cellular and humoral immunity. These immune responses are what these 
researchers try to minimize by impeding parts of these mechanisms. The Notch signaling 
pathway is one of the interesting targets of this researches. It has been demonstrated in 
animal models of transplantation that inhibiting Notch signaling can decrease allograft 
rejection and GVHD. The ideal outcome in organ transplantation is reaching operational 
tolerance in which the patient does not require maintenance immunosuppression. This 
can reduce the toxicity and side effects that result from immunosuppression, including 
the increased risk for infections and malignancies. The incorporation of hematopoietic 
stem cells has been promising in a few human cases and many animal models. Receiving 
bone marrow transplant simultaneously with SOT has helped the patient to reach the 
state of complete immunosuppression withdrawal. Utilizing biomaterial carriers to 
induce tolerance is also another method for immunomodulation. Micro and nanomate-
rial carriers are potential immunomodulators that are able to communicate with APCs, 
T cells, B cells, and other parts of the immune system and impact them.

As previously mentioned, shortage of organs is a serious hurdle in transplantation as 
increased waiting-list time can negatively affect the outcomes of transplantation. Many 
of the patients die due to long waiting-list durations. Many other patients that have 
undergone transplantation do not show optimum results as they were not in a suitable 
state prior to transplantation. To minimize such problems, the field of xenotransplanta-
tion that is transplanting organs from other animals into a human recipient is being 
researched. Islet cells, hearts, livers, lungs, and kidneys are being massively researched 
into as possible transplantable organs from animals to humans. The initial reactions 
to xenotransplantation were not positive as there were concerns related to innate and 
humoral-mediated rejection and viral infections. Gene editing utilizing clustered regu-
larly interspaced short palindromic repeats (CRISPR)/Cas9 system has addressed these 
issues. CRISPR/Cas9 enables researchers to eliminate multiple genes that encode the 
antigens that are targeted by the immune system. Human immunodeficiency virus drugs 
can also prevent patients from acquiring viral infections from animals. However, xeno-
transplantation is yet to be incorporated into clinical settings.

HSCT is also another branch in transplantation that has made ground-breaking 
development in the treatment of many malignant and nonmalignant disorders. It has 
also introduced the notion of stem cell therapy and immunotherapy as an approach 
against cancer. The triumph of utilizing HSCT for hematologic malignancies depends 
on its capacity to treat patients with rigorous chemoradiotherapy and from the powerful 
graft versus leukemia effect (GVL) effect that stems from donor immunity. Furthermore, 
HSCT has been a therapeutic option for many nonmalignant hematologic diseases by 
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providing donor-derived hematopoiesis and immunity. Developments in HLA typing, 
conditioning regimens, supportive care, and understanding the nature of host versus 
graft and graft versus host responses have minimized the side effects of both autologous 
and allogeneic HSCT. Incorporation of reduced-intensity regimens allows lesser toxici-
ty while achieving the desirable graft versus tumor state. Potent cell-based therapies have 
been developed to decrease the occurrence of GVHD and thus decrease mortality and 
morbidity. Progressions of haploidentical HSCT have made prompt access to donors 
in patients with severe malignancies. Gene editing tools, including CRISPR/Cas9 and 
transcription activator-like effector nucleases (TALEN) can delete endogenous T cell 
receptor and HLA genes. This can result in the elimination of alloreactivity and reduced 
immunogenicity of third-party T cells.
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