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the next generations, and at the same time that international 
collaboration in research will happen without barriers.

Whatever I have learnt, comes from my mentors. This book is 
therefore dedicated also to all of them, but most importantly to 
the patients and their families whose continuous support has 
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The rapid flow of studies in the field of cancer immunology during the last 
decade has increased our understanding of the interactions between the 
immune system and cancerous cells. In particular, it is now well-known that 
such interactions result in the induction of epigenetic changes in cancerous 
cells and the selection of less immunogenic clones as well as alterations in 
immune responses. Understanding the cross-talk between nascent trans-
formed cells and cells of the immune system has led to the development of 
combinatorial immunotherapeutic strategies to combat cancer.

Cancer Immunology series, a three-volume book series, is intended as an 
up-to-date, clinically relevant review of cancer immunology and immuno-
therapy. The first edition of the book was published 4 years ago, which was 
very welcomed by the readers, made us to work on the second edition of the 
book in such a short period of time.

Volume I, Cancer Immunology: A Translational Medicine Context, is 
focused on the immunopathology of cancers. Volume II, Cancer Immunology: 
Bench to Bedside Immunotherapy of Cancers, is a translation text explaining 
novel approaches in the immunotherapy of cancers; and finally, Volume III, 
Cancer Immunology: Cancer Immunotherapy for Organ-Specific Tumors, 
thoroughly addresses the immunopathology and immunotherapy of organ- 
specific cancers.

In Volume I, interactions between cancerous cells and various components 
of the innate and adaptive immune system are fully described. Notably, the 
principal focus is very much on clinical aspects, the aim being to educate 
clinicians on the clinical implications of the most recent findings and novel 
developments in the field. To meet this purpose, this volume was extended 
from 26 chapters in the first edition to 33 chapters in the second edition. After 
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an overview on cancer immunology in Chap. 1, the role of innate immunity 
in cancers is explained in Chaps. 2 and 3, followed by the adaptive immunity, 
including B-cells, T-cells, and T regulatory and Th17 cells in Chaps. 4–8. NK 
cells, plasmacytoid dendritic cells, CD95/CD95L signaling pathway, and 
MHC class I molecules are separately described in Chaps. 9–12, respectively. 
Cytokines and chemokine receptors are explained in Chaps. 13 and 14, 
respectively. Chapter 15 focuses on inflammasome in cancer. Cancer immu-
noediting is a subject that is explained in Chap. 16. Meanwhile, Chaps. 17 
and 18 explain apoptosis and autophagy in cancers. Subsequently, Chap. 19 
presents the prognostic value of innate and adaptive immunity in cancers. 
Immunogenetics and epigenetics are explicated in Chaps. 20–22. In addition, 
immunosenescence (Chap. 23), nutrition (Chap. 24), immunodeficiencies 
(Chap. 25), and allergies (Chap. 26) are individually described in the follow-
ing chapters. Chapter 27 enlightens systems biology in cancer immunology, 
while immunological diagnostic tests, including immunohistochemistry, flu-
orescent in situ hybridization, molecular and functional imaging as well as 
imaging with radiolabeled monoclonal antibodies are mentioned in Chaps. 
28–32. Finally, by allocating the final chapter to flow cytometry in cancer 
immunotherapy, Volume I comes to its end.

The Cancer Immunology series is the result of valuable contribution of 
more than 300 scientists from more than 100 well-known universities/insti-
tutes worldwide. I would like to hereby acknowledge the expertise of all con-
tributors, for generously devoting their time and considerable effort in 
preparing their respective chapters. I would also like to express my gratitude 
to the Springer Nature publication for providing me the opportunity to pub-
lish the book.

Finally, I hope that this translational book will be comprehensible, cogent, 
and of special value for researchers and clinicians who wish to extend their 
knowledge on cancer immunology.

Tehran, Iran Nima Rezaei  
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1.1  Introduction

Cancer is a life-threatening disease, which can 
involve all human organs and tissues. It is the 
second leading cause of death and is responsible 
for 25% of all deaths in the USA. It is estimated 
that around 1.7 million of new cases of cancer of 
any site will be diagnosed in 2018  in the USA, 
and an estimated 609,640 people will die of this 
disease [1]. The major cancers in adults include 
lung, breast, prostate, and colorectal cancer. In 
addition, 4613 adolescents and young adults aged 
15–19  years old were diagnosed with invasive 
cancers. Among all invasive cancers, lymphoma 
was the most common cancer (20%), followed by 
invasive skin cancer (15%), male genital system 
cancer (11%), and endocrine system cancer 
(11%) [2]. The overall incidence of all type of 
cancers has been falling on average 1.1% each 
year over the last 10  years. In addition, death 
related to cancer has been decreased on average 
1.5% each year over 2006–2015 [3].

Many cancer predisposing factors have been 
recognized; it has been found that cancer inci-
dence is significantly associated with age from 
10 to 60  years. Additionally, male gender is at 
higher risk of developing cancer compared to 
females [2]. Race is another important factor for 
cancer development; before 40 years of age, non- 
Hispanic whites and, after 40  years of age, 
African-Americans/blacks have the highest inci-
dence [4]. Other risk factors include life style 
choices, such as tobacco use, obesity, and lack of 
exercise, and environmental factors, such as 
exposure to excessive sun, radiation during child-
hood, human papilloma virus (HPV), human 
immunodeficiency virus, and Epstein–Barr virus 
(EBV) infection [4].

Cancer can be a life-threatening health prob-
lem, especially when the tumor has metastasized 
to other organs. Its estimated number of deaths 
was 163.5 per 100,000 men and women per year 
based on 2011–2015 database of the USA. Lung 
and bronchus, colorectal, pancreatic, and breast 
cancers are responsible for approximately 50% 
of cancer-related deaths. Fortunately, the overall 
cancer-related mortality has been decreasing in 
recent years. Between 2011 and 2015, the death 
rate decreased on an average of 1.8% per year for 
men and 1.4% for women. Liver and intrahepatic 
bile duct cancer showed the greatest increase in 
mortality among both men and women [3].

Cancer survival significantly impacts patients’ 
quality of life. Five-year mortality rates depend 
on several factors; survival is worse among males 
over 30 years of age, and the survival gets worse 
for patients over 45  years in both males and 
females. Non-Hispanic whites have the best sur-
vival rate and African-Americans have the worst 
survival with survival differences as great as 20% 
at 5 years after cancer diagnosis [5]. Furthermore, 
the type of cancer is another risk factor for patient 
survival. Total mortality rates vary from 6% in 
thyroid cancer to 97% in pancreatic cancer [6].

1.2  Cancer Immunity

Cancer immunology has been studied for a long 
time; however, the molecular and cellular basis of 
tumor immunity is not completely understood. 
Advances in understanding the basis of immuno-
surveillance and progress in the treatment of 
infectious disease have had a major impact on the 
development of tumor immunotherapy. The mod-
ern era of tumor immunology began in the 1950s 
when the role of T-cell responses in tissue 
allograft rejection was initially identified. Since 
then, it has been confirmed that tumors occur in 
association with impaired function of T-cells, 
indicating the importance of the immune system 
in the development and progression of cancer [7]. 
The identification of tumor-associated antigens, 
knowledge of effector T-cell responses, and the 
role of regulatory and suppressor T-cell popula-
tions are now shaping the use of the immune sys-
tem to treat cancer.

M. Keshavarz-Fathi 
Cancer Immunology Project (CIP), Universal 
Scientific Education and Research Network 
(USERN), Tehran, Iran

School of Medicine, Tehran University of Medical 
Sciences, Tehran, Iran 

H. L. Kaufman 
Department of General Surgery and Immunology and 
Microbiology, Rush University Medical Center, Rush 
University Cancer Center, Chicago, IL, USA

N. Rezaei et al.
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In addition to an improved understanding of 
the immune system, significant advances in 
understanding the molecular basis of neoplasia 
have occurred. Precise control of cellular activity 
and metabolism is crucial for proper physiologic 
function. Notably, cell division is an important 
process that requires precise regulation. The main 
difference between tumor cells and normal cells 
is lack of growth control during the cell division 
process. This uncontrolled cell division can origi-
nate from various factors, such as chemical 
agents, viral infections, and mutations, that lead 
to escape of cells from the checkpoints which 
properly control cell division. According to the 
type of tumor and proliferation rate, cancers can 
be benign or malignant [8]. It has been found that 
some tumors are caused by oncogenic viruses 
that induce malignant transformation. These 
oncogenic viruses can be both RNA and DNA 
viruses. Also, viral infection may lead to leuko-
penia and immunodeficiency, increasing the risk 
of malignancy. Therefore, prophylactic immuni-
zation against oncogenic viruses (such as EBV, 
HPV, and HBV) might be a logical strategy for 
prevention of malignancy [9]. Indeed, a vaccine 
against the human papilloma virus has shown 
significant impact on preventing cervical intraep-
ithelial neoplasia and may prevent development 
of cervical carcinoma.

1.3  Cancer and Immune System 
Impairment

It has been reported that impaired immune 
response can induce tumor growth and prevent 
effective antitumor suppression, possibly through 
a process of “sneaking through” which allows 
improved growth of small tumors rather than 
large tumors [10]. Tumors may also produce 
immunosuppressive factors, such as interleukin-
 10 (IL-10), transforming growth factor-β (TGF- 
β), and alpha-fetoprotein, which suppress innate 
immune responses against cancer. This has led to 
investigations using neutralizing antibodies 
against these immunosuppressive factors [7]. In 
contrast, tumor-specific cytotoxic T lymphocytes 
(CTLs) can be genetically altered to become 
resistant to the TGF-β inhibitory effect by trans-

gene expression of a mutant-dominant-negative 
TGF-β type II receptor (DNR). In addition, spe-
cific T-cells genetically manipulated to produce 
IL-12 can overcome the inhibitory effects of 
IL-10. On the other hand, tumors may express 
FasL and stimulate apoptosis of tumor- infiltrating 
effector T-cells. Small interfering RNA (siRNA) 
can be used to knock down the Fas receptor in 
tumor-specific CTL, leading to a significant 
decrease in their susceptibility to Fas-/FasL- 
mediated apoptosis [11].

The interaction between the immune system 
and established cancers is complex, because in 
addition to increasing carcinogenesis by various 
carcinogens among compromised subjects, cancer 
cells themselves can lead to severe immunosup-
pression. It has been reported that patients involved 
with primary immunodeficiency syndromes have 
higher risk of cancer development. In a report by 
Kersey et al., subjects that had an inherited abnor-
mal lymphoid system were susceptible to malig-
nant transformation and impairment of tumor 
immunosurveillance [12]. In addition, tumors pro-
duce soluble factors which downregulate the inter-
leukin-2 receptor-α (IL-2Rα), leading to 
suppression of T-cell function. Furthermore, estab-
lished tumors may result in severe protein expen-
ditures in hosts, contributing to impairment of 
immune system function [13].

1.4  Immune System Reaction 
to Cancer

A critical question is whether cancer cells are 
sufficiently different from their normal cellular 
counterparts and can thus be recognized by the 
immune system. The immune system also pro-
duces a group of complementary markers with 
protective effects against cancer and other 
immunologic or inflammatory stresses. These 
markers include proteins released by T-cells and 
are generally classified as “cytokines.” 
Cytokines include interleukins, interferons, 
tumor-necrosis factors (TNF), and lymphocyte-
derived growth factors. The production of 
tumor-specific  antibodies and/or activation of 
tumor antigen- specific T-cells target tumor-
associated antigens typically found on the cell 

1 Introduction on Cancer Immunology and Immunotherapy



4

membrane. Studies have suggested that vaccina-
tion in the presence of complements can lead to 
tumor lysis. While incompletely defined, several 
soluble and cellular mediators of tumor rejec-
tion have been described, including complement 
factors, active macrophages, T-cells, and NK 
cells. While T-cells require antigen specificity, 
the soluble and cellular mechanisms of the 
innate immune response can recognize the 
malignant phenotype in the absence of antigen 
specificity [14].

Since most tumor-associated antigens are self- 
proteins, the immune response is largely weak and 
patients may develop immune tolerance to tumor-
associated antigens. Furthermore, the cells of the 
immune system may not adequately penetrate to 
the internal tumor microenvironment, resulting in 
slower immune-mediated tumor elimination. 
However, it is possible that the immune system 
may be more effective in controlling tumor growth 
rate rather than tumor regression [10]. Recently, it 
has been found that nutrition also plays a crucial 
role in protection against human cancer, and nor-
mal levels of zinc are required for protection 
against the detrimental effects of various immuno-
suppressive cytokines [15].

1.5  Genetic and Environmental 
Carcinogenesis

It has been found that genetic factors are as 
important as environmental carcinogens. Trials 
have tested carcinogenesis of retrovirus infection 
between different breeds of animals. A unique 
carcinogen resulted in disparate outcomes among 
different breeds, indicating the importance of 
genetic background in the progression of cancer. 
Environmental factors may also suppress immune 
responses and dysregulate immunosurveillance 
mechanisms [16].

1.5.1  Cancer Cells Escape from Host 
Immunosurveillance

Antigens that distinguish tumor cells from nor-
mal cells depend on the histologic origin of the 
tumor. Tumor-associated antigens may be viral in 

origin, represent mutated self-antigens, be 
cancer- testis antigens which are expressed only 
by tumor cells and normal testes, or be normal 
differentiation antigens. Thus, tumor cells may 
express similar antigens to normal cells, allowing 
tumor cells to escape immune system attack 
through induction of innate and/or peripheral tol-
erance. A corollary to this is that immunotherapy 
or stimulation of immune responses to some 
tumor-associated antigens may lead to damage of 
normal tissues and organs, as exemplified by the 
development of autoimmunity induced by anti- 
CTLA- 4 or anti-PD-1 monoclonal antibody 
(mAb) treatment [17].

A number of complex mechanisms have been 
suggested for the escape of cancer cells from host 
immunosurveillance. Tumors alter their charac-
teristics by decreased expression of immunogenic 
tumor-associated antigens, MHC class I mole-
cules, beta2-microglobulin, and costimulatory 
molecules, which mediate the activation of 
T-cells. Another strategy resulting in failure of 
tumor immunosurveillance could be the expres-
sion of very low levels of antigens, unable to stim-
ulate an immune response. Under some 
circumstances, such as failure of the immune 
response to induce a rapid response, cancer cells 
may proliferate rapidly. Further strategies for 
escape of tumor cells from immunosurveillance 
are based on inhibitory tumor-mediated signaling 
by CTLs, as occurs through changes in cell death 
receptor signaling. Other strategies which allow 
tumor cells to evade the immune system are the 
secretion immunosuppressive molecules dampen-
ing tumor-reactive effector T-cells and the induc-
tion of regulatory and/or suppressor cells [18].

To date, most direct evidence on tumor immu-
nosurveillance originates from experimental 
studies in animal models. These models have 
supported the potential for antitumor immunity 
via vaccination, as, for example, by  administration 
of inactivated cancer cells or through removal of 
a primary tumor. In addition, antitumor immunity 
can be adoptively transferred through administra-
tion of tumor-reactive T lymphocytes. The com-
plexities of immunotherapy are evident as nearly 
all immune system components can influence 
tumor growth and progression. Although there is 
evidence for antitumor immunity in humans, and 
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several new agents have gained regulatory 
approval for cancer therapy, further investigation 
is warranted to increase the impact of tumor 
immunotherapy for more cancer patients [19].

1.5.2  Cancer Immunodiagnosis

Nowadays, new immunomolecular diagnostic 
approaches have been suggested for tumor detec-
tion. Monoclonal antibodies marked with radio-
isotopes have been used for in vivo diagnosis of 
small tumor foci. In addition, monoclonal anti-
bodies have been used for in vitro recognition of 
the cell of origin for tumors with poor differentia-
tion. Immunodiagnostics have also been used to 
determine the extent of metastatic disease, espe-
cially metastasis to the bone marrow [20].

1.6  Cancer Treatment

Systemic cancer treatment is based on four gen-
eral therapeutic approaches: (1) chemotherapy, 
which contains a wide group of cytotoxic drugs 
that interfere with cell division and DNA synthe-
sis; (2) hormonal therapy, which contains drugs 
that interfere with growth signaling via tumor 
cell hormone receptors; (3) targeted therapy, 
which involves a novel group of antibodies and 
small-molecule kinase suppressors that princi-
pally target proteins crucial in cancer cell growth 
signaling pathways; and (4) immunotherapy, 
which targets the induction or expansion of anti-
tumor immune responses [21].

1.6.1  Cancer Immunotherapy

Tumor immunotherapy is a novel therapeutic 
approach for cancer treatment, with increasing 
clinical benefits. Tumor immunotherapy is based 
on strategies which improve the cancer-related 
immune response through either promoting com-
ponents of the immune system that mediate an 
effective immune response or via suppressing 
components that inhibit the immune response. 
Two current approaches commonly used for 
immunotherapy are allogeneic bone marrow 

transplantation and mAbs targeting cancer cells or 
T-cell checkpoints [22]. Recently, various other 
approaches have been tested such as injection of 
cytokines. FDA recently approved injection of 
PEG-IFN-a2b in high-risk melanoma [23].

Initially, anticancer vaccines were considered 
for prevention and treatment of various tumors 
[22]. It is estimated that more than 15% of human 
cancers are caused by viral infection [24]. 
Vaccine-based immunotherapy may, thus, be 
most useful for virus-induced cancers. Consistent 
with this hypothesis, a 50% complete remission 
(CR) of HPV-associated vulvar intraepithelial 
neoplasia grade III (VINIII) has been reported 
[25]. An attenuated, oncolytic herpes simplex 
type 1, which is genetically engineered to secrete 
granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF), has been developed for cancer 
therapy. This oncolytic immunotherapeutic agent 
has been injected to the tumor mass and has had 
beneficial effects in the treatment of melanoma 
and head and neck squamous cell carcinoma 
[26]. Although vaccine-based therapy has not 
been effective in some types of cancer, there are 
studies that have shown an overall survival bene-
fit compared to placebo therapy [27]. FDA 
recently approved a vaccination therapy using 
dendritic cells for prostate cancer [28].

Another immune-targeted approach is mAbs 
which blocks T-cell checkpoints functioning to 
suppress T-cell responses. Cytotoxic T 
lymphocyte- associated antigen 4 (CTLA-4) is a 
member of a large family of molecules regulating 
T-cell immune responses. CTLA-4 is expressed 
on CD4+ and CD8+ T-cells, as well as on 
FOXP3+ regulatory T-cells [29]. Administration 
of mAbs targeting human CTLA-4 leads to the 
rejection of established tumors in a small cohort 
of patients with metastatic melanoma and dem-
onstrated improved overall survival in patients 
with metastatic melanoma, resulting in US FDA 
approval for the treatment of metastatic mela-
noma [30]. Recent trial showed survival benefit 
of ipilimumab, a CTLA-4 inhibitor, in setting of 
metastatic melanoma and also after resection of 
stage III melanoma [31, 32].

Monoclonal antibodies which block other 
T-cell checkpoints, such as the programmed cell 
death protein 1 (PDCD1/PD-1), programmed cell 
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death ligand 1 (PD-L1/CD274), CD276 (B7H3) 
antigen, V-set domain-containing T-cell function 
inhibitor 1 (B7x), and B and T lymphocyte atten-
uator, have also entered clinical trials. In addi-
tion, recent trials have demonstrated significant 
therapeutic activity in several types of cancer, 
including melanoma, metastatic urothelial carci-
noma, gastric cancer, hepatocellular cancer, 
colorectal cancer, renal cell carcinoma, non- 
small cell lung carcinoma, and ovarian cancer 
[33–38]. It has been reported that PD-L1 expres-
sion by tumor cells is associated with poor clini-
cal outcome and may be associated with clinical 
response to anti-PD-1 and anti-PD-L1 therapy. 
Also, ligation of PD-L1 leads to inactivation of 
tumor-infiltrating cells [39]. On the other hand, 
regulatory T-cells have an immunosuppressive 
role in the tumor microenvironment. Studies of 
anti-PD-1 and anti-PD-L1 are in progress. 
Moreover, the combination of these agents with 
anti-CTLA-4 and other immunotherapy strate-
gies has yielded promising results.

The combination of antitumor vaccines with 
agents targeting the IL-12 receptor resulted in 
conflicting results. This may be due to the upregu-
lation of IL-12 receptor by both activated T effec-
tor cells and regulatory T-cells [40]. Thus, new 
approaches focused on more specific targeting of 
regulatory T-cells which reduce their suppressive 
effects on the immune system are necessary. 
Adoptive T-cell therapy (ACT) has been described 
as an effective therapeutic approach for cancer 
immunotherapy in early phase clinical trials. In 
this method, a large number of tumor-specific 
T-cells derived from peripheral blood, or prefera-
bly from the tumor microenvironment (with or 
without genetic manipulation to express a high-
affinity antigen- specific T-cell receptor, or TCR), 
are adoptively transferred to patients with estab-
lished tumors [41]. ACT mostly relies on endog-
enous T-cell repertoire; recent advancements 
allow induction chimeric antigen receptors 
(CARs). In CAR T-cell (CAR-T) therapy, T-cells 
of patients with B-cell tumors are transfected with 
anti-CD19 and in result, T-cells will gain the 
capacity to recognize B-cells in all stages of 
development. The first CAR-T was recently 
approved by FDA based on phase 2 trial which 
showed a dramatic complete response in 83% of 

patients within 3  months of infusion [42, 43]. 
Chemotherapy- mediated cell death leads to 
immune responses in a drug-induced biochemical 
cell death cascade- dependent manner, suggesting 
beneficial effects of chemotherapy and immuno-
therapy, in combination [44]. It seems that future 
goals of tumor immunotherapy are headed 
towards chemoimmunotherapy. Potential candi-
dates for this combination approach include anti-
tumor vaccines, Toll-like receptor (TLR) signaling 
pathway agonists/antagonists, cytokines, and 
mAbs targeting T-cell checkpoints, such as 
CTLA-4, PD-1, or PD-L1/2 [45]. Also, it seems 
that radiation and radiofrequency ablation are 
future candidates for combination therapy with 
immunotherapy [46]. Although immunotherapy 
and its combination with other therapeutic 
approaches such as radioimmunotherapy may be 
beneficial for tumor treatment, there are several 
limitations that need to be addressed; defining the 
optimal target patient, optimal biological dose, 
and schedule, the need for better trial designs 
incorporating appropriate clinical endpoints, and 
the identification and validation of predictive bio-
markers are just a few points to note [22].

1.6.2  Cancer Cell “Switch”

Cancer cells can switch on genes mostly related 
to the earlier embryonic stages of development. 
During rapid proliferation of cancer cells, precise 
orchestrated enzyme formation needed for suit-
able metabolism of its different components 
might get unbalanced, and products which are 
not observed in normal dividing cells are pro-
duced [47]. Recently, it has been reported that 
these biochemical “switches” lead to uncon-
trolled multiplication of cancer cells. One switch 
has been found for a type of leukemia. It has been 
suggested that targeting tumor switches can make 
treatment of cancers very simple [19]. 
Nonetheless, it is unclear how this may be used to 
optimize tumor immunotherapy.

Since cancer immunology is a highly complex 
process, further research is needed to more com-
pletely understand how the immune system rec-
ognizes and eradicates cancer. In this book, we 
will describe a variety of novel mechanisms cur-
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rently under investigation for mediating aspects 
of tumor immunology with a particular focus on 
promising therapeutic approaches, producing a 
complete comprehensive up-to-date textbook.

1.7  Concluding Remarks

Cancer is a life-threatening health problem which 
is related to several genetic and environmental 
risk factors that manipulate immune system func-
tion. Cancers themselves produce immunosup-
pressor factors to impair cells division check 
points, leading to uncontrolled proliferation of 
cancer cells. Importantly, tumor cells have 
learned how to escape from immune system 
attack via presenting of similar antigens to nor-
mal cells and expression of very low levels of 
antigens. Therefore, diagnosis of tumors and 
their progression is not easy. Recently, immuno-
diagnostic methods are shown to be helpful in the 
diagnosis of cancers and determining the extent 
of metastasis. On the other hand, classic treat-
ment of cancers led to unsatisfactory results, and 
intelligent immunological approaches, such as 
regulatory T-cell targeting, adoptive T-cell 
administration, and combination of immunother-
apy and chemotherapy are addressed. Results of 
antitumor vaccines, Toll-like receptor (TLR) sig-
naling pathway agonists/antagonists, cytokines, 
and mAbs targeting T-cell checkpoints, such as 
CTLA-4, PD-1, or PDL-1/2 are promising. 
However, due to the high complexity of the can-
cer immunology, still a lot of gaps exist in this 
field that indicate the necessity of further research 
for complete understanding of cancers’ immuno-
logical behaviors and emerging of more novel 
immunotherapeutic strategies.
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2.1  Introduction

Cellular components of the innate immune sys-
tem serve as a “first line of defense” against 
tumorigenic cells. Recognition of transformed 
cells by pattern-recognition receptor (PRRs) on 
the innate immune cells activates specialized 
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inflammatory signaling cascades, including tran-
scription factor nuclear factor-kappa B (NF-κB) 
and interferon regulatory transcription factor 
(IRF), which lead to the release of various cyto-
kines and chemokines attracting and activating 
effector lymphocytes at the tumor site. In addi-
tion, effector cells kill transformed cells through 
the activation of perforin or death receptor- 
mediated pathways, as well as secretion of cyto-
kines necessary for the initiation of immune 
responses against transformed cells [1, 2]. 
However, some tumor cells escape from the 
innate immune machinery, which leads to the 
dysfunction of innate immune compartment, sig-
naling pathways, and effector functions. This 
manipulation of innate immune systems by tumor 
microenvironments includes impairment of anti-
gen processing and presentation by antigen- 
presenting cells (APCs) [3], inhibition of innate 
immune signaling pathways [4, 5], and anti- 
inflammatory cytokines such as IL-10 and trans-
forming growth factor-β (TGF-β) [6, 7]. 
Moreover, tumors manipulate innate immune 
systems to create protumorigenic environments, 
which lead to further tumor progression and 
metastasis. Therefore, it is critical to clarify the 
molecular mechanisms through which the inter-
action between tumors and innate immune sys-
tems is modified during different phases of 
tumorigenesis.

In this chapter, we describe the general func-
tions of innate immunity in cancer and antitumor 
host response. In addition, an overview is pro-
vided on the mechanism through which coordi-
nated actions of innate immune signals and their 
downstream effectors have an impact on the 
immunosurveillance and immune subversion 
within the tumor microenvironment.

2.2  Role of Innate Immune Cells 
in Cancer and Antitumor 
Immunity

2.2.1  Natural Killer (NK) Cells

NK cells are important effector cells for protec-
tion against viruses and some tumors, since 

NK-cell-depleted mice were more susceptible to 
3-methylcholanthrene (MCA)-induced tumors 
[8]. Chemokines, such as CXCL12 and 
CXCL3L1, are key factors for NK migration to 
tumor sites [9], where they play an important role 
in the tumor immunosurveillance [10]. NK cells 
recognize and eliminate transformed cells by 
releasing perforin or death signal-associated 
receptors such as FAS and TRAIL (tumor necro-
sis factor-related apoptosis-inducing ligand) [11–
13]. NK cells secrete interferon gamma (IFN-γ) 
which helps to activate T-cell-mediated immu-
nity and suppress tumor angiogenesis [14, 15]. 
Moreover, various innate immune networks such 
as cytokines and PRR recognition systems play 
an important role in stimulating effector func-
tions of NK cells as discussed later.

NK cells have the ability to distinguish trans-
formed cells from normal cells by recognizing a 
variety of cell surface receptors, including killer 
activation receptors (KARs), killer inhibitory 
receptors (KIRs), natural killer group two mem-
ber D (NKG2D), DNAX-accessory molecule 
(DNAM), etc., which will be discussed later in 
this chapter. For example, KIRs on NK cells have 
a high affinity to the specific alleles in HLA class 
I molecules, transducing an inhibitory signal to 
the NK cells and preventing it from eliminating 
nontransformed cells. However, deletion of a 
single allele in HLA class I and/or induction of 
activating receptors, such as NKG2D ligands, 
which frequently occurs on transformed cells, 
triggers effector functions of NK cells against 
tumor cells [10, 16]. Recent studies have focused 
on “licensing” NK cells to become functionally 
competent through the interaction with self-MHC 
molecules. Ly49C is an inhibitory receptor 
expressed on a subset of NK cells, which interact 
with self-MHC molecules on target cells, and 
plays an unexpected role in enabling immature 
NK cells to develop into functioning, mature 
cells. On the other hand, Ly49C-negative NK 
cells are considered as “non-licensed” and remain 
at an immature stage [17]. These evolutionary 
processes of NK cell development and activation 
may help explain why donor NK cells adminis-
trated to leukemia patients during bone marrow 
transplantation do not always show antitumor 
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effects [18]. The NK cell-mediated cytotoxic 
activities mediate the release of granule contents 
(perforin and granzyme) onto the surface of the 
tumor cell [19].

The interaction between NK cells and den-
dritic cells (DCs) is crucial for the amplification 
of innate responses and the induction of potent 
adaptive immunity. Immature DCs are suscepti-
ble to NK-cell-mediated cytolysis [20], while 
mature DCs are activated by NK cells through 
cytokines (TNF-α and IFN-γ) and receptor 
(NKp30 and NKG2D)-mediated mechanisms 
[21, 22]. On the other hand, activated DCs trigger 
effector activities of NK cells, such as IFN-γ pro-
duction, proliferation, and cytotoxic activities 
[23]. In addition, treatment with TLR3 agonist 
polyinosinic-polycytidylic acid (Poly (I: C)) trig-
gers DCs to activate antitumor activities of NK 
cells [24, 25]. Thus, the reciprocal interaction 
between NK and DC regulates the direction and 
quality of antitumor immunity, which is impor-
tant for the development of effective cancer 
immunotherapy.

2.2.2  Natural Killer T (NKT) Cells

NKT cells are innate lymphocytes which share 
features of both NK cells and T-cells. NKT cells 
express particular NK cell markers such as 
CD161 or NKR-P1, in addition to an invariant 
T-cell receptor alpha chain (Vα14-Jα18 in mice 
and Vα24-Jα18  in humans) [26]. The invariant 
T-cell receptor alpha chain is specific for glyco-
lipid antigens presented by CD1d, which is an 
MHC class I-related molecule expressed on 
antigen- presenting cells and also found in some 
tumor cells. NKT cells were shown to play a role 
in the tumor immunosurveillance, since Jα18−/− 
mice showed increased susceptibility to chemi-
cally induced tumors and experimentally induced 
metastases [27]. Moreover, the administration of 
α-galactosylceramide, a natural lipid isolated 
from marine sponges which efficiently binds to 
CD1d and thus activates NKT cells, induces anti-
tumor immune responses against established 
murine tumors [28]. The antitumor activities of 
NKT cells are mediated by IFN-γ production, 

which also activates NK and CD8+ T-cells. NKT 
cell activities are also important for granulocyte 
macrophage colony-stimulating factor (GM-CSF) 
and IL-12-based cytokine strategies [29, 30]. 
Recent reports have identified subpopulations of 
NKT cells which secrete TH1 or TH2 cytokines 
and thus play different roles in the pathogenesis 
of many diseases. For example, CD4− NKT cells 
serve as potent effectors for triggering tumor 
rejection in various murine tumor models, while 
CD4+ NKT cells contribute to the pathogenesis of 
allergic diseases and tumors by promoting the 
release of IL-4, IL-5, and IL-13 [31, 32]. Indeed, 
IL-13 released from NKT cells antagonizes 
tumor immunosurveillance by promoting TGF-β 
secretion from Gr-1+ myeloid suppressor cells 
[33, 34]. Thus, the identification of factors influ-
encing the differentiation of specific NKT cell 
subsets during tumor development is important in 
order to optimize the therapeutic interventions 
which utilize NKT cell functions against tumors.

2.2.3  γδ-T Cells

Although γδ-T cells represent a small population 
among T lymphocytes, they share several fea-
tures with innate immune cells. γδ-T cells show 
high frequencies in intraepithelial lymphocytes 
(IELs) in the skin and gut mucosa and possess a 
distinct T-cell receptor on their surface with lim-
ited diversity, which may serve as a 
 pattern- recognition receptor [35]. Moreover, 
γδ-T cells lack CD4 and CD8 expressed by αβ-T 
cells and express a number of molecules shared 
with NK cells or APCs, such as Fc gamma RIII/
CD16 and PRRs. γδ-T cells also recognize lipid-
derived antigens and function as professional 
phagocytes which recognize and ingest apoptotic 
tumor cells and may influence antitumor immune 
responses [36, 37].

Mice lacking γδ-T cells showed increased 
incidence of chemically induced sarcoma and 
spindle cell carcinoma, indicating the importance 
of these cells in tumor immunosurveillance [38]. 
In addition, γδ-T cells express NKG2D receptors 
and interact with their ligands on transformed 
cells, leading to enhanced cytotoxic activities and 
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effector cytokine production [39, 40]. The acti-
vated γδ-T cells then serve as the major early 
source of IFN-γ, which contribute to maturation 
of APCs and prime αβ-T cells, and mediate cyto-
toxicity against tumor cells [40, 41].

2.2.4  Macrophages

Macrophages serve as a first line of defense 
against tumorigenesis by directly killing tumor 
cells and producing various antitumor mediators 
[42]. On the other hand, macrophages render 
tumor cells with the ability to acquire invasive 
and metastatic activities [43]. Macrophages are 
differentiated from immature myeloid precursors 
or circulating monocytes released from the bone 
marrow [44]. In particular, the inflammatory 
monocytes expressing Ly6C are preferentially 
attracted from the circulation into the tumor site 
by tumor-derived chemokines, such as CCL2 
(MCP1-1) and CCL5 (RANTES) and CXCL12 
(SDF1) [45–47]. Immature monocytes are then 
differentiated into either M1 or M2 macrophages 
by distinct sets of cytokines when entered into 
distinct tumor microenvironments [48]. M1 mac-
rophages may induce antitumor response by pro-
ducing IFN-γ and IL-12 and triggering cytotoxic 
activities [49, 50]. In contrast, tumor microenvi-
ronments adopt multiple strategies to tip a bal-
ance in the favor of differentiating M2-type 
macrophages through complex network of cyto-
kines, chemokines, and growth factors [43, 51].

Taken together, macrophages have a dual role 
in modulating tumorigenesis and antitumor host 
responses. Thus, detailed characterization of 
molecular machineries which govern macro-
phage polarization in tumors seems necessary for 
a thorough understanding of pharmacological 
targeting of macrophages and their derivatives.

2.2.5  Dendritic Cells

DCs are professional APCs contributing to the 
induction of both innate and adaptive immune 
responses against pathogens as well as tumors. 
DCs express Toll-like receptors (TLRs) and co- 

stimulatory molecules necessary for the activa-
tion of various effectors [52]. Due to the potent 
immunogenicity of DC, tumor microenviron-
ments adopt multiple tactics to subvert DC func-
tions. In addition, tumor-infiltrating DCs can 
both induce tumor growth and metastasis by reg-
ulating angiogenesis, host immunity, and tumor 
metastasis [53–56]. Moreover, indoleamine 2, 
3-dioxygenase (IDO)-producing DCs cause poor 
tumor immunogenicity via generating Foxp3- 
positive regulatory T-cells [57] and interacting 
with other innate lymphocytes such as γδ-T cells 
[58] and NKT cells [59].

In summary, tumor-infiltrating DCs represent 
a double-edged sword which can induce an 
immune response against tumors or tolerize the 
immune system against tumors and contribute to 
tumor growth and metastasis. Thus, a deep under-
standing about DC biology at tumor microenvi-
ronment is critical to optimize anticancer 
therapies and improve the clinical output of DC 
vaccines.

2.2.6  Granulocytes

Granulocytes, the key mediators of inflamma-
tion, have a potential role in the initiation of 
immune response cascades against tumors [60]. 
Granulocytes induce tumor destruction through 
the release of cathepsin G, azurocidin, reactive 
oxygen species, and inflammatory cytokines. 
Moreover, granulocytes, along with macrophages 
and T-cells, are main effectors that elicit antitu-
mor responses by DNA vaccines in murine tumor 
models [61]. In addition, dense infiltration of 
granulocytes in tumor tissues is associated with 
clinical responses of GM-CSF-secreting cancer 
cells and Bacillus Calmette-Guérin (BCG) in 
patients with advanced melanoma and bladder 
carcinoma, respectively [62, 63]. On the other 
hand, granulocytes contribute to tumor angiogen-
esis and metastasis by promoting secretion of 
proteinases, ROS, and cytokines that may acts as 
antitumor effectors in different conditions [64]. 
Therefore, granulocytes have both pro- and anti-
tumor activities depending on distinct 
environments.
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2.3  The Role of Innate Immune 
Receptors on Innate Immune 
Cells in Cancer 
and Antitumor Immunity

2.3.1  Toll-like Receptors (TLRs)

Toll-like receptors (TLRs) are innate immune 
receptors mainly expressed on APCs, such as 
macrophages and dendritic cells. They play an 
important role in host defense against pathogens 
by recognizing pathogen-associated molecular 
patterns (PAMPs) and damage-associated molec-
ular pattern molecules (DAMPs). The recogni-
tion of PAMPs and DAMPs by PRRs activates 
inflammatory pathways, such as NF-κB and IRF- 
mediated signals, leading to antitumor mediators 
like type I interferons, as well as cell survival and 
proliferation [65].

Various sets of TLR ligands induce the upreg-
ulation of co-stimulatory molecules and proin-
flammatory cytokine production by APCs, thus 
breaking the tolerogenic status to various tumor 
antigens and inducing antigen-specific antitumor 
immune responses [66–68]. In addition, TLR4 on 
DCs could interact with high mobility group box 
1 (HMGB1) and facilitate antigen cross- 
presentation to antitumor T lymphocytes [69]. 
Thus, TLRs agonists serve as effective adjuvants 
in harnessing potent antitumor immune response 
and clinical responses.

In contrast, tumor cells license TLRs on 
myeloid cells to acquire invasive and metastatic 
activities by promoting the secretion of various 
protumorigenic mediators, such as TNF-α and 
S100A8 [70, 71]. Thus, the careful optimization of 
suitable TLRs ligands for cancer immunotherapy 
is critical in order to avoid protumorigenic inflam-
mation caused by the TLRs expressed on innate 
immune cells in tumor microenvironments.

2.3.2  RIG-I-Like Helicases (RLHs)

RIG-I-like helicases (RLHs) are specific families 
of pattern-recognition receptors bearing caspase- 
recruitment domain (CARD) at N-terminus and 
helicase domains, which are responsible for 

detecting intracellular double-strand RNA and 
inducing innate immune responses. RLHs include 
retinoic acid-inducible gene-I (RIG-I), myeloid 
differentiation antigen-5 (MDA5), and laboratory 
of genetics and physiology-2 (LGP2 or DHX58), 
which are expressed constitutively in both 
immune and nonimmune cells. RLHs recruit spe-
cific intracellular adaptors to initiate NF-κB- and 
IRF-mediated inflammatory signaling pathways 
that lead to the synthesis of type I interferons 
(IFNs) and other proinflammatory cytokines [72, 
73]. The utilization of RLHs ligands as adjuvants 
to trigger antitumor immune responses has been 
validated by several studies. Its administration 
with retinoic acid-inducible gene-I (RIG-I) 
ligand triphosphate RNA triggers antitumor 
immune response by inducing the production of 
IFN-α/IFN-β and various immunogenic cyto-
kines, as well as activating antitumor immune 
response cells [74, 75].

Taken together, RLHs ligands may be utilized 
as adjuvants with other immunotherapies in 
order to overcome immunosuppressive tumor 
microenvironments.

2.3.3  NOD-like Receptors (NLRs)

NOD-like receptors (NLRs) are especially 
important for the recognition of sterile inflamma-
tion such as uric acids and silica [76, 77]. NLR- 
mediated innate immune systems play an 
important role in both antitumor immunity and 
tumorigenicity. For example, nucleotide-binding 
oligomerization domain-containing protein 1 
(NOD1) has a protective role against tumors, and 
the knockdown of NOD1 promotes tumor growth 
in breast cancer model in vivo [78, 79]. NOD-like 
receptor family pyrin domain containing 3 
(NLRP3) serves as a sensor for activating the 
inflammasome pathway which regulates pro- 
caspase- 1 cleavage and subsequent IL-1β activa-
tion [80]. NLRP3 is a negative regulator of 
chemical colon carcinogenesis. In a dextran sul-
fate sodium (DSS) and azoxymethane-induced 
colon cancer model, NLRP3 −/− mice showed 
increased colitis and colitis-associated cancer, 
which was correlated with attenuated levels of 
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IL-1β and IL-18 at the tumor site [81]. However, 
in other models, NLRP3 may also have a role in 
the promotion of tumors as in inflammation- 
induced skin cancers through the enhancement of 
inflammatory environment [82], which suggests 
a dual role for NLLRP3 in the regulation of host 
immunity for pro- or antitumor responses. ATP 
released by dying tumor cells serves as a “find-
 me” signal and recruits phagocytes to facilitate 
the engulfment of apoptotic cells [83]. Thus, ATP 
serves as an agonist for NLRP3 whose activation 
triggers IL-1β production and cross-priming of 
antitumor CD8+ T-cells [84].

2.3.4  Phagocytosis Receptors

Phagocytes are specialized eating cells responsi-
ble for removing apoptotic cells in the body 
through a function of ligand–receptor interaction. 
Dying tumor cells attacked by immune cells or 
targeted by cytotoxic chemotherapeutic reagents 
are subject to recognition and removal by phago-
cytic myeloid cells [85, 86]. Molecules responsi-
ble for delivering “eat me” signals, including 
milk-fat globule-EGF factor 8 (MFG-E8), growth 
arrest-specific 6 (Gas-6), T-cell immunoglobulin- 
mucin domain protein-4 (TIM-4), and calreticu-
lin (CRT), recognize the phosphatidylserine (PS) 
on apoptotic cells by integrin αvβ3 on phagocytes 
[87–90]. On the other hand, the “do not eat me” 
signal serves as negative regulators for phago-

cytes. One example includes the interaction 
between CD47 and signal-regulatory protein-α 
(SIRP-α), which provides inhibitory signals that 
block phagocytosis [91] (Fig. 2.1a).

Manipulation of phagocytic systems has 
emerged as one of the tumor immune evasion 
machineries, and pharmacological targeting of 
these pathways provides a feasible option to aug-
ment host immune responses and eradicate 
tumors. For example, blocking CD47 with a 
monoclonal antibody triggers tumor destruction 
by inducing phagocytosis of malignant cells [90, 
92], and the treatment with anti-MFG-E8 anti-
bodies elicits potent antitumor responses in com-
bination with conventional anticancer drugs [93].

2.3.5  C-Type Lectin-like Receptors 
(CLRs)

Carbohydrate-binding C-type lectin and lectin- 
like receptors (CLRs) are a large family of mol-
ecules expressed in innate immune cells and play 
an important role in the regulation of antitumor 
immunity. For example, the interaction between 
DC-SIGN (dendritic cell-specific ICAM-3 grab-
bing nonintegrin) and ICAM-3 (intercellular 
adhesion molecule 3) facilitates the cross-talk 
between DCs and T lymphocytes, hence influ-
ences immunogenic responses against pathogens 
and tumors [94]. DEC-205 is highly expressed on 
DCs and promotes cross-presentation of tumor 

Fig. 2.1 Role of innate immune receptors in the regulation of antitumor immunity. (a) The functions of the innate 
immune system are regulated by various receptors expressed in immune cells. C-type lectin-like receptors (CLRs) regu-
late recognition and uptake of antigens (such as DEC-205), the interactions between immune cells (such as the interac-
tion between DC-SIGN on APCs and ICAM-3 on T-cells), and the recognition of dead cells, such as CLEC-9A, which 
recognizes necrotic cells and enhances cross-presentation of antigens derived from necrotic cells to CD8+ T-cells. 
Members of B7 family regulate the functions of APCs, such as B7-H1 and B7-H4, which have immune suppressive 
effects, while other members regulate the interaction with immune cells, such as B7-H3, which interacts with NK cells 
and suppresses its functions, and B7-1/B7-2, which regulates APCs-T-cell interactions. Phagocytosis receptors 
expressed on APCs interact with ligands on apoptotic cells and mediate its removal by APCs. In some cases, ligand- 
phagocytosis receptor interactions (such as CD47-SIRP-α) provide an inhibitory signal which blocks phagocytosis, a 
system utilized by tumors to evade immune machineries. (b) The balance between activating and inhibiting signals is 
critical for NK cell activities. Upon interaction with corresponsive ligands, activating and inhibitory receptors deliver a 
signal which is mediated by ITAM and ITIM in their cytoplasmic domain. Phosphorylated ITAM motifs in activating 
receptors recruit adaptor proteins which activate downstream signaling pathways, while phosphorylated ITIM motifs in 
inhibitor receptors recruit proteins, such as SHP-1, which dephosphorylate downstream signal molecules and inhibit 
NK activities
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antigens to cytotoxic T lymphocytes [95]. Indeed, 
agonistic antibody targeting DEC-205 elicits 
potent antitumor immunity and durable tumor 
regression in various murine tumor models [96]. 
In addition, C-type lectin domain family 9A 
(CLEC9A) utilizes necrotic cells for uptake, anti-
gen presentation, and immune response, hence 
raising the possibility that CLEC9A-mediated 
recognition of immunogenic antigens may 
enhance antitumor immunity and clinical 
responses [97] (Fig. 2.1a). Therefore, CLRs serve 
as promising candidates for improving therapeu-
tic responses to cancer immunotherapy. 
Moreover, deep understanding of the mechanism 
through which CLRs regulate innate immune 
response will lead to improvement in cancer 
vaccines.

2.3.6  NK Cell Receptors

NK cells possess various sets of pattern- 
recognition receptors which activate or suppress 
immune responses upon encountering their target 
cells. The balance between activation and inhibi-
tion signals is carefully mediated by signals trig-
gered by both activation and inhibition receptors 
in combination with cytokines. Signals delivered 
from NK receptors mainly mediate through 
immunoreceptor tyrosine-based activation motif 
(ITAM) and immunoreceptor tyrosine-based 
inhibition motif (ITIM). ITAM and ITIM bear 
conserved sequences of four amino acids repeated 
twice in the cytoplasmic tails of NK cell recep-
tors. Phosphorylation of tyrosine within ITAM 
motifs recruits adaptor proteins such as DNAX- 
activating protein-12 (DAP12) and DNAX- 
activating protein-10 (DAP10) involved in 
activating downstream signaling pathways. On 
the other hand, phosphorylation of tyrosine 
within ITIM motifs recruits proteins, such as 
SHP, which dephosphorylate downstream signal 
molecules to inhibit NK stimulation [98] 
(Fig. 2.1b).

Tumor cells evolve multiple strategies to 
evade NK cells by modulating ligand expression, 
ligand shedding, and upregulation of MHC mol-
ecules, in addition to the production of immuno-

suppressive cytokines. Thus, it is important to 
understand the underlying mechanism of NK cell 
activation and inhibition by their receptors, which 
eventually regulate immunosurveillance. 
NKG2D is a homodimeric C-type lectin- 
activating receptor expressed on NK, NKT, and 
activated CD8+ T-cells [16, 99]. Ligands for 
NKG2D include stress-induced proteins, such as 
MHC class I chain-related A and B (MICA and 
MICB) as well as unique long 16 binding pro-
teins (ULBPs) in human [99] and RAE1, H60, 
and Mult1 in mice. NKG2D ligands are upregu-
lated in stress conditions, such as viral infection 
and transformation [99–102]. Several signaling 
pathways are involved in the induction of 
NKG2D ligands, including HSP70-mediated cel-
lular stress [101] and ATM/ATR-mediated DNA 
damage pathways [103]. Importantly, blocking of 
NKG2D pathways increases the susceptibility of 
mice to chemically induced carcinogenesis [104], 
indicating the importance of NKG2D in tumor 
immunosurveillance. Natural cytotoxicity recep-
tor (NCR) family consists of three activating 
receptors: NKp30, NKp44, and NKp46, which 
are able to induce a strong cytotoxic reaction by 
NK cells. Expression levels of NCRs are corre-
lated with cytotoxic ability of NK cells. MHC 
class I molecules counteract with NCR-mediated 
activation signals; in addition, the loss of MHC-I 
molecules, frequently observed in transformed 
cells, activates NCRs on NK cells [105–107].

Killer cell immunoglobulin-like receptors 
(KIRs) are a family of cell surface molecules 
expressed on NK cells. KIRs have many mem-
bers divided into two groups depending on the 
number of extracellular Ig domains (2D or 3D) or 
the length of their cytoplasmic tail, long vs. short 
(L or S). L-forms are shown to have inhibitory 
functions, while S-forms enhance cytotoxic 
activities of NK cells in DAP12-mediated signal 
pathways. KIRs regulate NK cells’ killing func-
tion through the interaction with MHC class I 
molecules [100, 108].

The interaction between inhibitory KIRs and 
normal MHC-I molecules inhibits NK cell stimu-
lation. Correspondingly, NK cell stimulation can 
occur due to an interaction between activating 
KIRs and polymorphic self-MHC class I mole-
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cules. Inhibitory KIRs were shown to be involved 
in the escape mechanism of acute myeloid leuke-
mia (AML) from NK cell immune surveillance, 
mechanism of which includes a mismatch 
between donor KIRs and recipient human leuko-
cyte antigen ligands [109]. Thus, the understand-
ing of KIR-mediated recognition of the missing 
self is important in the treatment of AML [110].

Ly49 family is a large group of receptors 
expressed in mice but not in humans [111]. 
Functionally, Ly49 is similar to human KIRs, 
containing both activating and inhibitory recep-
tors. Inhibitory Ly94 receptors possess ITIM 
motifs which recruit SHP-1 to trigger an inhibi-
tory signal, while activation receptors interact 
with DAP12 to activate lytic machinery in NK 
cells [112]. Ly49H is an activating NK receptor 
which recognizes m157 glycoprotein encoded by 
mouse cytomegalovirus (MCMV). Upon interac-
tion with m157, Ly49H associates with DAP12 
and DAP10 to stimulate NK cell-mediated cyto-
toxic activities against infected cells [113], sug-
gesting a role for Ly49H in the protection against 
viral infection-associated tumors [114].

DNAM-1 (CD226) is an adhesion molecule 
expressed on the surface of NK cells, monocytes, 
and a subset of T-cells. DNAM-1 belongs to the 
immunoglobulin superfamily containing two 
Ig-like domains of the V-set. DNAM-1 is reported 
to bind to two ligands: CD112 and CD155 [115]. 
CD112 and CD155 are highly expressed in some 
tumors like melanoma and neuroblastoma. 
Importantly, neuroblastoma cells that do not 
express CD112 and CD155 are resistant to NK 
cells, indicating that NK lysis of this neuroblas-
toma cells requires DNAM-1 interaction with its 
ligands on tumor cells [116].

2.3.7  B7 Family

B7 family consists of co-stimulatory and co- 
inhibitory receptors found on activated APC and 
T-cells, which regulate the interaction between 
APCs and T-cells. B7-1 and B7-2 are expressed on 
APCs and are involved in the stimulation of T-cell 
response. B7-1 and B7-2 on APCs serve as co-
stimulatory molecules and play a critical role in 

regulating antitumor immune responses through 
reciprocal interaction of their receptor CD28 and 
cytotoxic T-lymphocyte antigen-4 (CTLA-4) on T 
lymphocytes [117, 118]. B7-H1 (PD-L1) expres-
sion in DCs is induced by IL-10 and VEGF at ovar-
ian tumors [119]. B7-H1 on DCs suppresses IL-12 
and promotes IL-10 secretion, creating an immu-
nosuppressive tumor environment. Moreover, the 
blockade of B7-H1 enhances antitumor immunity 
by DC-mediated T-cell activation [119, 120]. In 
addition, treatment with PD-1 neutralizing antibod-
ies has been found to decrease tumor growth and 
metastasis in B16 melanoma and colon cancer 
models [121, 122]. B7-H3 on APCs binds to an 
unidentified receptor on NK cells and transduces 
an inhibitory signal which suppresses cytotoxic 
activities of NK cell. In addition, blocking of 
B7-H3 could restore the antitumor effects of NK 
cells [116]. Finally, B7-H4 promotes protumori-
genic and immunosuppressive phenotypes of mac-
rophages; for example, the blockade of B7-H4 
normalized immunogenicity of macrophages and 
augmented antitumor immunity in ovarian tumor 
tissues [123] (Fig. 2.1a).

2.4  The Role of Effectors 
Produced from Innate 
Immune Cells in Cancer 
and Antitumor Immunity

2.4.1  Interferons (IFNs)

Type I IFNs are produced by many different cells 
in response to viral or bacterial infections. Type I 
IFNs (IFN-α/IFN-β) enhance proliferation and 
activation of innate immune cells such as DCs, 
macrophages, and NK cells [124]. In addition, 
they stimulate antigen processing and presentation 
to antigen-specific lymphocytes, which greatly 
contribute to tumor immunosurveillance [125]. 
The importance of type I IFNs in tumor immuno-
surveillance also validated enhanced susceptibility 
to tumorigenesis by treatment with anti-IFN-α/
IFN-β neutralizing antibodies or in mice with tar-
geted mutations of type I IFN receptor [126, 127].

Type II IFN (IFN-γ) is a cytokine involved in 
the activation of adaptive immune cells. IFN-γ is 
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primarily produced by various innate immune 
lymphocytes such as NK, NKT, and γδ-T cells 
and plays a critical role in the induction of Th1 
immune responses and the production of NO and 
ROS by macrophages, leading to enhanced cyto-
toxic activities against transformed cells [128]. 
IFN-γ has an important role in the protection 
against transplanted tumors or chemically 
induced tumors by increasing intrinsic immuno-
genicity of tumor cells [129, 130]. IFNGR−/− 
mice or mice deficient in IFN-γ-downstream 
signaling molecule Stat-1 developed tumors 
more rapidly and in greater frequencies com-
pared to wild-type mice [131, 132]. Thus, IFN-γ- 
mediated regulation of tumor immunogenicity 
has a great impact on innate immunity and tumor 
immunosurveillance.

2.4.2  Other Cytokines

Interleukins have an important role in regulating 
innate immune functions in tumor microenviron-
ments. Several cytokines, such as IL-2, IL-12, 
IL-18, IL-15, and IL-21, serve as NK cell- 
stimulants, competent in targeting transformed 
cells. Mice deficient for IL-12p40 are susceptible 
to carcinogen-induced tumorigenesis; in addi-
tion, IL-21−/− mice showed reduced colitis- 
associated cancers [133], indicating the role of 
these cytokine in protecting hosts from arising 
tumors. With respect to the mechanisms of action, 
NKG2D systems are involved in the enhance-
ment of NK cell cytotoxic activities by all cyto-
kines suggested above, and perforin-granzyme 
pathways play an important role in exerting NK 
cell cytolysis by IL-18. Moreover, IL-21 induces 
NK cell effector functions by increasing sensi-
tivities to IFN-γ, and IL-15 regulates survival, 
activation, and proliferation of NK cells [134]. 
Cytokines produced from innate immune cells 
serve as feasible adjuvants in activating antitu-
mor responses in patients with advanced cancer. 
For example, the systemic administration of high 
doses of recombinant IL-2 or the adaptive trans-
fer of IL-2-stimulated NK cell can trigger potent 
antitumor responses and mediate durable tumor 
regressions in patients with advanced melanoma 

and renal cell carcinoma [135]. The clinical effi-
cacy of IL-12 has been evaluated as a monother-
apy or in combination with other immunotherapies 
in patients with cancer; however, they did not 
induce durable clinical responses [136, 137].

Several cytokines antagonize immunogenic 
potential of tumors and innate lymphocytes. IL-10 
downregulates the expression of immunogenic 
cytokines, such as IFN-γ, IL-2, TNF-α, and 
GM-CSF, and also suppresses antigen presentation 
by APCs. On the other hand, the carcinogen- 
mediated tumor incidence was increased in IL-10-
knockout mice, whereas IL-10 overexpression 
protects mice from arising tumors [138]. Thus, 
IL-10 has a complex role in tumorigenesis, and the 
pro- and antitumor effects of IL-10 may depend on 
the different experimental models. TGF-β is a regu-
latory cytokine which has important roles in the 
regulation of immune responses and immune toler-
ance as well as carcinogenesis [139, 140]. TGF-β 
can inhibit the activities of NK cells through the 
suppression of IFN-γ production [141], as well as 
the downregulation of activating receptors such as 
NKp30 and NKG2D [142]. On the other hand, 
TGF-β negatively regulates recruitment and differ-
entiation of myeloid- derived suppressor cells 
(MDSCs) in tumor tissues derived from mammary 
carcinomas, contributing to enhanced host immu-
nity and tumor rejection [143]. Therefore, TGF-β 
has different roles in antitumor immunity and 
tumorigenicity, which are in part dependent on the 
phase of tumor progression and different cellular 
components in tumor microenvironments [144]. 
Vascular endothelial growth factor-A (VEGF-A) 
also plays a critical role in suppressing DC matura-
tion and differentiation, therefore impacting tumor 
immunogenicity and host immunosurveillance 
[145]. Thus, various cytokines are responsible for 
attenuating immunogenic potentials of innate 
immune systems in tumors.

Several cytokines derived from innate lympho-
cytes contribute to smoldering inflammation and 
tumor progression. IL-23-IL-17 pathway oper-
ated in endogenous tumor microenvironments 
represents prototypical mediators which promote 
tumor-associate inflammation. IL-23 promotes 
tumor cell growth and invasion through upregula-
tion of proteins of the matrix metalloproteinase- 9 
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(MMP9), COX-2, and angiogenesis. In contrast, 
IL-23−/− mice showed reduced inflammation and 
thus attenuated tumor formation [146]. IL-17 is 
elevated in various tumors, where it plays an 
important role in tumor growth. IL-17 can enhance 
tumor growth by direct effects on tumor cells and 
tumor-associated stromal cells by activating IL-6-
Stat3 pathways [147]. Furthermore, the altered 
composition of commensal microbes and disrup-
tion of epithelial barrier functions facilitate differ-
entiation of IL-17-producing T lymphocytes by 
IL-23 from myeloid cells in intestine, leading to 
increased colon tumorigenesis [148, 149].

Granulocyte-macrophage colony-stimulating 
factor (GM-CSF) is produced in  vivo by many 
cells including mast cells, macrophages, T-cells, 
fibroblasts, and endothelial cells in response to 
immune activation and proinflammatory cyto-
kines. GM-CSF creates an immunosuppressive 
tumor microenvironment by differentiating 
immature myeloid-derived suppressor cells 
(MDSCs) into tumor tissues [150]. On the other 
hand, the therapeutic administration of GM-CSF 
has been emerged as a potent immunogenic adju-
vant to stimulate antitumor immunity by enhanc-
ing APC functions [151].

Macrophage colony-stimulating factor, 
M-CSF (also known as CSF-1) is a dimeric poly-
peptide growth factor which regulates the prolif-
eration, differentiation, and survival of 
macrophages and their bone marrow progenitors. 
CSF-1 expression is elevated in different tumors 
and is found to be accompanied by high grade 
and poor prognosis [152]. Targeting of CSF-1 has 
been evaluated in preclinical and clinical studies 
[153]. The administration of anti-CSF1R- 
neutralizing antibody (AFS98) or a CSF-1R 
inhibitor (Ki20227) resulted in reduced numbers 
of tumor- infiltrated macrophages in an implanted 
osteosarcoma model and reduced vasculariza-
tion, angiogenesis, and tumor growth [154, 155].

2.4.3  Chemokines

Chemokines are small cytokines secreted by 
many cell types in response to pathological con-

ditions, in order to activate and attract effector 
cells which express appropriate chemokine 
receptors. Two types of chemokines have been 
identified: CC chemokines that are chemotactic 
for monocytes and CXC chemokines which 
attract polymorphonuclear leukocytes (PMNs). 
Chemokines have a central role in tumor progres-
sion through the recruitment of innate immune 
cells into tumor site. Most studies have focused 
on CCL2 and CCL5 as the major chemokines in 
tumor microenvironment.

CCL2 (MCP-1) is produced by tumor cells 
and tumor-associated stromal cells and attracts 
CCR2+ inflammatory monocytes to the tumor 
microenvironment, which differentiate into 
tumor-associated macrophages and promote 
tumor aggressiveness, and the blockade of CCL2- 
CCR2 signaling by neutralizing antibodies sup-
presses metastasis and prolongs overall survival 
of tumor-bearing mice [156]. The levels of CCL2 
expression and macrophage infiltration into 
tumors are correlated with poor prognosis and 
metastases in human breast cancer, suggesting 
significance of CCL2-mediated immune regula-
tion in cancer patients [157].

CCL5, another important chemokine, plays an 
important role in the recruitment of monocytes 
into the tumor microenvironment [158]. CCL5 
induces expression of CCL2, CCL3 (MIP-α), 
CCL4 (MIP-β), and CXCL8 (IL-8) by mono-
cytes, which leads to the recruitment of myeloid 
cells into tumor site [159]. CCL5 also induces 
CCR1 expression on monocytes [160]. Hence, 
chemokines lead to the recruitment of mono-
cytes, which produce more chemokines to further 
attract more monocytes as well as other leuko-
cytes into the tumor site. CCL5 enhances antitu-
mor immune responses against tumors [161], 
while it promotes tumorigenesis and metastases 
in some conditions [162, 163]. These findings 
suggest dual function of CCL5  in cancer and 
antitumor immunity.

Taken together, the dynamic interactions 
between tumor cells and innate immune cells 
governed by chemokine networks play a pivotal 
role in the regulation of tumor immunosurveil-
lance and tumorigenicity (Fig. 2.2).
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2.5  Concluding Remarks

Innate immune system serves as the first line of 
defense against pathogens and cancers. In tumors, 
innate immune cells are attracted into the tumor 
site. Factors released from stressed cells at the 

tumor microenvironment, such as PAMPs and 
DAMPs, are recognized by another set of recep-
tors, including TLRs, RLRs, and NLRs, which 
trigger distinct innate signaling pathways; these 
pathways lead to maturation, activation, as well 
as production of cytokines and chemokines from 
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Fig. 2.2 Role of the innate immune system in cancer and 
antitumor immunity. Innate immune system serves as the 
first defense line against cancers. Innate immune cells 
such as DC, NK, NKT, γδ-T cells are attracted into the 
tumor site, where they recognize the transformed cells and 
release multiple factors which initiate an antitumor 
immune response. On the other hand, other innate immune 
cells may also involve in the promotion of tumor growth, 
angiogenesis, and metastasis. For example, IDO+ DC 

induces differentiation of FoxP3+Treg cells which sup-
press antitumor immunity, and molecules released by 
PMNs may have protumorigenic or antitumor effects. 
Furthermore, tumors secrete chemokines and cytokines 
that attract inflammatory monocytes into the tumor micro-
environment and induce its differentiation into M2 macro-
phages, which play important roles in tumor progression, 
metastases, angiogenesis, and chemoresistance
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immune cells, to attract more immune cells into 
the tumor site and initiate an immune response 
against tumor cells. Thus, a deep knowledge of 
the role of innate immune system in tumor immu-
nity and tumorigenesis is critical to develop new 
strategies for the immunotherapy of cancer.
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3.1  Introduction

A common characteristic in all cancers is the pres-
ence of a host cell infiltrate that includes fibro-
blasts, endothelial cells, and immune cells [1–3]. 
Infiltrating host cells, together with soluble factors, 
signaling molecules, and extracellular matrix com-
ponents, constitute the tumor microenvironment 
(TME). It is well-established that TME orches-
trates tumor initiation, progression, and spreading, 
and growing evidences indicate that it also plays a 
pivotal role in the response to therapy [4].

Solid tumors are infiltrated by several and 
distinct populations of lymphoid and myeloid 
immune cells [1–3]. Tumor-infiltrating lym-

phocytes (TILs) are recognized as major deter-
minants of the host immune response to tumor 
cells. The therapeutic improvement following the 
development of immune checkpoint inhibitors 
(ICI), contributing to restore T-cell cytotoxic-
ity eliminating negative signals blocking T-cell 
functions, demonstrates the pivotal role of TILs. 
On the other side, cells of the myeloid lineage, 
that commonly represent the highest proportion 
of immune cells in TME, can exert pro- or anti- 
tumoral functions.

Tumor-associated myeloid cells mainly derive 
from the correspondent blood cells which in 
turn originate from hematopoietic stem cells 
(Fig.  3.1). Among myeloid cells, tumor-associ-

HSC CMP IMC

TEM TEM

MONOCYTE

BONE MARROW BLOOD/ SPLEEN TUMOR

TAM

TAN

TADC

N2 TAN

N1 TAN

M2 TAM

M1 TAM

PMN-MDSC M-MDSC

PMN-MDSC PMN-GCSF

NEUTROPHIL

iDC

MDSC

Fig. 3.1 Differentiation pathways of tumor-associated 
myeloid cells. Myeloid cells originate from hematopoietic 
precursor in the bone marrow. Here are indicated the pre-
cursors and the networks giving rise to the various myeloid 
cells in the different compartments (bone marrow, blood/
spleen, and tumors). Tissue macrophages and neutrophils 
display a gradient of polarized phenotypes whose 
extremes are M1 and M2 for macrophages, N1 and N2 for 

neutrophils. HSC: hematopoietic stem cells; CMP: com-
mon myeloid progenitors; IMC: immature myeloid cells; 
MDSC: myeloid-derived suppressor cells; M-MDSC: 
monocytic MDSC; PMN-MDSC: polymorphonuclear/
granulocytic MDSC; TAM: tumor-associated macro-
phages; TAN: tumor-associated neutrophils; iDC: imma-
ture dendritic cells; TADC: tumor-associated dendritic 
cells; TEM: Tie-2-expressing monocytes

T. Gulic et al.



31

ated macrophages (TAMs) are the most abundant 
leukocytes infiltrating tumors. Chemokines, cyto-
kines, and complement components [C-C motif 
chemokine 2 (CCL2); colony stimulating factor-1 
(CSF-1); C5a] are major determinants of macro-
phage recruitment in tumors [5–8]; however, in 
situ proliferation has been also reported [9, 10]. 
TAMs can engage complex and bidirectional 
interactions with the other cells of the TME, as 
well as with cancer cells, and are key orchestra-
tors of cancer-related inflammation (CRI) [3, 7, 
11]. The set of myeloid cells infiltrating tumors 
also includes neutrophils, the predominant leu-
kocyte subset in the blood, and a heterogeneous 
population of immunosuppressive cells defined as 

myeloid-derived suppressor cells (MDSCs) [12]. 
Tumor-associated myeloid cells are recognized as 
major players in the connection between inflam-
mation and cancer, considered the seventh hall-
mark of cancer [7, 11, 13–18]. Given their role 
in tumor-promotion (Fig.  3.2), growing efforts 
are devoted to target tumor-associated myeloid 
cells and/or to skew their properties toward anti- 
tumoral effects.

In this chapter, we focus essentially on 
tumor- associated macrophages, neutrophils, and 
MDSCs, providing a summary of the current 
knowledge centered on these cells and a rationale 
for their therapeutic targeting.

TAM Th1; Th2; Treg
lymphocytes

TADC

Tumor cell

Tumor

Immunosuppression

Tumor survival
Proliferation

Local invasion
Metastasis

Resistance to
therapies

Matrix degradation
remodeling

Angiogenesis

TEM

MDSC

TAN

Fig. 3.2 Protumoral functions of tumor-associated 
myeloid cells. Tumor-associated myeloid cells, once 
exposed to the tumor microenvironment, acquire the capa-
bility to exert several pro-tumoral functions, including 
promotion of tumor cell survival, angiogenesis, matrix 

degradation and suppression of adaptive immunity. 
Soluble factors (cytokines, chemokines, growth factors 
and proteolytic enzymes) are involved in the regulation of 
these pro-tumoral effects
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3.2  Tumor-Associated 
Macrophages

3.2.1  General Characteristics

Macrophages (Mφ) commonly represent the 
highest proportion of myeloid cells in the TME, 
and they are described to have mostly pro-
tumoral activity [3].

The monocyte-Mφ lineage is characterized by 
its high plasticity and variety [19], influenced by 
the environment in which they are inserted. Mφ 
polarization and activation is described as a con-
tinuum of different cells, which differ in morphol-
ogy, function, and metabolism [19, 20]. In the 
two extremes of this continuum are the M1 (clas-
sically activated) Mφ and the M2 (alternatively 
activated) Mφ [19, 20]. While M1-Mφ are classi-
cally pro-inflammatory, being involved in the kill-
ing of invading intracellular pathogens and in the 
activation of anti-tumoral Th1 adaptive immune 
responses, M2-Mφ mediate the control of para-
sitic infections, secrete anti-inflammatory, and 
immunomodulatory mediators, being involved in 
tissue remodeling and repair and dampening of 
anti-tumor adaptive immune responses [19, 20]. 
The M1 and M2 activation states also present 
very distinct glucose, amino acid, iron, and lipid 
metabolism [20, 21], which impact their immune 
functions. M1-Mφ metabolic profile is character-
ized by enhanced glycolysis, a continuous flux 
through the pentose phosphatase pathway, fatty 
acid synthesis, a truncated tricarboxylic acid 
cycle [20], and an  “iron- sequestering” pheno-
type [21]. Paradoxically, M2-Mφ metabolism is 
described to be mainly dependent on oxidative 
phosphorylation and fatty acid oxidation [20], 
presenting an “iron release” phenotype [21].

Although CRI is highly variable and depen-
dent on the tissue where the tumor develops, 
being composed of different inflammatory cells 
and inflammatory mediators, TAMs are always 
the major coordinators of CRI [2, 3]. In fact, both 
in the primary tumor and in the metastasis, TAMs 
are involved in a complex interplay with all the 
cells composing the TME, from cancer cells to 
fibroblasts, endothelial cells, stromal cells, and 
other inflammatory cells [19]. During this inter-

play, TAMs usually adopt a M2-like phenotype 
and orchestrate an inflammatory environment that 
promotes survival and proliferation of the cancer 
cells, by suppressing anti-tumor responses, sup-
porting angiogenesis, cancer cell migration, and 
invasion [3, 20]. Interestingly, due to the great 
plasticity of TAMs, it is possible to detect differ-
ent subpopulations of these cells within distinct 
regions of the tumor tissue [20].

3.2.2  Role in Cancer 
and Dissemination

One of the first inflammatory cells to infiltrate 
solid tumors are Mφ. Contrarily to what was pre-
viously described, TAMs are composed of a mixed 
population of blood monocyte-derived Mφ and 
embryonic-derived tissue-resident Mφ [22, 23].

In the TME, through the production of cyto-
kines, chemokines, and other factors, tumor cells 
are able to modulate Mφ function and charac-
teristics in their profit, taking advantage of Mφ 
normal function in wound healing and tissue 
regeneration [3]. Production of CCL2 and IL-13 
by tumor cells was shown to modulate TAM 
polarization into a M2-like activation state [24, 
25], but many other factors present in the TME, 
as TGF-β or prostanglandin-E2, could possibly 
alter Mφ polarization [26, 27].

In the breast, CCL2 secretion by tumor cells 
was shown to be involved in the recruitment of 
inflammatory monocytes into the metastatic site 
and drive their differentiation into metastasis- 
associated Mφ (MAMs) [28]. CCL2 increases 
CCL3 expression by MAMs, which autologous 
signaling via CCR1 induces their retention in 
the lung, promoting metastasis [29]. In another 
report, CCL2 expression by HER2+ tumor cells 
resulted in the production of Wnt-1 by intra- 
epithelial Mφ in the mouse, inducing the disrup-
tion of E-cadherin junctions between early cancer 
cells [24]. This process leads to an early dissemi-
nation and lung intravasation of the breast tumor 
cells, even before the primary tumor becomes 
palpable [24]. A similar process was observed 
in a model of hepatocellular carcinoma, where 
tumor cells drive the polarization of TAMs into 

T. Gulic et al.



33

a M2-activation state via the canonical Wnt/β- -
catenin pathway, culminating with increased 
tumor growth, metastization, and immunosup-
pression [30].

In a mouse model of hepatocellular carci-
noma, a role for CCL2-CCR2 axis in tumor 
growth was also described [31], supported by the 
inverse association of high CCL2 expression in 
human hepatic tumor tissues and post-surgical 
survival [31]. In human primary colon tumors, 
CCL2 is expressed in all tumor stages, being par-
ticularly highly expressed in tumor stage IV that 
developed metastasis in distant organs [32].

Contrarily, in a preclinical melanoma model, 
CCL2 was shown to direct the migration of γδ 
T-cells into the tumor, where they play a protec-
tive role by exerting an effective cytotoxicity 
against the tumor cells [33]. This example clearly 
shows that the same immune pathways might 
have distinct functions and effects in different 
tumor contexts.

While inflammatory monocytes have been 
shown to support metastization [28, 29], non- 
conventional patrolling monocytes, characterized 
as CX3CR1+Ly6C−, were reported to prevent 
melanoma lung metastasis through the recruit-
ment of NK cells into the lung [34]. In an inde-
pendent study, patrolling monocytes responded 
to primary melanoma tumors through the pro-
duction of IL15, activating NK cells and the pro-
duction of IFNγ, which inhibited a subsequent 
experimental lung metastization [35].

Interestingly, both in colon adenocarcinoma 
[22] and pancreatic ductal adenocarcinoma 
(PDAC) [23] mouse models, it was reported that the 
TME drives the in situ proliferation of embryonic- 
derived tissue-resident Mφ. In the colon, increased 
levels of CSF-1 during tumor progression where 
driving the mechanism, and antibody blocking of 
CSF-1 receptor (CSF-1R) was able to reduce the 
number of these cells in the mice colon, resulting 
in reduced tumor incidence and tumor size [22]. 
Transcriptional profiling of TAMs derived from tis-
sue-resident Mφ revealed that these cells expressed 
higher levels of M2 genes and genes involved in 
extracellular matrix (ECM) remodeling [e.g., argi-
nase-1 (arg- 1), metalloproteases (MMPs)] than 
monocyte- derived TAMs [22, 23]. In fact, experi-

ments with CCR2−/− mice in both PDAC and colon 
adenocarcinoma models demonstrated that inhibi-
tion of monocyte recruitment into the tumor site 
is not enough to inhibit tumor growth [22, 23]. A 
CXCR4+ TAM population expressing high levels 
of ECM-remodeling genes, which resembles the 
embryonic-derived TAM in the mouse, was also 
detected in human PDAC samples, suggesting its 
involvement in the modulation of the pathology- 
associated fibrosis [23]. Modulation of the ECM 
by TAMs opens the way for tumor cells dissemina-
tion in the tissue, therefore prompting metastasis 
formation [2].

Both IL-4 and IL-13 signal through IL4Rα 
chain, activating STAT6 pathway, which is 
known to be associated with tissue remodeling 
and vascularization [3]. STAT6−/− mice were 
reported to be protected from tumor develop-
ment in a colitis- associated cancer model [36], 
presenting reduced proliferation and increased 
apoptosis of epithelial cells, reduced pro-inflam-
matory cytokines and chemokines, and reduced 
accumulation of CD11b+Ly6ChiCCR2+ cells. In 
a pancreatic tumor model, IL-13 was reported to 
polarize TAMs into a M2-phenotype, which in 
turn release CCL2 and IL1ra, driving pancreatic 
tumorigenesis [25]. Another study described an 
intricate communication between TAMs and 
tumor cells in the pancreas. The production of 
CCL18 by TAMs enhanced the aerobic glyco-
lytic pathway in tumor cells, increasing lactate 
levels which modulate TAM phenotype into 
M2-like [37].

The PD-1/PD-L1 is one of the most studied 
immune checkpoints, with an important role in 
the regulation of T-cell function, being currently 
used as a drug target in the clinic. Both tumor 
cells and TAMs can express PD-1 ligands, which 
block T-cells via PD-1 [3, 21]. Remarkably, it 
was recently reported that TAMs also express 
PD-1, both in the murine and human setting, and 
that PD-1+ TAMs presented a M2-phenotype, 
expressing higher levels of CD206 and lower lev-
els of MHCII in comparison with their negative 
counterparts [38, 39]. Supporting the pre-clinical 
data, in human colorectal cancer the frequency of 
PD-1 expressing TAMs was positively correlated 
with disease stage [38].

3 Tumor-Associated Myeloid Cells in Cancer Progression



34

The TME is usually characterized by a depri-
vation of nutrients and oxygen, due to the uncon-
trolled tumor cells growth. The aerobic glycolysis 
metabolism of tumor cells induces an increase 
in the local lactate levels, and it was recently 
reported that Mφ can sense hypoxia and lactate 
gradients, resulting in patterns of Mφ express-
ing arginase-1 and VEGF, therefore promoting 
angiogenesis and tumor growth [40].

The mechanisms described above represent 
only a fraction of the pathways by which Mφ 
influence tumor growth and dissemination, and a 
lot remains poorly understood.

3.2.3  Targeting Strategies

The pro-tumoral role of Mφ and other myeloid 
cells infiltrating tumors make these cells good 
therapy targets. In agreement, during the past 
years, a huge effort has been made to develop 
drugs able to target TAMs, eliminating them 
from the tumor tissue or even reprogramming 
their activation state and function. The results of 
several pre- clinical studies indicate that targeting 
of TAMs might be an efficient strategy to limit 
tumor growth and metastization, and enhance the 
response to other therapies.

Tumor cells have been reported to express on 
their surface molecules that allow them to avoid 
innate immune surveillance [3]. One example 
is CD47, which was reported to be expressed by 
several tumor cells [41, 42], and serves as an anti- 
phagocytic signal by binding SIRPα on the mem-
brane of Mφ [3, 41, 42]. In a small-cell lung cancer 
model, blocking of CD47-SIRPα using an anti-
CD47 therapy induced Mφ-mediated phagocyto-
sis of the tumor cells and reduced tumor growth 
[41]. Gholamin et al. have demonstrated that CD47 
is highly expressed in several malignant pediatric 
brain tumors, and that a humanized anti-CD47 
antibody (Hu5F9-G4) presents therapeutic activ-
ity both in vitro and in vivo against clinical-derived 
human xenograft mouse models, without affecting 
the normal cells of the central nervous system [42].

Since Mφ function is highly dependent on CSF-
1, several CSF-1R blocking therapies are currently 
under investigation [43–45]. In a mouse model 
of glioblastoma multiforme, although the treat-

ment with a CSF-1R-inhibitor under clinical trial 
(BLZ945, Novartis) effectively reduced tumor size, 
more than 50% of the animals suffer rebound with 
high grade tumors [43]. Interestingly, this resistance 
was TME-driven, since TAMs present in rebound 
tumors upregulated insulin-like growth factor 1 
(IGF-1), which results in activation of IGF-1R 
and PI3K signaling in glioma cells, supporting 
tumor growth and malignancy [43]. A therapeutic 
approach combining both CSF-1R blocking with 
PI3K or IGF-1 blocking increased the survival rate 
of the animals with recurrent tumors [43].

Inhibition of CSF-1R with PLX3397 
(Plexxikon) in a pre-clinical model of hepatocel-
lular carcinoma altered the polarization of TAMs 
into a M1-profile, resulting in increased numbers 
of CD8 T-cells, delayed tumor growth, increased 
survival of the mice [45]. Interestingly, an inde-
pendent study demonstrated that a combinatory 
therapy of anti-CSF-1R and CD40-agonist also 
induced a reprogramming of TAM before their 
depletion, consequently boosting an anti-tumoral 
T-cell response against several transplantable 
tumor models [44].

These are just few examples on how targeting 
of TAMs can be helpful in the treatment of can-
cer, but it also points out the obstacles that can 
arise in the clinics from the use of mono-therapy. 
Pre-clinical data show that a more efficacious 
approach could be the targeting of more than 
one pathway by which TAMs promote tumor 
progression.

3.3  Tumor-associated 
Neutrophils

3.3.1  General Characteristics

Neutrophils, also known as polymorphonuclear 
leukocytes (PMN), are the most abundant white 
blood cells in the human circulatory system, typi-
cally representing more than 70% of all leukocytes 
[46, 47]. They are the first line of defense of the 
innate immune system, being able to detect and 
destroy invading pathogens through phagocytosis 
and intracellular degradation, degranulation of 
antimicrobial products [i.e., reactive oxygen spe-
cies (ROS), antibacterial peptides, and enzymes] 
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and production of neutrophils extracellular traps 
(NETs) entrapping microorganisms [46]. During 
the differentiation and maturation process from 
hematopoietic stem cells, neutrophils undergo 
extensive changes and acquire distinct mature 
phenotypic and functional properties [47].

Neutrophils are short-lived cells under steady 
state condition, but, once migrated into tissues 
in response to inflammatory stimuli, their lon-
gevity is increased several fold [48]. During 
their  persistence in tissues, neutrophils can exert 
complex activities, including orchestration of 
the immune response, but during the late final 
phases of acute inflammatory responses, they 
are involved in the resolution of inflammation 
through the production of pro-resolving lipid 
mediators [46, 47, 49–51]. Intra-vital imag-
ing and animal models showed that neutrophils 
recruited at sites of damage do not undergo apop-
tosis once their life span ended, but they leave the 
site of tissue damage in a process termed “reverse 
transmigration” [49, 52]. Recent data indicate 
that leukotriene B4 induces cleavage of JAM-C 
by neutrophil elastase, driving neutrophil reverse 
transmigration in vivo [53].

Neutrophils are heterogeneous and versatile 
cells able to modulate inflammatory and immune 
responses. Plasticity of neutrophils is particularly 
evident among those infiltrating tumors. Tumor- 
associated neutrophils (TANs) undergo the most 
impressive phenotype changes. In fact, mirror-
ing macrophages, TANs can be divided in two 
distinct functional subpopulations, N1 and N2 
neutrophil. N1 neutrophils are mature cells char-
acterized by anti-tumorigenic properties [52, 54]. 
On the contrary, N2 neutrophils are more imma-
ture cells and exert pro-tumorigenic properties, 
expressing high levels of MMP-9, Arg-1, and 
VEGF, factors promoting angiogenesis, facilitat-
ing an immune suppressive TME, and increasing 
cancer dissemination [55–58].

3.3.2  Role in Cancer 
and Dissemination

Neutrophils have traditionally received little 
attention in the cancer field, partly because their 
limited life span and fully differentiated pheno-

type seemed at odds with the chronic nature of 
cancer and has long been considered meaningless 
[57, 59]. Interest in neutrophil cell biology in the 
context of cancer has increased in the last years, 
also thanks to the yin/yang role of these cells on 
tumor development.

Neutrophils are recruited into growing tumors 
in response to CXC chemokines released by cancer 
and stromal cells [57]. The axis CXCL8- CXCR2 
is among the most relevant for neutrophils recruit-
ment, as shown, for instance, in human head and 
neck squamous cell carcinoma (HNSCC) or hepa-
tocellular carcinoma [60–63]. Neutrophils play 
a role in the carcinogenesis process by releas-
ing nitric oxide derivatives and ROS, promoting 
genetic instability and DNA point mutations [18, 
55, 64]. Release of neutrophil elastase (NE) can 
also favor tumor cell proliferation and is involved 
in neutrophil mediated epithelial-to-mesenchy-
mal transition [65]. CXCR2 deletion suppresses 
inflammation- induced carcinogenesis in mice, 
underlining the crucial role exerted by neutrophils 
in this process. In agreement, aberrant accumula-
tion of neutrophils, documented in a wide variety 
of tumors, is often associated with poor clinical 
outcomes [63, 66, 67].

In general, N1 neutrophils were found in early 
stage tumors, whereas N2 TANs are predominantly 
found in established tumors [68]. It is known that 
type I Interferons (IFNs) are main inducers of N1 
TANs, while TGF-β promote the acquisition of a 
N2 pro-tumoral phenotype [59, 69]. In HNSCC, 
expression of MMP-9 was increased in TANs in 
comparison to any other cell type in the tumor 
[70], while in hepatocellular carcinoma, increased 
number of TANs correlated with a higher angio-
genic response [62]. Direct proof for neutrophils 
being the major tumor-associated leukocyte type 
expressing MMP-9 was recently provided in a 
study employing human xenografts and synge-
neic murine tumors [71]. Also in melanoma or 
fibrosarcoma it was found that TANs are major 
source of MMP-9 and VEGF, and elimination of 
TANs resulted in reduced tumor growth [72].

A plethora of cytokines and proteins are stored 
within neutrophil granules and can be released in 
the TME [73]. Neutrophil-derived chemokines 
can influence tumor fate either indirectly, through 
the recruitment and activation of innate and adap-
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tive immune cells [73], or directly, thanks to their 
capacity to modulate angiogenesis and cell pro-
liferation [74, 75].

Recently, it was proposed that NETs could 
enhance adhesion of escaped circulating tumor 
cells and formation of distant metastases [76]. 
Activated neutrophils can promote metastasis by 
stimulation of tumor invasion at the primary site, 
wherein a “premetastatic phase” tumor-derived 
factor stimulates hematopoietic mobilization and 
tissue-specific responses, preparing a distant site 
for metastatic seeding. Wculek et  al. showed in 
orthotopic mammary tumor-bearing mice that 
neutrophils accumulated in the lungs before cancer 
cells and their number increased during metastatic 
progression [77]. Neutrophils in the premetastatic 
lung augmented the tumorigenic potential of can-
cer cells in vivo and in vitro. In addition, reduction 
of TANs in prostate carcinomas seems to reduce 
angiogenesis and tumor cell intravasation [78].

Although a growing body of literature points 
to activated neutrophils driving tumor progres-
sion, this is not a universal finding. Granot et al. 
showed that neutrophil accumulation in the lung 
protected mice from mammary tumor metasta-
sis, an effect that was mediated by reactive oxi-
dant generation and tumor-secreted CCL2 [79]. 
Blaisdell et  al. identified a protective role for 
neutrophils in a mouse model of PTEN-deficient 
uterine cancer [80]. In this model, neutrophils 
were recruited by the hypoxic tumor microenvi-
ronment, and their infiltration led to detachment 
of tumor cells from the basement membrane, 
reduction in tumor growth and metastasis. In 
addition, TANs were associated with good prog-
nosis in patients with gastric and colorectal can-
cer [81, 82]. Galdiero and coworkers also showed 
for the first time that higher TANs density was 
associated with better response to 5-FU-based 
chemotherapy, while in patients only treated with 
surgery, TANs levels correlate with poor progno-
sis [82]. This suggests that the predictive role of 
TANs needs to be re-addressed in consideration 
of the therapeutic history of the patients.

The contradictory roles of neutrophils may 
reflect differences in tumor phenotypes and 
underlines the high plasticity and heterogene-
ity of these cells. The potential for TANs to be 

friends or foes in cancer points to the role of 
tumor microenvironment in conditioning neu-
trophils polarization. However, whether neutro-
phil heterogeneity and polarization in cancer is 
dependent on the tumor type is yet to be defined.

3.3.3  Targeting Strategies

As outlined above, growing evidences suggest 
an important role of neutrophils during tumor 
initiation, growth, and dissemination. As a con-
sequence, interest is increasing on the possible 
prognostic role of TANs and on the therapeutic 
options to target neutrophils. In several human 
tumors, neutrophil infiltration was correlated 
with poor prognosis [66, 83–85] and with high 
tumor grade or more aggressive tumors [86, 87]. 
TANs were able to predict mortality in NSCLC 
[88, 89], but were associated with good prognosis 
in gastric and colorectal cancer [82, 90, 91].

At the moment, one of the most used pre-
dictive biomarker is the so-called neutrophil-
to- lymphocyte ratio (NLR) measured in the 
peripheral blood. An elevated NLR is considered 
an indicator of inflammation and is associated 
with worse outcomes in many solid tumors, both 
in early and advanced stages of cancer [92–97]. 
Despite the number of studies supporting the 
validity of NLR as predictive biomarker in cancer, 
its prognostic value is controversial. In fact, levels 
of circulating neutrophils can be affected by sev-
eral factors and do not necessarily mirror TANs, 
putting in place the need for further studies.

Detailed studies on neutrophils in the tumor 
microenvironment, including modern approaches 
evaluating genome-wide expression profiles of 
the population, potentially at single cell level, 
will add insight into neutrophil heterogeneity 
and may form the basis for targeted approaches 
against populations that drive tumor progression.

A first strategy to target neutrophils is inhib-
iting their trafficking and/or activation. Agents 
developed for the treatment of inflammatory and 
autoimmune diseases can be used also to target 
TANs. CXCR2 antagonists, developed to treat 
chronic obstructive pulmonary disease, decrease 
absolute neutrophil counts, reducing inflammation 
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[98]. Anti-CXCL8 antibodies that inhibit CXCL8–
CXCR1/2 signaling pathway or small molecules 
targeting CXCR1 and/or CXCR2 decreased 
tumor growth and progression in mouse models 
[78, 99–101]. CXCR2 inhibition has also been 
associated with enhanced response of both tumor 
and micrometastases to chemotherapy treatment 
[102]. In addition, inhibitors of neutrophil-elastase 
displayed promise in lung cancer mouse models 
[103]. Another pathway under intense investiga-
tion is the IL-23–IL-17 axis [101]. As we acquire 
more knowledge about the plasticity of neutro-
phils, new approaches will emerge based on N1/
N2 axis. Andzinski et al. showed that type I inter-
ferons skew TANs versus an anti-tumor N1 pheno-
type in tumor-bearing mice, and similar changes in 
neutrophil activation were observed in melanoma 
patients receiving type I interferon [69].

As previously mentioned, there is also growing 
evidence for NETs to drive tumor dissemination. 
There are currently several experimental approaches 
that can deplete NETs, including DNase treatment, 
antibodies against NET constituents, and small 
molecule inhibitors of signaling pathways required 
for NETosis [104]. Since neutrophils turnover in 
the tissue is very high, they could be potentially 
mediators for delivery of antineoplastic agents as 
“Trojan horse.” As a proof of principle, Chu et al. 
observed in murine melanoma that neutrophils 
enhanced the delivery of nanoparticles to the tumor 
and augmented the effect of antibody-mediated 
immunotherapy [105]. Moreover, another promis-
ing approach is the use of anti-tumor monoclonal 
antibodies (mAbs) to activate the ADCC reaction 
in neutrophils. Upon Fc receptor activation, neu-
trophils produce ROS and release mediators with 
direct anti-tumor potential [106].

Many questions remain open and we need to 
study deeper the molecular mechanisms regulat-
ing the link between neutrophils and cancer to 
identify new prognostic and predictive biomark-
ers. Given the dual role of neutrophils in cancer, 
the consequences of depleting anti-tumor neutro-
phils together with tumor promoting cells are still 
unclear, reinforcing the importance of novel bio-
marker discovery. Cancer immunotherapy should 
drive to more personalized therapeutic approach. 
As we acquire knowledge about the cues which 

regulate neutrophil diversity, new approaches 
for their therapeutic modulation are expected to 
emerge.

3.4  Myeloid-derived Suppressor 
Cells

3.4.1  General Characteristics

Myeloid-derived suppressor cells (MDSCs) are a 
heterogeneous population of immature myeloid 
cells first described in 2007 [107]. They arise 
from myeloid progenitors which fail to differen-
tiate into mature dendritic cells (DCs), granulo-
cytes, or Mφ [108, 109].

Three subsets of human MDSCs were 
defined: monocytic (M-MDSCs), polymorpho-
nuclear/granulocytic (PMN-MDSCs), and early 
stage (e-MDSCs). M-MDSCs are identified as 
CD11b+CD14+HLA-DR-/loCD15− cells, PMN- 
MDSCs are defined as CD11b+CD14−CD15+ or 
CD11b+CD14−CD66b+ cells, while e-MDSCs, 
that lacks myeloid lineage markers characteristic 
of monocytic and granulocytic subsets, express 
CD33 and are HLA-DR− [110]. M-MDSCs and 
PMN-MDSCs include Mφ or neutrophils in dif-
ferent maturation stages, respectively, while 
e-MDSCs are immature cells [111, 112]. Early 
studies in the mice showed the existence of 
murine M-MDSCs and PMN-MDSCs in inflam-
matory conditions, while the mouse equivalent 
of e-MDSCs is yet to be identified [110]. Murine 
PMN-MDSCs are defined as CD11b+Ly6G+Ly6Clo 
cells, while M-MDSCs are CD11b+Ly6G−Ly6Chi 
cells.

Generally, human MDSCs are not present 
in healthy individuals but appear in cancer and 
other pathological conditions characterized by 
chronic inflammation that represents the driving 
force leading to the development of these cells 
[113, 114]. Accumulating evidences have shown 
that MDSCs also regulate immune responses 
during infections, acute and chronic inflamma-
tion, traumatic stress, sepsis and transplantation 
(reviewed in [108]).

MDSCs exert a general role in the suppres-
sion of T-cell, NK cell, and DC activity, support-
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ing immune escape and tumor progression, and 
are the major obstacle to anti-tumor immunity 
[111, 115–118]. The strong suppressive activ-
ity exerted by MDSCs is associated to peculiar 
gene expression profiles resulting in the mainte-
nance of a high oxidative stress environment. The 
importance of MDSCs in cancer is demonstrated 
by preclinical data indicating that their elimina-
tion in tumor-bearing mice restores the immune 
response and enhances the anti-tumor effects of 
immunotherapy.

3.4.2  Role in Cancer 
and Dissemination

MDSCs are recruited in the TME by different 
chemokines and sustain human cancer stemness 
[119–122]. CCL2, CCL5, and CSF-1 are involved 
in the recruitment of M-MDSCs, while CXCL1, 
CXCL5, CXCL6, CXCL8, and CXCL12 medi-
ate PMN-MDSCs migration and degranulation 
through CXCR1 and CXCR2 signaling. Tumor 
cells, myeloid cells, and certain subset of regu-
latory T-cells (Treg) express CXCL8 and recruit 
neutrophils and PMN-MDSCs to TME. CXCL17 
is also involved in recruitment of PMN-MDSCs 
and promotes angiogenesis partially by inducing 
VEGF expression in monocytes and endothelial 
cells [23, 24, 123].

Tumor cells can promote expansion of 
MDSCs trough the production of factors stimu-
lating myelopoiesis and inhibiting maturation 
of differentiated myeloid cells. Prostaglandins, 
cyclooxygenase 2, IL6, IL-10, CSF-1, GM-CSF, 
and VEGF are some of the molecules that can 
promote expansion of myeloid suppressor cells 
[124–126]. Most of these factors trigger MDSCs 
expansion through Janus kinase (JAK) protein 
family members and signal transducer and acti-
vator of transcription 3 (STAT3).

In acute myeloid leukemia, extracellular vesi-
cles (EVs) secreted by tumor cells play a key role 
in the formation of MDSCs via the conversion 
of normal myeloid cells and changing the nor-
mal myelopoiesis. The Mucin 1 (MUC1) onco-
protein was identified as the critical driver of 
MDSCs expansion mediated by EV: it has been 
shown that MUC1 induces increased expression 

of c-myc in EVs, affecting cell cycle proteins and 
inducing MDSCs proliferation [119, 127].

The generation of MDSCs is also promoted by 
persistent endoplasmic reticulum (ER) stress [128]. 
In addition, ER stress modulates the immunosup-
pressive capacity of tumor- infiltrating MDSCs by 
increasing expression of Arg-1, iNOS, and NOX2. 
Therefore, agents reducing ER stress could restore 
anti-tumor immunity by inhibiting suppressive 
MDSCs exacerbated by ER stress [128].

Once in the TME, MDSCs promote angio-
genesis and contribute to establish pre-metastatic 
niches, enhancing metastasis [129–131]. In 
addition, MDSCs can contribute to recruit other 
immunosuppressive cells, such as regulatory 
T-cells (Treg). Also, MDSCs can reduce effec-
tiveness of Chimeric Antigen Receptor (CAR) 
T-cell therapy by providing immunosuppressive 
profile within solid tumors [111, 132]. MDSCs 
are activated by tumor-derived factors. Several 
proinflammatory cytokines are involved in the 
activation of MDSCs, including IL-6, IL-1β, 
TNF-α, IFN-γ [126]. However contradictory data 
were obtained when one or more of these media-
tors were knocked down, suggesting that further 
studies are mandatory.

MDSCs and their secreted cytokines, such as 
IL-6, TNF-α and IL-1β, would be the key medi-
ators in promoting tumor progression [122]. As 
already mentioned, MDSCs have a fundamen-
tal ability to suppress immune cell functions 
through a variety of mechanisms, the most rel-
evant being the ability to suppress T-cell prolif-
eration and cytotoxicity via release of soluble 
mediators such as IL-10, Arg-1, and nitric oxide 
(NO) and exhaustion of some amino acids [122, 
133]. NO and ROS produced by MDSCs can 
promote apoptosis of T-cells [111, 134, 135]. 
Anergy and apoptosis of T-cells is also a con-
sequence of the interaction of membrane mol-
ecules on MDSCs and T-cells, such as PD-1 and 
PD-L1 or Galectin 9 and T-cell immunoglobu-
lin and mucin domain-3 [122]. In addition, it 
has been described that MDSCs are involved 
in the inhibition of NK cell activation and can 
promote expansion of immune- suppressive cell 
populations, such as Treg cells, through IL-10 
and TGF-β release [136–138]. IL-10 secreted 
by MDSCs also promote M2-Mφ polarization 
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while down-regulating IL-12 expression by 
M1-Mφ [139]. Once in the tumor, MDSCs can 
also promote novel vessel formation and release 
matrix-bound VEGF by MMPs, in particular 
MMP-9.

Recent studies focused on energy metabolic 
pathway of MDSCs and its impact on immu-
nosuppressive function showed that tumor- 
infiltrating MDCSs utilize fatty-acid β oxidation 
(FAO) as primary source of energy along with 
increased mitochondrial mass and high rate of 
oxygen consumption [140]. Blockage of FAO 
could significantly inhibit the immunosuppres-
sive effect of MDSCs in humans and could be 
used as therapeutic strategy.

3.4.3  Targeting Strategies

Nowadays novel trends in anticancer therapies 
are focused on targeting tumor-related immune- 
suppression responses [141, 142]. Given their 
multiple functions, MDSCs can be considered as 
one of the major orchestrators of the immuno-
suppressive network contributing significantly to 
tumor progression and metastatization, correlat-
ing negatively with prognosis and overall survival 
[111, 143–145]. Therefore, MDSCs have captured 
considerable interest in the last few years as prime 
target for cancer immunotherapy [2, 7, 35, 146].

Strategies to target MDSCs are gradually 
emerging with promising results. Increasing 
numbers of preclinical and clinical studies were 
performed in the last years targeting MDSCs in 
cancer patients [see for a review [147]]. The list 
of ongoing clinical trials includes patients with 
chronic myeloid leukemia, NSCLC, hepatocellu-
lar carcinoma, metastatic and recurrent renal cell 
cancer, glioblastoma, sarcoma, and many others 
[147]. Inhibition of tumor growth and survival 
prolongation is obtained modulating MDSCs by 
three main ways: (1) inhibiting immunosuppres-
sive activity of MDSCs, using STAT3 inhibitors 
[148, 149], phosphodiesterase type 5 (PDE5) 
inhibitors [150], and class I histone deacetylase 
[151, 152]; (2) blocking MDSCs recruitment to 
the tumor site, by, for example, CCR5 antagonists 
and IL-18 or CCL2 inhibitors [153, 154]; and (3) 
regulating myelopoiesis and depletion of MDSCs 

in the tumor-bearing hosts, thanks for instance to 
the treatment with all-trans-retinoic acid (ATRA), 
tyrosine-kinase inhibitors, and chemotherapeutic 
agents [147, 155–157].

Blockade of the activation of STAT3 by sev-
eral STAT3 oligonucleotide inhibitors, in par-
ticular AZD9150, reduced MDSCs and Treg. 
AZD9150 is used to improve therapeutic efficacy 
in combination with ICI in different phase I/II 
clinical trial [149].

Another possibility to target MDSCs is through 
the modulation of their metabolic pathways. Recent 
studies showed that tumor-infiltrating MDCSs uti-
lize FAO as primary source of energy along with 
increased mitochondrial mass and high rate of 
oxygen consumption [140]. Pharmacological inhi-
bition of FAO, in combination with low-dose che-
motherapy and adoptive cellular therapy, decreased 
production of inhibitory cytokines by MDSCs, 
thus reducing their immunosuppressive effects 
and inducing a significant anti-tumor effect [140, 
158]. Finally, the development of multifunctional 
nanoparticle systems for effective targeting of 
MDSCs is a novel strategy for the manipulation of 
these cells [159].

Since MDSCs, opposite of Treg, are not pres-
ent in steady-state conditions, their targeting has 
possibly no side-effects. In addition, targeting 
MDSCs in combination with ICI, antagonists, or 
chemotherapeutic reagents is more effective in 
tumor growth inhibition [142, 146, 155]. Several 
trials are ongoing where ICI are associated 
with strategies to target MDSCs. For instance, 
immune checkpoint blockade (ICB) with anti-
CTLA-4 or anti-PD1/PD-L1 showed de novo 
resistance in metastatic castration- resistant pros-
tate cancer (mCRPC) therapy, while combination 
of ICB agents and neutralizing agents that tar-
gets MDSCs could preserve T-cell function and 
showed robust synergetic response in mCRPC 
treatment [160].

Entinostat, a class I histone deacetylase inhib-
itor, inhibited the immunosuppressive function of 
both PMN-MDSCs and M-MDSCs and, in com-
bination with anti-PD-1 antibodies, significantly 
increased survival and delayed tumor growth in 
mice with lung and renal cancer [151].

Given that the number of MDSCs correlates 
with tumor progression and low success of immu-
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notherapy, an efficient personalized medicine is 
important to define the presence of all the differ-
ent MDSCs subsets and the mechanisms through 
which they can suppress the anti-tumor response 
[122, 155]. Along this line, the development 
of strategies to identify the different subsets of 
MDSCs and distinguish these cells from neutro-
phils and macrophages is a challenge for develop-
ing and expanding the existing panels of markers.

3.5  Concluding Remarks

The TME exerts essential roles in the develop-
ment and regulation of tumor growth. Innate 
immune cells, in particular TAMs, TANs and 
MDSCs, are integral components of TME.  It is 
expected that innate immune cells exert a role in 
promoting the immune response against tumor 
growth; however, data collected over the years 
demonstrate that cancer cells can subvert the anti-
tumoral properties of innate immune cells. TAMs 
exposed to the TME acquire an M2 phenotype 
and became the major orchestrator of CRI. TAMs 
promote survival and proliferation of cancer 
cells, angiogenesis, cancer cell migration, and 
invasion [2, 3, 7, 11, 20]. Neutrophils- infiltrating 
tumors are more immature cells exerting pro-
tumorigenic properties and expressing factors 
promoting angiogenesis, facilitating an immuno-
suppressive TME, and increasing cancer dissemi-
nation [55–58]. Finally, accumulating evidences 
demonstrated that MDSCs play a pivotal role in 
the immunosuppressive TME and correlate with 
tumor progression [122, 155].

All together, these observations strongly sug-
gest that targeting tumor-infiltrating myeloid 
cells represents a promising therapeutic tool 
against cancer, and recent or ongoing efforts fur-
ther support this hypothesis.
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4.1  Introduction

In the 1960s, B-cells were first defined in birds 
when researchers found that removal of the bursa 
in newly hatched chicks severely impaired the abil-
ity of the adult birds to produce Abs [1, 2]. A decade 
later, it was found that mammalian B-cells are 
derived from bone marrow and develop into plasma 
cells that are the source of antibodies (Abs). Over 
the years, most studies on B-cell function in 
immune response have focused on antigen presen-
tation and antibody production. However, recent 
advances in B-cell biology have capitalized on old 
findings and demonstrated that B-cells can also act 
as effector cells or as regulatory cells [3, 4].

B-cells are often overlooked in tumor immu-
nology, likely because of the common notion that 
humoral and cytolytic responses work in opposi-
tion. The field of tumor immunology has focused 
on CD8+ T-cells due to their ability to directly kill 
tumor cells, as well as the close association 
between tumor-infiltrating CD8+ T-cells and can-
cer patients’ survival [5]. To date, the role of 
B-cells in tumor immunity has remained largely 
elusive. Results from different research groups 
are somewhat controversial. In this chapter, we 
review the roles of B-cells in tumor immunology, 
which may either positively or negatively affect 
tumor growth and patient outcomes.

4.2  CD40-Activated B (CD40-B) 
Cells

CD40-activated B (CD40-B) cells are thought to 
be an excellent source of professional antigen- 
presenting cells (APCs) for antigen-specific 
tumor immunotherapy. They have demonstrated 
potent effects on cellular immunotherapy of can-
cers [6–17]. CD40-B-cells induce potent expan-
sion of antigen-specific CD4+ and CD8+ T-cells, 
including naïve CD8+ T-cells [6–9, 12, 16]. One 
reason that dendritic cells (DCs) are considered as 
excellent APCs in tumor immunotherapy is that 
they can powerfully prime naïve T-cells, while 
resting B-cells cannot. Resting B-cells poorly 
express costimulatory molecules, resulting in 
immune tolerance regarding the induction of 
naïve T-cells. Recent studies have shown that acti-

vation of mouse and human B-cells using CD40L 
in vitro upregulates the expression of major histo-
compatibility complex (MHC) I, MHC II, and 
costimulatory molecules on B-cells [6–9, 13, 14, 
16]. These B-cells present exogenous antigens by 
MHC class I or II molecules and stimulate anti-
gen-specific T-cells [7, 8]. CD40-B-cells induce 
T-cell proliferation, interferon-γ (IFN-γ) produc-
tion, and specific cytotoxic T lymphocyte (CTL) 
responses [6–9, 11–15]. In mouse models, it has 
been shown that CD40-B-cells directly present 
antigen to naïve CD8+ T-cells, in order to induce 
the generation of potent T effectors which are able 
to secrete cytokines and kill target cells [16]. 
Moreover, CD40-B-cells express the full lymph 
node homing triad CD62L, CCR7/CXCR4, and 
leukocyte function antigen-1 (LFA1), suggesting 
that they could co-localize with T-cells in the 
T-cell-rich areas of secondary lymphoid organs 
[11, 15]. This will facilitate CD40-B-cell and 
T-cell contact for antigen presentation.

Using a metastatic mouse model, Li et al. pro-
vided direct experimental evidence that the aug-
mented antitumor activity by anti-CD40 
monoclonal antibody (mAb)-stimulated tumor- 
draining lymph node (TDLN) cells requires the 
presence of APCs, e.g., B-cells as well as DCs. 
They found that anti-CD40 mAb augments anti-
tumor responses of TDLN cells via ligation to 
CD40 on both B-cells and DCs [17].

Typically, TDLN cells are composed of approx-
imately 60% CD3+ T-cells, 30% CD40+ B-cells, 
and 5% DCs. In a murine sarcoma model, anti-
CD3−/anti-CD40-activated MCA205 TDLN 
T-cells secreted significantly higher amount of 
IFN-γ in an antigen-specific manner (in response 
to MCA205 tumor, but not to MCA 207 tumor), in 
comparison with solely anti-CD3- activated TDLN 
T-cells (Fig.  4.1a). However, when B-cells were 
depleted from MCA205 TDLN cells, anti-CD3/
anti-CD40 activation could not increase the IFN-γ 
anymore. This effect is very similar to DC deple-
tion (Fig. 4.1a). In vivo, adoptive transfer of anti-
CD3−/anti-CD40- activated MCA205 TDLN 
T-cells mediated  significantly higher MCA205 
tumor regression in a pulmonary metastasis set-
ting, compared to anti-CD3-alone-activated TDLN 
T-cells (Fig. 4.1b). However, B-cell removal sig-
nificantly reduced the therapeutic  efficacy con-
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Fig. 4.1 Anti-CD40 mAb augmented antitumor 
responses of anti-CD3-activated TDLN cells via ligation 
to CD40 on both B-cells and DCs. (a) Activated total 
unfractionated (Unfrac) TDLN cells were co-cultured 
with MCA 205 vs. MCA 207 tumor cells to determine 
IFN-γ production. B-cells were removed by CD19 deple-
tion (CD19−), and DCs were removed by CD11c deple-

tion (CD11c−). (b) Activated total TDLN (Unfrac) cells or 
B-cell, DC-depleted TDLN cells (CD19− and/or CD11c−) 
TDLN cells adoptively transferred into tumor-bearing 
mice for therapy. ∗p < 0.05 compare with any other group 
in (a, b), respectively (adapted by permission from the 
American Association of Immunologists, Inc. Copyright 
2005: Li et al. [17])
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ferred by CD40 engagement, and so did DC 
removal. Together, these studies indicate that 
B-cells, as well as DCs, are required in the genera-
tion of potent antitumor T effector cells from 
TDLN cells via simultaneous targeting of CD3 on 
T-cells and CD40 on B and dendritic cells.

In a separate study, Iuchi et al. reported that 
host B-cells were required for adoptive trans-
ferred T-cells to mediate optimal antitumor 
immunity [18]. Tumor-bearing mice were treated 
with adoptive transfer of T-cells accompanied 
with IL-2 and IL-21 administration in wild-type 
and B-cell knockout (B−/−) animals, respectively. 
They found that tumor growth inhibition was sig-
nificantly diminished in the B-cell-deficient mice 
after T-cell + IL-2 + IL-21 combined therapy 
(Fig. 4.2).

In contrast to DCs, large numbers of B-cells 
can be obtained from the blood of patients after 
ex vivo expansion (up to 1000-fold) in the pres-
ence of CD40L [6]. For example, only about 106 
DCs can be generated from 10 ml of blood, while 
109–1010 B-cells can be produced from the same 
volume of the blood sample. Additionally, CD40-
B-cells can be continuously expanded in long-
term culture (>65 days) without the loss of APC 
functionality [6]. Therefore, CD40-B-cells have 
the advantage over DCs in terms of isolation, 

generation, and long-term expansion. These 
characteristics make CD40-B-cells a promising 
alternative as cell-based vaccines.

In current B-cell vaccine preparations, acti-
vated B-cells can be loaded with antigens by 
pulsing with peptides, proteins, tumor lysates, or 
by transfection with DNA or RNA, or transduc-
tion with viral vectors [9, 10, 19]. Coughlin et al. 
[9] loaded RNA on CD40-B-cells from pediatric 
patients. Vaccination using these B-cells resulted 
in simultaneous targeting of multiple antigenic 
epitopes and induced CTLs. Chung et  al. [10] 
reported that B-cells stimulated with iNKT 
(CD1d-restricted invariant T-cells) ligand alpha- 
galactosylceramide (alphaGalCer) could directly 
prime CTLs and generate long-lasting cytotoxic 
antitumor immunity in vivo. Furthermore, Garbe 
et al. [19] reported that semi-allogeneic fusions 
of microsatellite instability (MSI) tumor cells 
with B-cells primed B-cells to induce MSI- 
specific T-cell responses.

4.3  Tumor Killer B-Cells

B-cells can directly kill tumor cells through anti-
body (Ab)-independent mechanisms [20]. Recent 
studies have shown that B-cells express death- 

WT: No treatment

WT: T-cells+IL-2+IL-21

B-/-: No treatment

B-/-: T-cells+IL-2+IL-21

Days after tumor injection

p<0.0001 WT No treatment vs. WT T-cells + IL-2 + IL-21

p<0.0001 B-/- No treatment vs. B-/- T-cells + IL-2 + IL-21

p=0.0071 B-/- T-cells + IL-2 + IL-21 vs. WT T-cells + IL-21 + IL-21

0
0

10

20
A

re
a 

(m
m

2 )

30

40

50

60

5 10 15 20 25

Fig. 4.2 Requirement 
for host B-cells in T-cell 
transfer + IL-2 and 
IL-21 administration- 
elicited antitumor 
immunity (adapted by 
permission from the 
American Association 
for Cancer Research: 
Iuchi et al. [18])
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inducing ligands and can therefore mediate cell 
death under many circumstances. Evidence has 
emerged that B-cells express Fas ligand (FasL), 
tumor necrosis factor-related apoptosis-inducing 
ligand (TRAIL), programmed death ligands 1 
and 2 (PD-L1 and PD-L2), and granzyme B 
(GrB), which are potentially involved in B-cell-
mediated direct cytotoxicity against tumor cells 
[21–29].

Due to the well-known fact that B-cells can 
produce Abs which lead to CDC and ADCC, as 
well as the recent findings that B-cells may kill 
tumor cells directly through antibody- 
independent mechanisms, it is hypothesized that 
appropriately sensitized and activated B-cells can 
function as effector cells to mediate antitumor 
immunity. Indeed, Li et  al. [30] proved that 
in vivo sensitized and in vitro activated B-cells 
could mediate tumor regression in cancer adop-
tive immunotherapy. In vivo sensitized TDLN 
cells were activated and expanded in vitro with 
LPS/anti-CD40, resulting in B-cell proliferation 
and differentiation. These activated B-cells were 
then adoptively transferred into tumor-bearing 
recipients for therapy. These tumor-primed and 
tumor-activated B-cells significantly reduced 
lung metastases in an adoptive immunotherapy 
model (Fig. 4.3). Furthermore, total body irradia-

tion (TBI) could enhance the antitumor activity 
of the adoptively transferred B-cells. This study 
represents one of the early studies demonstrating 
that effector B-cells could confer antitumor 
immunity after adoptive transfer into tumor- 
bearing mice [30].

Using a murine 4T1 pulmonary metastatic 
model, it was found that adoptive transfer of 
4T1-primed and LPS−/anti-CD40-activated 
TDLN B-cells significantly inhibited 4T1 pulmo-
nary metastasis in tumor-bearing mice [31] 
(Fig. 4.4). The efficacy mediated by B-cells was 
comparable to that mediated by an equal number 
of T-cells, which served as a positive control in 
the experiment (Fig.  4.4a). Of note, adoptively 
transferred 4T1 TDLN T + B-cells mediated inhi-
bition of the spontaneous pulmonary metastasis 
of 4T1 in a dose-dependent manner (Fig. 4.4b).

This study also showed that activated 4T1 
TDLN B-cells caused tumor cell lysis directly 
in vitro in the absence of Ab and other effector 
cells and this direct cytotoxicity was tumor spe-
cific (Fig. 4.5). In these experiments, 4T1 mam-
mary carcinoma murine tumor-primed TDLN 
B-cells were activated with LPS and anti-CD40 
mAb, washed thoroughly, and then co-cultured 
with 4T1 tumor cells or irrelevant tumor controls, 
Renca (renal cell carcinoma) and TSA (sarcoma). 
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The effector B-cells killed 4T1 cells directly in a 
dose-dependent way and were significantly more 
effective than their killing of the control tumors. 
These data support the conclusion that tumor 
antigen-primed and in vitro activated B-cells are 
able to kill tumor cells independent of Ab or 

complement. However, the mechanism(s) by 
which the killer B-cells lyse tumor cells directly 
in such a setting remains to be identified.

In line with these findings, Kemp et al. demon-
strated that CpG-A oligodeoxynucleotide (CpG-A 
ODN) stimulation of human PBMCs leads to high 
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levels of functional TRAIL/Apo-2L expression 
on B-cells, and these B-cells mediate TRAIL−/
Apo-2L-dependent tumor cell lysis [25].

Additional studies support the observation 
that B-cell can function as effector cells in antitu-
mor responses. For example, Penafuerte et  al. 
reported that B effector cells activated with a chi-
meric protein consisting of IL-2 and the ectodo-
main of TGF-β receptor II (also known as FIST) 
induce potent antitumor immunity [32]. In this 
study, the B effector cells were characterized by 
the production of TNFα and IFN-γ and potent 
antigen presentation properties [32]. In addition, 
Forte et al. found that administration of a specific 
CD73 inhibitor, adenosine 5′-(α, β-methylene) 
diphosphate (APCP), to melanoma-bearing mice 
induced significant tumor regression [33]. They 
observed that after APCP administration, the 
presence of B-cells in the melanoma tissue was 
more than that observed in control mice. This 
was associated with the production of IgG2b 
within the melanoma, implying a critical role for 
B-cells in the antitumor activity of APCP [33]. 
Together, these studies suggest that the mecha-

nisms underlining B-cell-mediated antitumor 
immunity may involve multiple cellular and 
molecular events, as well as direct killing of the 
tumor cells.

4.4  Tumor-Infiltrating B-Cells 
(TIL-Bs) in Cancer

Tumor-infiltrating B-cells (TIL-Bs) have 
revealed controversial roles in antitumor immu-
nity. They have been found in breast cancer [34–
36], ovarian cancer [37], lung cancer [38], 
colorectal cancer [39, 40], cervical cancer [41], 
cutaneous melanoma [42], and prostate cancer 
(CaP) [43]. A few studies have indicated that 
TIL-Bs are correlated with favorable survival of 
patients [36, 37, 42, 44, 45], lower relapse rate 
[41], or low metastasis [42]. In a study on 
immune infiltrates in high-grade serous ovarian 
cancer, it was revealed that intraepithelial CD20+ 
TIL-Bs are associated with increased disease-
specific survival [37]. Importantly, the associa-
tion between the immune infiltrates and survival 
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was dependent on histological subtype, because 
immune infiltrates were less prevalent in the 
other histological subtypes compared to the 
high-grade serous cases [37]. In breast cancer, 
TIL-Bs are present in about 24% of tumors and 
comprise up to 40% of the lymphocytic infil-
trates [34]. TIL-Bs have been shown to undergo 
antigen-driven clonal proliferation and affinity 
maturation in situ [35]. Very recently, in a large 
patient cohort of different histological and bio-
logical subtypes, Mahmoud and colleagues pro-
vided evidence for a favorable outcome when 
high numbers of CD20+ TIL-Bs were present 
[36]. Additionally, TIL-Bs may be involved in 
humoral immune response in situ. Using recom-
binant Ab cloning techniques, Hansen et  al. 
reported an antigen- driven humoral immune 
response directed against β-actin exposed on 
apoptotic mammary carcinoma cells [46]. 
Yasuda and coworkers [47] identified TIL-Bs 
which produce tumor-specific Abs against 
mutated p53. Maletzki et  al. [40] also reported 
that TIL-Bs from colorectal carcinoma show an 
activated immunophenotype (CD23+, CD80+) 
and produce IgGs that specifically bind to allo-
geneic target tumor cells.

On the other hand, TIL-Bs may produce cyto-
kines contributing to tumor development. It has 
been reported that TIL-Bs in castration-resistant 
CaP produce lymphotoxin by an inflammation- 
responsive IκB kinase (IKK)-β-dependent path-
way, which then in turn activates IKK-α and 
STAT3  in tumor cells to enhance hormone-free 
tumor survival [43]. In this study, B-cell infiltra-
tion was detected in 100% of human CaP samples, 
while B-cells were undetectable in normal prostate 
or benign prostatic hyperplasia [43]. Castration-
resistant CaP growth was delayed in mice recon-
stituted with bone marrow from JH−/− mice, which 
lack mature B-cells [43]. It was further found that 
these CaP allografts exhibited IKK-α nuclear 
translocation, which was dependent on IKK-β in 
B-cells. IKK-β deletion abolished lymphotoxin 
expression by B-cells. When lymphotoxin-β was 
ablated in B-cells, growth of castration-resistant 

CaP was delayed. Similarly, another study showed 
that tumor-infiltrating T and B-cells were not asso-
ciated with long-term survival of patients with 
non-small-cell lung cancer [38].

The roles of TIL-Bs may be complicated, since 
the tumor environment is dynamic and changes 
during tumor onset and progression. TIL-Bs need 
to contact other immune cells or tumor cells to be 
activated or regulated, so their contributions to 
immune responses are likely to vary in different 
cancers and during the course of cancer.

4.5  Resting B-Cells and Regulatory 
B-Cells in Cancer

In contrast to activated B-cells, there is abundant 
evidence indicating that resting B-cells can pro-
mote the development or progression of cancer. 
Resting B-cells are small B-cells in the G0 stage 
of cell cycle, prior to activation. Studies have 
shown that B-cell-deficient mice exhibit enhanced 
T-cell antitumor activity and significant improve-
ment in survival rate [48–52]. It has been reported 
that there are increased effector T-cells [48], 
increased T-cell infiltration of tumors [52], higher 
Th1 cytokine and antitumor CTL response [49, 
51, 52], and even reduced T regulatory cell (Treg) 
frequencies [53] in these B-cell-deficient mice. 
Some studies explored the possible mechanisms 
involved. B-cells present in the priming phase 
result in disabled CD4+ T-cell help for CTL- 
mediated tumor immunity [51]. B-cells produce 
IL-10 which can repress antitumor immunity [49, 
54]. Similarly, Abs were shown to promote pri-
mary tumor formation in a transgenic mouse 
model of inflammation-associated carcinogene-
sis [55]. Autoantibody responses to self-proteins 
triggered by cancer vaccines may influence the 
efficacy of vaccination [56]. Additionally, B-cells 
have been shown to have other pro-tumorigenic 
roles. For example, enhanced NK cell antitumor 
activity has been reported in B-cell-deficient 
mice [48, 50, 52]; however, the mechanisms are 
poorly understood.
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We hypothesize that the effects of B-cells on 
antitumor immunity depend on the presence of 
B-cell subsets mainly involved under certain 
tumor conditions. In the past two decades, inves-
tigators have identified B-cell subsets which are 
capable of suppressing the immune response. 
Suppression of an immune response was first 
reported in 1974 where spleen B-cells were found 
to impair delayed-type hypersensitivity (DTH) 
responses in guinea pigs [57, 58]. This finding 
led to the conclusion that DTH responses and 
T-cell function can be regulated by suppressor 
B-cells. Subsequently, convincing data have 
demonstrated that IL-10-producing B-cells, 
termed regulatory B-cells (Bregs) by Mizoguchi 
et al. [59], can suppress inflammatory responses 
in experimental autoimmune encephalomyelitis 
(EAE), collagen-induced arthritis (CIA), and 
colitis [59–61]. Recently, Bregs and their poten-
tial immunomodulatory activities have been 
examined in several immune-related diseases. In 
the majority of these studies, the function of 
Bregs is dependent on IL-10 production, whereas 
the mechanisms are still undefined partly because 
of conflicting results regarding the phenotypic 
characterization of IL-10-producing cells. For 
example, the following B-cells have been 
reported as putative mouse Bregs: CD1dhigh sub-
set of B-cells in chronic colitis in TCRα-deficient 
mice [59], CD21highCD23low B-cells in contact 
hypersensitivity (CHS) mouse model [62], 
CD21highCD23high T2-MZ precursor B-cells in 
CIA model [63], CD1dhighCD5+ B-cells (termed 
B10 cells by Yanaba et al.) in CHS [64] and EAE 
models [65], CD138+CD19+ plasmablasts in 
Salmonella typhimurium infection [66], and 
T-cell Ig domain and mucin domain protein 
(TIM)-1+ B-cells [67]. For human, 
CD19+CD24hiCD38hi B-cells have been found as 
putative Bregs [68, 69].

Triggering Toll-like receptors (TLRs) [70–
72], the BCR [64], CD40 [73], or combinations 
thereof have been shown to promote IL-10 pro-
duction by B-cells. BCR-mediated Ca2+ flux 
appears to be required for IL-10 production, since 

B-cells deficient in the calcium sensors stromal 
interaction molecule (STIM) 1 and STIM2 have a 
profound defect in IL-10 secretion and abrogated 
suppression abilities in vivo [74]. Nuclear factor 
of activated T-cells (NFAT) 1, a transcription fac-
tor, is involved in Ca2+-dependent IL-10 produc-
tion [74]. Therefore, their proposed model for 
IL-10 production by B-cells is that, after BCR 
stimulation, STIM and Orai-dependent Ca2+ 
increase by store-operated Ca2+ entry (SOCE) 
activates calmodulin/calcineurin and then 
NFAT1, leading to IL-10 expression. In addition, 
the TLR signaling pathway is also required for 
IL-10 secretion [70–72]. Given that TLR stimula-
tion does not induce Ca2+ mobilization in B-cells, 
crosstalk between Ca2+ and Ca2+-independent 
TLR cascades may be involved in IL-10 
production.

IL-10 is an immunomodulatory cytokine and 
inhibits Th1 polarization, prevents Th2 responses, 
and suppresses pro-inflammatory cytokine pro-
duction by monocytes and macrophages [75]. So 
far, the potential role of Bregs in tumor immunol-
ogy is not clear, but several studies suggest that 
Bregs can negatively regulate antitumor immu-
nity. Using a mouse chemical carcinogenesis 
model, Schioppa et  al. found that resistance to 
papilloma development in Tnf−/− mice was asso-
ciated with a significant reduction in IL-10- 
producing B regulatory cells alongside an 
increase in IFN-γ-producing CD8+ T-cells in the 
spleen [54]. In this study, Tnf−/− mice were resis-
tant to chemical carcinogenesis of the skin. LPS- 
stimulated CD19+ B-cells isolated from 
Tnf−/− mice produced less IL-10. These mice had 
a reduced absolute number of IL-10+CD19+ 
B-cells in their spleens, and Tnf−/− mice were 
deficient for CD19+CD21high B-cells. The authors 
speculated that resistance to carcinogenesis in 
Tnf−/− mice may result from increased CD8+ IFN- 
γ- producing T-cells and decreased IL-10- 
producing B-cells. In another study, Horikawa 
et al. reported that production of IL-10 by Breg 
inhibits lymphoma depletion during CD20 
immunotherapy in mice [76]. They found that 
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adoptive transfer of CD1dhighCD5+ B-cells (that 
are enriched for B10 cells) eliminates the thera-
peutic benefit of CD20 mAbs in mouse lym-
phoma model. The transferred B10 cells in this 
model downregulated the expression of MHC II 
molecules and CD86 on macrophages and 
reduced LPS-induced nitric oxide and TNF-α 
production by macrophages, indicating that B10 
cells suppress the antitumor response at least 
partly by downregulation of macrophage activity. 
Our unpublished data support that Bregs play a 
negative role in antitumor immunity. In mela-
noma and breast carcinoma models, depletion of 
IL-10-producing B-cells from TDLN cells 
resulted in the generation of potent effector 
B-cells which dramatically inhibit tumor metas-
tasis after adoptive transfer in two genetically 
distinct immune competent hosts, B6 and Balb/c 
mice, respectively.

Although little is known about the mechanisms 
by which Bregs undermine effective  antitumor 
immunity, several possibilities are suggested by 
studies on inflammation and autoimmunity. Bregs 
impair Th1 immune responses. The initial finding 
about Th1 response regulated by Bregs was 
reported by Skok et al. [77]; they found that IL-10 
produced by B-cells is involved in the feedback 
regulation of Th1 development. It has been 
reported that Bregs suppress the Th1 cell-medi-
ated immune reactions in a number of mouse 
models, including EAE, CIA, CHS, and diabetes 
mellitus [60, 61, 64, 65, 72, 78, 79]. Fillatreau 
et  al. [60] reported that B-cell IL-10 deficiency 
correlates with enhanced type I autoreactivity; in 
addition, transfer of IL-10+ B-cells was found to 
result in resolution of EAE, characterized by 
enhanced encephalitogenic Th1 response. Later, 
Lampropoulou et  al. [72] showed that TLR sig-
naling in B-cells suppresses inflammatory T-cell 
responses (both Th1 and Th17) and stimulates 
recovery from EAE.  Similarly, using mouse 
model of CIA, Mauri et al. showed that transfer of 
IL-10-producing B-cells inhibits T helper type 1 
differentiation and prevents arthritis development 

[61]. Yanaba et  al. [64] also revealed that 
CD1dhighCD5+ B-cell transfer normalized inflam-
mation in CHS model. Using NOD mouse model 
of type 1 diabetes (T1D), Hussain et al. found that 
BCR-stimulated B-cells produce IL-10 and atten-
uate islet inflammation by polarizing CD4+ T-cell 
response toward a Th2 phenotype [79].

Bregs induce the differentiation of Tregs. 
Given that μMT−/− B-cell-deficient mice display 
reduced Treg frequencies in comparison with 
wild-type mice [53] and that these mice develop 
exacerbated EAE and Ag-induced arthritis 
(AIA) [60, 80], a role for Bregs in modulating 
Tregs was proposed. Several disease models 
have demonstrated that IL-10 produced by 
Bregs is important for the generation and/or 
maintenance of Tregs. Sun et  al. reported that 
after oral tolerance induction, Treg cells increase 
much more in WT than in μMT−/− mice. 
However, adoptive transfer of B-cells before 
treatment normalized Treg cell development in 
μMT−/− mice [81]. In this study, they found that 
sublingual tolerization with OVA/CTB (Ag con-
jugated to cholera toxin B subunit) enhances the 
tolerogenic activity of B-cells and their produc-
tion of IL-10, which was associated with the 
generation of Ag-specific Foxp3+CD25+CD4+ 
Tregs [81]. This relationship between Bregs and 
Tregs is further supported by the results from 
mouse models of airway sensitization. These 
results showed that Bregs prevent and reverse 
allergic airway inflammation via FoxP3+ T regu-
latory cells [82, 83]. Additionally, Bregs can 
induce the differentiation of T regulatory 1 (Tr1) 
cells [84–86]. Gray et  al. [84] reported that 
autoimmune inflammation could be protected 
by the induction of Bregs which induce T-cell-
derived IL-10. Blair et al. [86] used the transi-
tional 2 immature (T2) B-cells stimulated with 
agonistic anti-CD40 (T2-like Bregs) to convert 
autologous effector T-cells into Tr1 cells. Sayi 
et al. [85] also showed that B-cells activated by 
Helicobacter TLR-2 ligands produce IL-10 and 
induce IL-10-producing CD4+CD25+ Tr1 cells 
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depending on TCR signaling and a direct T-B-
cell interaction through CD40/CD40L and 
CD80/CD28 pathways.

4.6  Concluding Remarks

B-cells are phenotypically and functionally het-
erogeneous. Characterization of B-cell subpopu-
lations is shown in Table  4.1. B-cells play 
multiple roles in tumor immunity (Fig. 4.6). On 
the one hand, accumulating literature indicates 
that B-cells are significantly involved in antitu-
mor responses. In this regard, B-cells present 
tumor antigens to T-cells to generate antitumor 
CTLs. Upon tumor antigen stimulation, B-cells 

can differentiate into plasma cells to produce 
antibodies to target tumor cells via ADCC and/or 
CDC. In addition, B-cells may act as killer cells 
to directly cause tumor cell lysis in the absence of 
antibodies. B-cells migrate to tumor tissue and 
become TIL-Bs which may induce humoral 
immune response or act as killer cells in situ. On 
the other hand, regulatory B-cells have been 
described which downregulate antitumor 
responses by producing immunomodulatory 
cytokine IL-10, suppressing Th1 immune 
responses, and enhancing Treg and Tr1 responses. 
Further characterization of B-cell subsets respon-
sible for these conflicting functions demonstrated 
in tumor immunity and understanding of the 
molecular mechanisms involved would help 

Table 4.1 Phenotypic characterization of B-cell subpopulations

Marker Source References
Resting 
B-cells

Human CD19+CD38−IgD+CD27− Tonsils [87, 88]

CD38−IgM+IgD+CD27− Blood [88]
Mouse IgMlowIgDhighHSAlowCD21intCD23brightMel14 Lymph node [89]

(CD62L)brightCD44intCD69−

IgMhighIgDhighCD23bright Spleen [90]
CD40 
B-cell

Human CD19+CD38+CD80+CD86+CD71+ Tonsils [87]
CD95+CPM(carboxypeptidase-M)+

CD19+CD23+CD54+CD58+CD80+ Blood [6]
CD86+MHCIhighMHCIIbright

Mouse B7.1highB7.2highICAM+MHCIhigh Spleen [90, 91]
MHCIIbright

Putative 
Breg

Human CD19+CD24highCD38high Blood [68, 69]
Mouse B220+CD1dhighCD21intermediate(int) Lymph nodesa [59]

CD62lowIgMintCD23high

B220+CD21highCD23low Spleen in CHS model [62]
B220+CD21highCD23high IgMbrightCD1dhigh Spleen in CIA model [63]
CD1dhighCD5+ CD19+ B220+ Spleen in CHS model [64]
CD1dhighCD5+ CD19+ Spleen in EAE model [65]
CD138+CD19+ Spleen of mice infected 

with Salmonella
[66]

TIM-1(T-cell Ig domain and mucin domain 
protein)+CD19+

Spleen [67]

TIL-Bs Mostly unknown. Related to cancer types and progression
Human CD19+CD20+ CD23+CD80+ From colorectal 

carcinomas
[40]

Killer B Unknown
aFrom TCRα-deficient mice
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Fig. 4.6 Potential roles played by B-cells in tumor immunity. ADCC antibody-dependent cellular cytotoxicity, CDC 
complement-dependent cytotoxicity, TIL-Bs tumor-infiltrating B-cells

develop novel clinical strategies for cancer 
immunotherapy.
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5.1  Introduction

The immune system is not only responsible for 
the specific defense against pathogens like 
viruses, bacteria, and parasitic worms but is 
also involved in cancer prevention and suppres-
sion. In the past few decades, it has been 
accepted that both innate and adaptive immune 
systems contribute to the early detection and 
regression of tumors. Crosstalk between these 
two arms may be a requisite factor for the ini-
tiation of efficient and optimal immune 
responses against the tumors. Till date, the 
majority of studies has focused on the responses 
of CD8+ cytotoxic T lymphocyte (CTL) or den-
dritic cells (DCs) against tumor-associated 
antigens presented by major histocompatibility 
complex (MHC) Class I. However, a significant 
number of studies have demonstrated that can-
cer cells might evade these cells through down-
regulation/loss of MHC class I.  Interestingly, 
CD4+ T-cells could well respond to MHC Class 
I negative tumors—those resistant to CTL lysis. 
Additionally, evidence has emerged that suc-
cessful elimination of tumors required the 
cooperation of CD4+ and CD8+ T-cells, and 
CD8+ fail to adequately function in the dearth 
of adequate help from CD4+ T-cells [1]. This 
has highlighted the critical roles these cells [2]. 
In other words, CD4+ T-cells contribute in 
facilitating the initial activation and expansion 
of CD8+ T-cells directly (CD40–CD154 inter-
action) and indirectly (IL-2 production). Apart 
from the recruitment of CD8+ T-cell responses, 
some unconventional effects of CD4+ T-cells in 
tumor rejection have been suggested, including 
the cytotoxic effect on tumor cells, upregula-
tion of the expression of MHC molecules, inhi-
bition of angiogenesis, and induction of tumor 
dormancy (reviewed in [3]).

Effector CD4+ T-cells can be divided into 
multiple types. In addition to the classical 
T-helper (Th)1 and Th2—which were considered 
the only two Th cells for a long time—other sub-
sets have been discovered in recent decades. The 
newly identified Th cells include Th17, follicular 
helper T (Tfh) cell, Th9, and Th22, each with a 
characteristic cytokine profile and individual 
transcription factors. Apart from the aforemen-
tioned effector cells, various subsets of CD4+ 
regulatory T-cells (Tregs) with suppressive func-
tion had been identified, including natural Tregs 
(nTregs), interleukin (IL)-10-producing type 1 
Tregs (Tr1), and transforming growth factor 
(TGF)-β-producing Th3 cells.

Our understanding of the critical role of CD4+ 
T-cells in orchestrating immune responses during 
cancer has grown dramatically in recent decades. 
In the past decades, several studies have been con-
ducted, implying the presence of different sub-
types of T-cells in the peripheral blood of cancer 
patients as well as their tumor biopsies. These 
studies conducted have shown that the immune 
system and developing tumors are intimately 
intertwined. Hence, awareness of the exact roles 
of critical cells that contribute to cancer is required 
for the emergence of a novel therapeutic strategy 
for cancer treatment. Although all the CD4+ 
T-cells subsets are present in the tumor site, they 
do not contribute equally. Moreover, some of 
these cells may have both positive and negative 
roles during the process of tumor eradication. It is 
accepted that some particular types of CD4+ 
T-cells—specifically Th1 cells—can effectively 
eradicate or arrest the growth of large, established 
tumors. There is some evidence of the direct nega-
tive role of some effector subsets of Th cells, such 
as Th17, in certain types of cancer. Moreover, 
some other subgroups, such as Th2 cells, could 
inhibit the differentiation of Th1 cells, one of the 
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most potent players in anti-tumor immunity. 
Aside from effector T-cells that contribute to the 
initiation of tumor-specific immunity, Tregs have 
been proven to play a role an active and signifi-
cant role in the progression of cancer, probably 
through the suppression of anti- tumor mediated 
responses. These cells have central roles in the 
maintenance of self-tolerance in healthy individu-
als, which protect them from developing autoim-
munity. However, a growing body of evidence 
suggests that the regulation of effector T-cell by 
the Tregs causes impairment of immune response 
against tumor cells. In other words, CD4+ Tregs 
hamper the function of antigen- specific T-cells 
that recognize tumor antigens and maintain T-cell 
tolerance to self- antigens. Hence, the elimination 
of Tregs in cancer patients—and within the tumor 
microenvironment, in particular—seems essential 
for a successful cancer therapy [4]. Despite the 
initiation of anti-tumor immunity by effector 
T-cells, tumor cells have evolved different tumor- 
immune escape mechanisms. This might explain 
the progression of tumor cells in the presence of 
T-cell-mediated immunity and defeat conven-
tional cancer immunotherapy. Down-regulation 
of target antigen expression and antigen- 
presenting machinery and the promotion of regu-
latory responses in tumors are examples of 
primary tumor immune escape mechanisms. 
Considering the suppressive function of Tregs, 
and also a correlation of their accumulation in 
tumor sites with intratumoral angiogenesis [5], it 
can be expected that these cells contribute to pro-
moting cancer through tumor immune escape and 
angiogenesis [4].

An understanding of the role of different sub-
sets of CD4+ T-cells in the solid tumor and hema-
tological malignancies has evolved rapidly over 
the past few years. Although the vast majority of 
those studies have provided several valuable find-
ings related to roles of CD4+ T-cells in cancer, 
controversy remains in other studies. In this con-
text, the exact role of each subset of effector 
CD4+ T-cells, as well as Tregs, may change cur-
rent cancer therapeutic options when combined 
with our previous understanding of the functions 
of other cells (e.g., CD8+ T-cells) during cancer. 
Although the innate immune cells, humoral 

immune responses, and CD8+ T-cells contribute 
significantly to the initiation of anti-tumor immu-
nity, in this chapter, the role of only CD4+ T-cells 
subsets will be discussed in detail.

5.2  Adaptive Immune Responses 
During the Cancer

For decades, recognizing and destroying tumor 
cells were conceived as one of the duties of the 
immune system. Generally, the immune system 
could be divided into two major arms, including 
the primitive innate immune system and the 
acquired or adaptive immune system. In the for-
mer arm, different critical immune cells provide 
protection against various pathogens and foreign 
agents. These cells include DCs, macrophages, 
granulocytes, mast cells, natural killer (NK) cells, 
gamma delta T-cells (γδ T-cells) cells, as well as 
natural killer T (NKT) cells. On the other side, the 
latter arm primarily consists of T lymphocytes and 
B lymphocytes, and also their associated media-
tors (e.g., cytokines and antibodies). Every day, a 
large number of cancer cells are detected with the 
cooperation of both innate and adaptive immuni-
ties. Regarding developed tumors, these two arms 
start working together against the cancer cells long 
before it becomes clinically apparent, but because 
of several possible reasons, failed to detect them 
well or destroy them. Considering several studies 
of increased susceptibility to tumor development 
in immunodeficient mice, the critical role of differ-
ent components of both the innate and adaptive 
immune systems in preventing cancer can be bet-
ter understood. The increased incidence of cancer 
in patients with some types of primary immunode-
ficiencies—as the results of dysregulation of the 
immune response (regardless of exposure to an 
infectious organism)—can confirm this context in 
humans [6]. Moreover, the higher prevalence of 
cancer among patients who use a variety of immu-
nosuppressants, such as kidney transplant recipi-
ents, also imply the critical role of the immune 
system function in destroying cancer cells [7, 8]. 
The fact that the HIV/AIDS population appears to 
be more susceptible to almost all cancers also sup-
ports the role of the immune system, specifically 
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CD4+ T-cells, in prevention of cancer develop-
ment [9]. There are some reported associations 
between the tumor infiltration by T-cells with an 
improved prognosis for different types of tumors, 
which highlight the pivotal role of the adaptive 
immune system during cancer [10, 11].

Thanks to the ability of a generation of a diverse 
repertoire of antigen receptor specificities via 
DNA recombination, adaptive immunity is able to 
recognize a great variety of different antigens, 
including exogenous (entering from outside) and 
endogenous (generated within the cells). Hence, it 
is expected that both the arms of the immune sys-
tem rise against the newly developed cancer cells. 
Typical tumors usually contain all immune cell 
types related to both innate and adaptive immune 
systems, including macrophages, DCs, NK cells, 
mast cells, B-cells as well as several subsets of 
T-cells. Although the adaptive immune system 
elicits other cell responses as well as directly act-
ing against the tumor cells, the dual nature of the 
adaptive immune system has made it a double-
edged sword in cancer. Indeed, some individual 
subsets of lymphocytes try to impair immune 
responses. In a healthy condition, it is beneficial 
and could significantly prevent organ damage and 
also the development of autoimmunity. However, 
in the patients with cancer, impairment of immune 
system means allowing tumor cells to grow. In 
theory, it was expected that reversing the impaired 
immune responses might promote anti-tumor 
immunity. Interestingly, this theory was converted 
to reality after the first successful immunotherapy 
in cancer patients. Today, there are some limited 
checkpoint inhibitors, including PD-L1 inhibitors 
(atezolizumab, avelumab, and durvalumab), two 
PD-1 inhibitors (nivolumab and pembrolizumab), 
and a CTLA-4 inhibitor (ipilimumab), which have 
shown to be helpful in treating different types of 
cancer. Although cellular immunity is thought to 
be more critical than humoral immunity in cancer, 
there is mounting evidence to support the funda-
mental role of B-cells in tumor immunology. In 
fact, these types of cells could play different roles, 
which aid the shrinkage of the tumor. In addition 
to the classical functions of antibody production, 
these cells also could act as antigen presenting 
cells (APCs), provide co- stimulation, and also 

secrete cytokines that promote both innate and 
adaptive immune systems [12]. The role of B-cells 
in tumor immunity is beyond the scope of this 
chapter and will not be discussed.

5.3  T-Helper Cells Differentiation 
and Function

5.3.1  Overview of CD4+ T-Cell 
Subsets

T-cells are classically divided into two major 
groups, including CD8+ T-cells and CD4+ T-cells, 
which become activated when they are presented 
with MHC-I and MHC-II, respectively. Each of 
these groups contains effector and regulatory sub-
sets, which act in opposite directions. CD4+ 
T-cells (also called Th cells) play critical roles in 
instigating and shaping adaptive immune 
responses. Th lymphocytes are prototypic mem-
bers of T-cells, which augment both humoral and 
cellular immune responses. In addition to their 
roles in modulating immune responses to different 
types of pathogens and chronic infectious agents, 
they are capable of enhancing immunity against 
the tumors. These cells can act through activation 
of other tumor-specific cells or even direct recog-
nition of antigen on MHC-II- expressing tumor 
cells, followed by hindering tumor growth or 
inducing tumor cell death. During an immune 
response, both the activation of naïve T-cells stim-
ulus through the T-cell receptor (signal 1) and the 
interaction between appropriate costimulatory 
molecules (signal 2) are required. Receiving 
enough signals results in the robust clonal expan-
sion of naïve T-cells and their differentiation into 
either effector or memory cells.

5.3.2  Differentiation

The identification and characterization of CD4+ 
T-cell lineage subsets began with a description of 
Th1 and Th2 cells [13]. Subsequently, different 
other subsets of effector CD4+ T-cells in the past 
10 years—including Th17, Tfh, Th9, and Th22—
have filled the gaps and deficiencies existing in 
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the previous simplistic Th1/Th2 paradigm. 
Moreover, another different subset, with a sup-
pressor function, could be differentiated from the 
naïve T-cells, called iTregs. These large subsets 
are defined by their pattern of cytokine produc-
tion and function.

As regards the traditional Th1/Th2 dichotomy, 
Th1 cells make interferon-gamma (IFN-γ) their 
signature cytokine and tend secret IL-2 and tumor 
necrosis factor-alpha (TNF-α). However, Th2 
cells produce IL-4 in a significant amount of their 
signature cytokine. The production of IL-5, 
IL-13, and sometimes IL-9 is another characteris-
tic of these cells [14]. The presence of both IL-2 
and IL-4  in the microenvironment of activated 
naïve T-cells is essential for the differentiation of 
Th2 cells. Interestingly, IL-4 secreted from Th2 
cells acts in an autocrine manner to induce Th2 
differentiation. Subsequently, it was found that 
IL-4 neutralization as well as the addition of 
IL-12 to the culture cause Th1 differentiation. 
The involvement of T-bet as a master regulator, 
STAT1 (triggered by IFN-γ), and activated 
STAT4 (by IL-12) contribute to the development 
of Th1 cells. On the other hand, GATA3 as a pri-
mary master regulator and STAT6 activation (by 
IL-4) are required for Th2 differentiation from 
the naïve T-cells [15].

Th17—the next discovered subset of Th 
cells—was characterized as the major source of 
IL-17A, IL-17F, and IL-22, which could not be 
secreted by previously defined Th cells. First, it 
was reported that the presence of both TGF-β1 
and IL-6 is essential for the generation of T17 
cells. Subsequently, it was reduced to only IL-6 
[15]. Aside from the previously described Th cell 
subsets, Th9 could also be considered a critical 
one, with emerging evidence of involvement in a 
different type of disease. These IL-9-producing 
cells are differentiated from activated naïve 
T-cells in the presence of TGF-β and IL-4. In 
addition to PU.1, the critical transcription factor 
for Th9 differentiation, other players—such as 
STAT6, IRF4, and GATA3—were suggested to 
be involved [16–19]. Aside from the IL-9, IL-4, 
and TGF-β, multiple cytokines, including IL-1, 
IL-2, IL-23, IL-25, and IL-33, affect Th9 priming 
and IL-9 production (reviewed in [20]).

Before the identification of Th22, IL-22 pro-
duction was thought to be mainly associated 
with Th17 cells. However, IL-22 is now recog-
nized to be not only produced by Th17 but also 
the Th22 subset. In fact, the highest IL-22 lev-
els are present in Th22 cells, while Th22 subset 
completely lacks expression of IL-17A [21, 
22]. In this subset, with the 
CCR6+CCR4+CCR10+ phenotype, AHR plays 
a vital role in IL22 expression as the key tran-
scription factor [23]. Moreover, two cytokines 
of IL-6 and TNF-α have also been found to be 
essential for Th22 differentiation. Tfh is another 
subset of CD4+ T-cells, which provides a helper 
function to B-cells; this is characterized by the 
expression of CXC chemokine receptor 5 
(CXCR5) along with other markers, including 
expression of inducible co-stimulator (ICOS), 
PD-1, cytokine IL-21, and transcription factor 
B-cell lymphoma 6 (BCL-6). Among the cyto-
kines, IL-6 and IL-21 are indispensable for Tfh 
differentiation, and BCL-6 is a master regulator 
of this effector T-cell subset. In addition to the 
generation of Tfh cells from naïve T-cells, there 
is some evidence that this type of cell could be 
generated from other effector T-cells. 
Additionally, several signaling pathways are 
involved in the differentiation or inhibition of 
Tfh cells (reviewed in [24]).

Aside from effector CD4+ T-cells, iTregs is a 
subset, with suppressor function. This subset is 
different from CD4+ nTregs that develop in the 
thymus during positive and negative selection. 
iTregs are formed in the periphery from activated 
naïve CD4+ T-cells. However, both iTregs and 
nTregs maintain peripheral tolerance through the 
suppression of aberrant immune responses and 
protect from potential autoimmune responses 
[25]. Tregs—regardless of their origin of devel-
opment—are vital in the prevention of autoim-
munity. Three main subsets of iTregs have been 
described, including Th3 [26], Tr1 cells [27], and 
the recently described iTr35 Tregs [28]. These 
three subsets of iTregs are induced via TGFβ, 
IL-10, and IL-35, respectively. In contrast to Th3 
cells, neither of the Tr1 and iTr35 subsets 
expresses or requires the transcription factor 
Foxp3.
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5.3.3  Functions

Th1 cells—which involve cell-mediated immu-
nity—deal with viral infections and some bacte-
ria, certain autoimmune diseases, and, most 
importantly, anti-tumor immunity. This arm of 
cellular immunity is triggered by replicating 
intracellular pathogens, which is followed by the 
inhibition of Th2 differentiation. In contrast, Th2 
cells are involved in the promotion of specific 
humoral immunity, and usually deal with some 
bacteria, toxins, and allergens. These cells also 
cause certain autoimmunity conditions and major 
types of allergies. Moreover, it is believed that 
Th2 immunity interferes with anti-tumor immu-
nity through the inhibition of Th1-related 
responses. In contrast to Th1, Th2 promotes dur-
ing helminth infection and skews responses 
toward a Th2 phenotype in an autocrine manner. 
Because of the significant role of Th1 and Th2 
cells in the adaptive immune system, any long- 
lasting alteration in the Th1/Th2 balance without 
normalization may be associated with different 
types of diseases. For example, some autoim-
mune diseases are believed to be the results of 
higher Th1 or Th2-related responses [29]. 
Interestingly, it was suggested that the outcomes 
of some autoimmune diseases could be predicted 
during pregnancy, based on an alteration in the 
Th1/Th2 balance [30]. Additionally, the regula-
tion of the Th1/Th2 ratio was effective in treating 
some of those conditions.

The emergence of Th17 shed light on different 
other functions of effector CD4+ T-cells. These 
cells participate in antimicrobial immunity and 
fight against extracellular bacteria/fungi. Th17 
cells have inhibitory effects on the regulatory 
function of Tregs. According to these roles and 
distortion of the Th17/Treg balance favoring the 
pro-inflammatory Th17 in the majority, this criti-
cal subset was identified as a critical player in the 
majority of inflammatory and autoimmune dis-
eases [31]. With regard to the role of Th17  in 
tumor-immunity, there are controversial findings. 
However, the accumulation of Th17 cells in many 
different types of tumors in comparison with 
healthy tissues demonstrated their significant 
contribution to cancer, which is discussed below.

The exact roles of Th9 and Th22 have not 
been described as well as other three discussed 
Th cells. There is some evidence of the contribu-
tion of IL-9  in inflammation, allergic diseases, 
and autoimmune conditions. Despite the elusive 
functions of Th9 cells in cancer, these cells acti-
vate not only the determining signaling pathways 
for tumor regression but also exert anti-tumor 
immunity [32]. Because of the high secretion of 
proinflammatory cytokines, such as IL-22 and 
TNF-α by Th22 cells, it is not surprising that 
these cells contribute to the pathogenesis of 
inflammatory and autoimmune diseases [33]. 
The significant alteration in the Th22-related 
responses in different cancers also suggests the 
pivotal role of this subset of CD4+ T-cells in can-
cer [34–36]. Tfh cells, which their primary func-
tion is to provide help to B-cells are other 
involved cells in regulation of immune system 
[37]. Moreover, considering the increase in circu-
lating Tfh cells as well as its correlation with dis-
ease activity and autoantibody production in 
multiple autoimmune diseases, these cells could 
be referred to as the central players during auto-
immunity [38]. Regarding the role of Tfh cells in 
different types of cancer, there is little available 
data on their correlation with cancer progression 
and survival rates, which will be discussed in this 
chapter.

The regulatory function of Tregs is essential to 
prevent autoimmunity. These cells are involved in 
a wide range of diseases, including infection, 
autoimmunity, and cancer. Perturbations in the 
development and/or function of Tregs can mani-
fest themselves as severe autoimmune conditions. 
For example, the lack of the function/number of 
Tregs during a large number of autoimmune dis-
eases had been proposed earlier. Conversely, 
some persistent infections, such as chronic hepati-
tis B virus (HBV) infection, were found to be 
associated with the regulatory function of Tregs 
or increase in the level of their related cytokines. 
This led to some approaches being proposed to 
cure HBV, based on the impairment of regulatory 
responses. These suppressive cells act through by 
not only depending on a single mechanism of sup-
pression but also have an arsenal of regulatory 
mechanisms at their disposal [39]. The promotion 
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of tumors is another negatively described out-
come of high numbers of Tregs. Indeed, it seems 
that large numbers of these cells in tumors cause 
impairment of anti- tumor immunity. The differen-
tiation of CD4+ T-cells and their suggested roles 
in relation to anti- tumor immunity have been pre-
sented in Fig. 5.1.

5.4  T-Helper Cells in Tumor 
Microenvironment and Their 
Roles in Inducing Anti-tumor 
Immune or Immune System 
Exhaustion

The tumor microenvironment is complex and 
dynamic, consisting of several components, 
including tumor parenchyma cells, fibroblasts, 
mesenchymal cells, blood, lymph vessels, as well 
as tumor-infiltrating immune cells and their prod-
ucts (e.g., cytokines and chemokines). The intra- 
tumor cell types seem to play different roles in 
the natural life of the tumor, which cause tumor 
suppression or the opposite. T-cells are critical 
players in tumor immunity, which migrate into 
the tumor microenvironment randomly or 
undergo fully ballistic migration [40]. As it was 

briefly described, T-cells consist of various anti- 
tumor effector and regulatory subsets. Though 
they are a vital part of the immune system that 
actively plays a role in the tumor microenviron-
ment, their dysfunction in solid tumors results 
from multiple mechanisms. The tumor- infiltrating 
lymphocytes (TILs) are increasingly significant 
predictors of tumor biology and outcome. More 
precisely, tumor-infiltrating T-cells were found to 
be associated with the improved clinical outcome 
as well as survival in patients with different types 
of cancer, including colorectal cancer [41], breast 
cancer [42, 43], and lung cancer [44, 45]. 
Although a significant anti-tumor role for CD8+ 
TILs was described in several studies, increasing 
evidence implicates the undeniable roles of 
CD4+ T-cells during cancer.

The exact role of CD4+ T-cells in induction or 
inhibition of tumorigenesis and metastasis is very 
complex and not yet fully clarified. However, 
accumulating evidence is pointing to the pivotal 
role of these cells in the modulation of the anti- 
tumor immune response. Different subsets of 
CD4+ T-cells do not act in the tumor microenvi-
ronment in the same ways. Some of these sup-
press tumors while some others promote tumors. 
The balance of these two major groups may be 

Regulatory T cells

Th3

IL-10 IL-35 IL-4

Promote anti-tumor immunity Controversial findings Not a clear roleSuppress anti-tumor immunity

IL-17 IL-9 IL-22 IL-21TGF-β IFN-γ

Tr1 iTr35 Th2 Th1 Th17 Th9

Effector T cells

Th22 Tfh

Naïve CD4+T

Fig. 5.1 Differentiated CD4+ T cells can be classified 
into regulatory and effector arms. Both Tregs and effector 
T cells inhibit each other. In the effector arm, Th1 and Th2 
responses mutually inhibit each other. Any of the differen-
tiated CD4+ T cells produce several cytokines, while the 
related master cytokine has been written. Generally, it has 
been accepted that Tregs and Th2 cells seem to inhibit 

anti-tumor immunity. Conversely, Th1 cells lead to 
enhancement of anti-tumor immunity. Th17 cells act as a 
double-edged sword in anti-tumor immunity. Although 
recent studies have shed light on the probable role of 
recently described CD4+ T cells, including Th9, Th22, 
and Tfh cells, there is no consensus about their roles 
against tumors
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essential in determining the outcome of immune 
responses within tumors. Accordingly, some 
TILs may be friends, while others may be foes 
[46]. The majority of the studies have shown that 
Th1 cells could be considered a positive prognos-
tic factor in cancer [47]. Thereby, some strategies 
with the goal of promoting effector cells 
responses, such as an adoptive transfer of TILs in 
combination with IL-2 was suggested as an effec-
tive treatment approach for patients with meta-
static melanoma [48]. In contrast, Tregs may 
accumulate in the tumor environment, which 
results in hindering tumor rejection via the sup-
pression of tumor-specific T-cell responses [46]. 
Indeed, these cells are accepted as limiting anti- 
tumor immune responses, because of the preven-
tion of induction of tumor-associated 
antigen-specific immunity as well as the inhibi-
tion of the effector function of cytotoxic T-cells 
and NK cells [49, 50].

5.5  Elimination of Tumor Cells 
by Effector T-Helper Cells 
and Tumor Evasion 
Strategies

The principal purpose of T-cell motility is to 
search for cognate antigen on APCs as well as 
target cells with the majority of tumors that are 
MHC-I positive in the early stages. This makes 
them recognizable by the specific anti-tumor 
CD8+ T-cells, which target them and progres-
sively kill MHC-I positive cells. Aside from this 
subset, CD4+ T-cells also employ different strat-
egies to target tumor cells or even stimulate other 
anti-tumor immunity arms [51]. The direct cyto-
toxicity of CD4+ T-cells was reported both 
in  vitro and in  vivo toward MHC-II positive 
tumor cells. Moreover, some indirect strategies to 
target MHC-II negative tumor cells have also 
been suggested [51].

Although T-cells function to eliminate tumors, 
there are a number of different strategies imple-
mented by tumor cells to escape immune surveil-
lance, including the loss/down-regulation of 
tumor antigen/MHC expression on tumor cells, 
resistance to apoptosis, accelerate apoptosis in 

activated T-cells, anergy induction, attraction of 
Tregs to the tumor, and stimulation of regulatory 
cytokines production (e.g., IL-10 or TGF-β) [52]. 
Increasing numbers of researchers believe that 
Tregs, as well as co-inhibitory molecules on 
effector T-cells, are exploited by several types of 
tumors to evade anti-tumor immunity [4, 53, 54]. 
Tumor antigens have the potential to elicit tumor- 
specific immune responses. However, cancer 
cells may lose their antigenicity, which could be 
considered one of the strategies of most studies 
for tumor-immune evasion [55]. If tumor cells 
are detected by T-cells, apoptotic evasion through 
the alteration or defection in apoptotic pathways 
is another barrier. The blockage of Fas or TNF 
receptors that can lead to apoptosis signaling and 
expression of decoy receptors to inhibit death 
receptor signaling are two examples of evading 
apoptosis strategies by tumor cells [56]. There is 
some evidence of the acceleration of T-cells 
apoptosis (e.g., FasL-mediated or TRAIL- 
mediated apoptosis induction) [56]. The detected 
tumor cells could also induce anergy in activated 
T-cells. Indeed, tumor cells may cause a problem 
in the induction of second signals by triggering 
the T-cell receptor either without adequate con-
comitant co-stimulation or high co-inhibitory 
signaling [52]. The negative roles of some co- 
inhibitory molecules, such as CTLA-4 and PD-1, 
in cancer, could also be confirmed by improving 
the survival of patients with metastatic melanoma 
following the blocking of the CTLA-4 by ipilim-
umab or PD-1 by nivolumab and pembrolizumab 
[57–59]. Inducing the exhaustion of T-cells 
through Tregs recruitment (probably by attract-
ing them with chemokine CCL22 produced by 
tumor cells [60]) could also significantly limit 
anti-tumor immunity.

5.6  The Role of Effector T-Helper 
Cells in Cancer Immunity

5.6.1  Overview

As was pointed out in previous sections, effector 
CD4+ T-cells contribute to priming anti-tumor 
immunity through different major strategies, 
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such as exertion of direct anti-tumor activity, acti-
vation, and expansion of CD8+ T-cells as well as 
orchestration of antibody production [51, 61]. 
These have made Th cells the attractive immuno-
therapeutic approach for the treatment of cancer. 
There is much data on the roles of CD4+ T-cells 
in solid tumors as compared to the hematological 
malignancies. Traditionally, research in cancer 
immunity has focused almost exclusively on 
Th1/Th2 cell balance, which has been replaced 
by the Th17 and Tregs paradigm during the last 
decade. Recently, Th9, Th22, and Tfh cells were 
also found be involved in tumorigenesis, and this 
has been a hot topic among researchers in recent 
years. Moreover, the possible interaction between 
each of these subsets during human cancer 
remains to be elucidated. Two issues related to 
these cells had been discussed widely, including 
the proportion of Th1 cells/expression of Th1- 
associated genes in the baseline as well as the 
association of those with the outcomes, which 
have been discussed in this chapter.

5.6.2  T-helper 1

Among the different subsets of Th cells, Th1 is 
one of the most studied and critical ones in the 
mediation of anti-tumor immunity. In other 
words, it has been accepted that Th1-dominant 
immunity is essential for the induction of anti- 
tumor cellular immunity in vivo [62]. This role 
for Th1 immunity is likely due to the stimulation 
of both innate and adaptive immune response to 
tumors. IFN-γ, the principal Th1 effector cyto-
kine, has been shown to be crucial for preventing 
and suppressing the development of cancers. 
Although most cell types in the body can produce 
IFN-γ, Th1 cells were identified as a primary 
source. This cytokine helps immune system to 
inhibit and kill tumor cells and impedes tumor 
growth through different mechanisms. For exam-
ple, it seems that IFN-γ acts as a bridge between 
the Th1 cells and tumor-infiltrating antigen- 
presenting macrophages [63]. During this pro-
cess, macrophages could render tumor cells 
cytotoxic, either directly or indirectly. This could 
lead to an acceleration of tumor eradication 

through the initiation of collaboration between 
innate and adaptive immunity. Boosting the 
MHC-I antigen-processing machinery that facili-
tates cytotoxic T-cells to recognize cancer cells 
[64], enhancing NK cells activity [65], and regu-
lating their proliferation in  vivo [66], inducing 
DC cytotoxic function [67], activation of effector 
cells (e.g., macrophages and neutrophils), induc-
ing the infiltration of macrophages as well as 
CTL into the tumor, regulating CD4+ Th cell dif-
ferentiation, and modifying anti-tumor cytokine 
responses [68–71] are some of the proposed 
mechanisms of the anti-tumor functions of IFN- 
γ. Moreover, IFNs could regulate the expression 
of a vast array of genes involved in tumor cell 
growth, proliferation, differentiation, survival, 
migration, and also other specialized functions 
favoring tumor shrinkage [72]. In this respect, it 
was shown that Th1 cytokine-enriched microen-
vironment hampered tumor growth [73]. In addi-
tion to the IFN-γ, related chemokines are also 
capable of recruiting effector immune cells into 
the tumor microenvironment, which can act in 
concert with tumor elimination [74].

In recent decades, a large number of studies 
have assessed the role of Th1 cells in patients 
with different types of cancer. There is a consen-
sus among researchers with regard to the crucial 
role of Th1 cells in regressing tumors and imped-
ing tumor growth. Generally, the enhancement of 
Th1 responses in several types of cancer, such as 
lung cancer [75], cervical cancer [76], and breast 
cancer [77], was demonstrated to be involved in 
augmenting anti-tumor responses.

Moreover, an elevated level of T-bet, the mas-
ter transcription factor of Th1 cells, was reported 
in patients with high-grade bladder cancer in 
comparison to those with low/medium-grade 
bladder cancer [78]. In contrast to such evidence, 
there is some evidence implying a decrease in 
Th1-related responses. For example, suppressed 
levels of Th1-related cytokines in hypopharyn-
geal carcinoma [79] and oral squamous cell car-
cinoma [80] have been noted.

There are different pieces of evidence sug-
gesting the correlation between the Th1-related 
responses and a favorable outcome in several 
tumor types. A high proportion of Th1 was asso-
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ciated with a desirable outcome in colorectal can-
cer [81]. Indeed, those with high expression of 
the Th1 cluster had a prolonged disease-free sur-
vival. A better outcome as the result of increased 
expression of genes for Th1 adaptive immunity 
during colorectal cancer and, subsequently, pre-
sumably facilitation of the effector memory 
T-cell infiltration was also reported in another 
study [41]. Moreover, high Th1 infiltrated lym-
phocyte was found to be strongly associated with 
a better prognosis in patients with colorectal can-
cer [82]. A higher T-bet expression was reported 
to be a predictor of outcome in HER2-
overexpressing breast cancer patients treated 
with trastuzumab plus docetaxel [83] and a pre-
dictor of patients’ survival in bladder carcinoma 
[78]. In contrast, a weak Th1 response was found 
to be associated with the poor treatment response 
and prognosis in breast cancer patients [84]. The 
predominance of Th1 response after the cancer 
treatment was reported in both animal and human 
models also suggests the critical role of Th1 cells 
in establishing anti-tumor immunity [85].

In addition to solid tumors, different studies 
have suggested the importance of Th1 cells in the 
hemolytic cancers. Regarding acute lymphoblas-
tic leukemia (ALL), it was found that the circu-
lating levels of two of the most important 
Th1-related cytokines, IFN-γ and IL-12, were 
significantly higher than they were in the control 
group [86]. In contrast, Chen et  al. [87] have 
demonstrated an observable decrease in both 
bone marrow and peripheral blood Th1 cells fre-
quencies of newly diagnosed chronic myeloid 
leukemia (CML) patients. Similar to solid 
tumors, there is some evidence of better outcome 
in patients with more Th1-related responses. For 
instance, acute myeloid leukemia (AML) patients 
with high Th1 frequencies have shown a pro-
longed survival [88].

5.6.3  T-helper 2

Generally, among the two classical subsets of Th 
cells (Th1 and Th2), the majority of studies had 
focused on the role of Th1 rather Th2 cells. 
Although Th2 cells are capable of destroying the 

tumor by inducing tumor necrosis [70], the 
majority of studies on Th2 have suggested no 
beneficial role for them against the tumors. In 
fact, Th2 cells seem to promote tumor progres-
sion via counteraction of Th1 cells—key players 
in the initiation of anti-tumor immunity—as well 
as interfere with anti-tumor CTL activity. 
Moreover, IL-4 and IL-10 secreted by Th2 cells 
contribute to inhibit cell apoptosis [89] and pro-
mote regulatory responses through the induce-
ment of the differentiation of Tr1 cells [90], 
respectively. However, Th2 master cytokine (e.g., 
IL-4) were also demonstrated to induce infiltrat-
ing eosinophils and macrophages, followed by 
the initiation of anti-tumor immunity [91–93]. 
IL-13 is another Th2 production, with both posi-
tive and adverse impacts on anti-tumor immunity. 
It causes tumor regression by inducing the activi-
ties of neutrophils and macrophages [94, 95] 
while protecting tumors through the suppression 
of IFN-γ and CTL activity [96]. Th2 cells-associ-
ated cytokines provide help for B-cells and facili-
tate IgG and IgE antibody responses. Although 
tumor-infiltrating B-cells may lead to favorable 
clinical outcome in some types of cancers [12], 
there is some speculation, related to the inhibi-
tion of anti-tumor immunity via B-cells, includ-
ing the production of anti- tumor immunity 
cytokines (e.g., IL-10), the inhibition of produc-
tion/activity of critical players against the tumor 
(IFN-γ, CTL, NK cells), and the masking of 
T-cell epitopes by secreted antibodies [97]. 
Considering the probable adverse effect of 
B-cells in anti-tumor immunity, the tumor pro-
motion role of Th2 cells could be confirmed from 
another aspect.

Some studies have examined Th2 responses in 
cancer patients. A significant decrease in Th1, but 
not Th2  in renal cell carcinoma (RCC), has 
caused the skewing of Th1:Th2 balance toward 
more Th2 correlated with tumor stage and grade 
progression [98]. A distinct polarization of Th2- 
related cytokines, including IL-4 and IL-10, as 
well as suppressed Th1-related cytokines in those 
with oral squamous cell carcinoma [80] and cer-
vical cancer [99] are other pieces of evidence for 
the skewing of Th1:Th2 toward Th2 phenotype. 
Moreover, because of increased Th2-associated 
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cytokines in hypopharyngeal cancer tissues and 
pericarcinoma tissues, it was suggested that this 
type of cell might promote cancer development 
as well as metastasis during hypopharyngeal car-
cinoma [79]. Th2 cells were also reported to 
associate with reduced patient survival pancreatic 
cancer [100]. However, it seems that Th2 cells do 
not play a significant role in patient’s prognosis 
during colorectal cancer [81].

Regarding the hematological cancers, there is 
some evidence implementing the correlation of 
Th2 cell population and advanced disease. For 
example, shifting from the dominance of Th1- 
mediated immunity in chronic lymphocytic leu-
kemia (CLL) patients toward Th2 phenotype by 
disease progression was reported [101]. In child-
hood ALL, a decreased Th2-related cytokines 
was observed [86], and also Th2 cytokine expres-
sion was suggested as the predictor of relapse 
[102]. In contrast to the CLL and ALL, Kiani 
et  al. [103] reported no difference between the 
Th2 cytokines (IL-4, IL-10, IL-13) in CML and 
controls.

5.6.4  T-helper 17

Before the appearance of the Th17 subset, it was 
generally agreed that Th1 and Th2 are the only 
Th subsets that play significant roles in, respec-
tively, the regression or promotion of tumors. 
Following the discovery of the third Th subset, 
Th17 cells, researchers have more focused on 
Th17/Treg instead of the classical Th1/Th2 para-
digm. As mentioned, Th17 cells have recently 
been identified as important immune modulators 
in a variety of diseases, including autoimmune 
diseases as well as several types of cancer. In 
contrast to the role of Th17 cells in inflammation 
and autoimmunity [104], results from Th17 stud-
ies in different types of cancer have yielded con-
flicting results [105]. On the other word, there is 
enough evidence for considering it as a double- 
edged sword in cancer [106]. From the anti-tumor 
point of view, Th17 cells have shown both a 
direct eradication of tumors and the exertion of 
indirect anti-tumor effects through several signal-
ing pathways. The capability of production of 

different effector cytokines by tumor-infiltrating 
Th17 cells as well as negatively correlated with 
the proportion of Th17 and Tregs, favoring the 
promotion of anti-tumor immunity and the pre-
vention of immune system exhaustion. Moreover, 
the recruitment or activation of other tumor- 
specific immune cells, such as tumor-specific 
CD8+ T-cell and DCs, inducing the Th1-type 
chemokines CXCL9 and CXCL10, and promo-
tion of IFN-γ secretion also contribute to the 
enhancement of Th17-associated anti-tumor 
responses [107]. On the other hand, the promo-
tion of tumor angiogenesis as well as up- regulated 
prosurvival and proangiogenic genes as the result 
of Th17 activity could be considered the pro- 
tumor effects of these cells [107]. It was demon-
strated that IL-17A triggers STAT3 activation in 
tumor cells, which leads to tumor growth [108]. 
Moreover, a vast majority of studies has shown 
that Th17 cell infiltration is detrimental in several 
types of cancer, which may be explained by the 
function of these cells as regulatory cells with the 
capacity to suppress anti-tumor immunity [106].

The majority of the murine and human studies 
implicate the increased proportion of Th17 cells 
as well as their associated cytokines in peripheral 
blood or in different types of tumor samples, such 
as RCC, gastric cancer, breast cancer, squamous 
cell carcinoma, lung cancer, hepatocellular carci-
noma (HCC), cervical cancer [35, 76, 98, 109–
118]. The enhancement of Th17 immune response 
in the adjacent tissues of sporadic colorectal can-
cer [119] or serum [120], making Th17 cells a 
valuable tumor marker in patients with colorectal 
cancer. Although the exact mechanism of Th17 
cells up-regulation in tumor has remained 
unknown, some suggested mechanisms are 
responsible for the Th17 cell expansion and their 
migration into tumor microenvironments, such as 
chemokine-mediated recruitment of these cells 
into tumor sites as well as the function of tumor 
microenvironment factors (e.g., IL-1b, TNF-α, 
and IL-17) [121]. In contrast to different studies 
that had suggested the detrimental effects of Th17 
cells in establishing anti-tumor immunity, there is 
paucity of evidence of the beneficial roles of Th17 
cells in human cancer, such as ovarian cancer 
[122]. For example, impaired Th17 responses 
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were observed with the tumor progression in the 
tissue [81], which is inconsistent with some other 
cancers. The role of Th17  in the destruction of 
advanced melanoma was also previously deduced 
in a transgenic mouse model [123].

The association between the Th17 cells and 
poor outcome in different types of cancer, includ-
ing HCC and colorectal cancer, has previously 
been reported [81, 124]. Interestingly, it was 
reported that Th17 cells’ population dramatically 
decreased 2 weeks of radiofrequency ablation in 
lung cancer patients [109]. Moreover, there is 
some evidence of the Th17 response increasing 
as gastric cancer advanced [125]. However, in 
advanced colorectal cancer, it was reported that 
Th17 cells ratio in circulation to tumor tissues 
were decreased [126], which is consistent with 
the previous study that suggested Th17 cells can 
be recruited into the tumor microenvironment 
from the circulation [127].

In addition to the solid tumors, there are sev-
eral findings with regard to the roles of Th17 in 
hematological malignancies, including multiple 
myeloma (MM), CLL, AML, non-Hodgkin lym-
phoma, as well as CML in bone marrow and/or 
peripheral blood. A significant elevation in the 
baseline and an induced frequency of Th17 cells 
were reported in both peripheral blood mononu-
clear cells (PBMCs) and bone marrow mononu-
clear cells in MM patients as compared to healthy 
controls [128]. Moreover, the suppression of Th1-
mediated cytokines (e.g., IFN-γ) was observed as 
the result of a function of IL-17 and IL-22 combi-
nation, which suggests Th17 cells as the inhibitors 
of immune function in MM patients [128]. The 
elevated number of Th17 cells was seen in a dif-
ferent stage of AML in comparison with controls 
[129, 130], while a significant decrease in plasma 
IL-17 was found [129]. This unexpected finding 
may be explained by promoting the effect of Th17 
independent of direct secretion of IL-17. In 
another study, in various stages of AML, a marked 
decrease in Th17 cells in the bone marrow micro-
environment of newly diagnosed patients com-
pared patients with complete remission, 
relapsed-refractory patients, or controls was 
observed [131]. Considering the role of IL-17 in 
MM pathobiology, it is  conceivable that Th17 

cells exert a pathogenetic role and are an impor-
tant therapeutic target in MM and probably 
AML. Conversely, a significantly low percentage 
of Th17 cells present in lymphoma specimens 
from patients with B-cell non- Hodgkin’s lym-
phoma was observed [132]. Because the higher 
number of Th17 and IL-17A levels was found to 
be associated with a less advanced clinical stage 
of CLL in a study containing untreated CLL 
patients in different clinical stages, the beneficial 
role of Th17  in CLL immunity was suggested 
[133]. Furthermore, a higher proportion of Th17 
cells seems to be associated with a more favorable 
clinical course in CLL patients [134]. Hus et al. 
[133] found a positive correlation and a negative 
one between the Th17 percentages and iNKT and 
Tregs, respectively, in CLL patients. These results 
demonstrate the probable beneficial role of 
Th17 in CLL immunity. Regarding CML, consid-
ering the decrease in the frequency of Th17  in 
newly diagnosed CML patients in comparison 
with healthy controls, the protective role of Th17 
cells in CML pathogenesis was suggested [135]. 
The association of high Th17 cell frequency in the 
AML patients with poor prognosis was also 
reported [88].

In summary, answering the question as to 
whether Th17 cells in tumor tissues are beneficial 
for patients through enhanced anti-tumor immu-
nity, or cause promotion of tumor through an 
increase in inflammatory angiogenesis, is not 
easy. Indeed, it seems that Th17 cells play a role 
both in tumorigenesis and the eradication of an 
established tumor, which makes it a double- 
edged sword.

5.6.5  T-helper 9

Less than a decade ago, another CD4+ T-cell sub-
set—characterized by the secretion of high levels 
of IL-9—was called the Th9 cell has identified 
[16]. Before the discovery of Th9, IL-9 was sug-
gested as a promoter of some human hematologi-
cal tumors, such as Hodgkin’s lymphoma [136]. 
Indeed, high levels of IL-9  in the sera from 
Hodgkin’s lymphoma patients, but not in non- 
Hodgkin’s lymphoma patients or healthy con-
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trols, implied the contribution of this cytokine to 
the development of Hodgkin’s lymphoma. These 
effects may be explained by inducing regulatory 
responses via IL-9. The role of IL-9 in enhancing 
the suppressive functions of Tregs in  vitro was 
another novel function against tumor regression 
via anti-tumor immunity [137]. This finding was 
subsequently confirmed by Hoelzinger et  al. 
[138], who showed that IL-9 ablation enables 
CD8+ and CD4+ and activates the adaptive anti- 
tumor immunity. In contrast, there is enough evi-
dence that Th9 cells activate both innate and 
adaptive immune responses, thereby harboring 
anti-cancer properties in solid tumors [139].

From the view of the beneficial role of Th9 
cells, different studies were published during the 
last decade. The first report regarding the anti- 
tumor effect of Th9 cells was conducted using the 
murine melanoma model. As a result, it was con-
cluded that the adoptive transfer of tumor antigen- 
specific Th9 cells could block tumor growth, 
which was reversed by anti-IL-9 [140]. This is 
consistent with the anti-tumor function of Th9 in 
an IL-9 dependent fashion. Interestingly, the effi-
cacy of recombinant IL-9 administration was 
found to depend on the presence of mast cells, 
but not on the presence of T-cells or B-cells [140]. 
Because of the triggering mast cell activation by 
IL-9 [141], it was proposed that anti-tumor 
capacity of IL-9 and Th9 cells might be through 
the activation of mast cell [32]. In another study 
on metastatic melanoma patients, because of the 
association between the early increase in Th9 cell 
counts and improved clinical response during the 
nivolumab therapy, Th9 cells were suggested as 
cells with anti-cancer properties as well as a valid 
biomarker for anti-PD-1 response [142]. Lu et al. 
[143] have examined the role of IL-9/Th9  in a 
murine model of pulmonary melanoma; the anti- 
tumor effects of Th9 cells through provoking 
CD8+ CTL-mediated anti-tumor immunity were 
reported. Another interesting finding related to 
the function of Th9 cells was the recruitment of 
effector cells against tumor growth into the tumor 
sites [143]. Th9 cells also enhance anti-tumor 
immunity by triggering IL-21 in addition to IL-9 
[144], and probably the involvement of IL-3, 
which could favor the survival of DCs [145]. 

Employing CD8+ T-cells’ anti-tumor responses 
is another suggested mechanism underlying Th9 
anti-tumor activities.

In studies of human cancer, some contradic-
tory results have been reported. Ye et  al. [146] 
found Th9 cells as a promoter of proliferation 
and migratory activity of lung cancer cells, which 
act through the regulation of immune responses 
in lung cancer cells in the tumor environment. 
During this process, the activation of STAT3 sig-
naling pathway was responsible, which works in 
a manner opposite to IFN-γ activated STAT1 sig-
naling that suppresses lung cancer cell prolifera-
tion and migration. A recent study on HCC 
patients had shown a significantly higher fre-
quency of circulating IL-9-producing Th9 cells 
(specifically in peritumoral and tumor tissues) in 
comparison with healthy controls [147]. 
Additionally, because the association of higher 
tumor-infiltrating Th9 frequency had shorter 
disease- free survival period in the patients stud-
ied, the tumor-promoting role of Th9 cells in 
HCC, probably through CCL20 and STAT3 path-
ways, were suggested [147]. Taken together, Th9 
cells seem to be new players in exerting anti- 
tumor activities, perhaps through the promotion 
of the activation of innate and adaptive immune 
responses as well as by triggering cancer cell 
death [32]. However, further studies are required 
to explain the controversial results regarding the 
role of Th9 cells in human cancer.

5.6.6  T-helper 22

Recently, the Th22 subset was identified as a new 
human Th subset, characterized by abundant 
secretion of IL-22 and TNF-α, but not IL-17 or 
IFN-γ, which makes it clearly separate from the 
Th17 and Th1 subsets [21, 148, 149]. There is 
some growing evidence regarding the role of 
Th22 and in the pathogenesis of inflammatory 
and autoimmune diseases, including psoriasis 
and rheumatoid arthritis [150, 151]. Mounting 
evidence suggests that Th22 cells are other criti-
cal players during the human cancers [34–36].

Before focusing on the Th22 cells in cancers, 
some evidence was found that is related to high 
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levels of IL-22 in the tumor tissues or peripheral 
blood of cancer patients [152–155]. Some of 
them interpreted it as the involvement of Th17 
cells, but not Th22 cells. The higher expression 
of the cytokine and also its receptor was found to 
positively relate to invasion and metastasis in 
pancreatic ductal adenocarcinoma [156]. In con-
trast, some studies reported that IL-22 levels 
were lower in patients with HCC than in healthy 
controls [157]. Subsequently, different authors 
have evaluated the possible role of another subset 
of IL-22-producing cells (L-22(+) IL-17(−) IFN- 
γ(−)CD4(+) T-cells), which could be distin-
guished from Th17 cells. These cells seem to 
contribute to tumorigenesis through STAT3 and 
probably epigenetic alterations, which was 
recently concluded in the study of Th22 cells’ 
interaction and colon cancer cells [158]. As one 
of the first studies on the role of Th22 in tumor 
immunity, it was demonstrated that Th22 cells 
are increased in tumor tissues in gastric cancer 
[159]. It was thereby suggested that these newly 
identified cells contribute to tumor progression 
and predict poorer patient survival. Moreover, 
targeting of these cells in patients with gastric 
cancer was also proposed as a therapeutic option. 
The same year, these results were confirmed by 
another study, and positive correlation between 
Th22 cells and Th17 cells was also reported [34]. 
Soon, new evidence for the involvement of Th22 
cells in other solid tumors, such as HCC, gastric 
cancer, colorectal cancer, cervical cancer, ovarian 
cancer, and pancreatic cancer, was revealed. A 
few years ago, the elevation of both serum IL-22 
and IL-22 in HCC tissues was observed, as com-
pared to the normal tissues or healthy controls 
[35]. Interestingly, an increase in Th22 cells was 
correlated with the advancement of the tumor 
stage. Another consequence was finding a corre-
lation between the frequency of Th22 cells and 
serum IL-22 in HCC patients, which was not true 
in healthy controls [35]. Considering the role of 
IL-22 in leading to tumor growth, the inhibition 
of apoptosis, and the promotion of metastasis in 
HCC patients [153], it was suggested that Th22 
cells contribute to the pathogenesis of HCC 
through the production of IL-22. In a study of 
gastric cancer patients, increases in circulating 
Th22 cells in the peripheral blood of gastric can-

cer patients with tumor progression or tumor tis-
sues in another, which were associated with 
tumor progression and predicted poorer patient 
survival, were revealed [34, 159]. Huang et  al. 
[160] have found a higher prevalence of Th22 
cells in tumor tissues as compared to paratumoral 
tissues in colorectal cancer. However, those 
results are probably inconsistent with the lower 
in percentages of Th22 cells (IL-22 mRNA in 
tumors were determined by real-time PCR) in 
colorectal cancer compared to healthy individu-
als and negatively correlated with the pathologi-
cal stages of cancer [161]. Regarding cervical 
cancer, the possible adverse role of Th22 cells 
was suggested when a higher proportion of these 
cells was recorded in the peripheral blood of the 
patients compared to healthy controls [76]. 
Another significant finding was a correlation of 
aggregation of Th22 cells with lymph node 
metastases in cervical cancer patients [76]. 
Additionally, a positive relationship between 
Th22 and Th17 cells, but a negative correlation 
between Th22 and Th1 cells were reported [76]. 
In a study of patients with epithelial ovarian can-
cer, in addition to an elevation of Th22 responses, 
associations of both Th22 and IL-22 with the 
stage of disease were observed [162]. Stimulation 
of colon cancer proliferation via Th22 cells was 
also suggested in colon cancer [158]. Increasing 
IL-22-producing T-cells in tumor tissue of 
patients with pancreatic cancer, and its positive 
correlation with increased tumor, node, and 
metastasis (TNM) as well as poorer patient sur-
vival also caused the suggestion of blockade of 
IL-22 signaling as a viable method to treat these 
patients [163].

Th22 cells conjointly contribute to the patho-
genesis of AML, which led to the introduction of 
Th22 as a novel biomarker to assess patients at 
risk [129]. Moreover, Th22 cells (and also IL-22) 
were negatively correlated with Th1 cells in 
newly diagnosed AML patients [129].

Considering the increase of Th22 population, 
newly diagnosed AML patients—in comparison 
with controls as well as no significant difference 
between the circulating Th22 cells in those who 
achieved complete remission and controls—it 
was suggested that Th22 cells participate in the 
development and progress of AML [129]. 
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However, a lack of correlation between the Th22 
cells and plasma level of IL-22  in newly diag-
nosed AML patients suggest the involvement of 
another source(s) of IL-22 in those patients [129]. 
A bright increase in Th22 (examined by flow 
cytometry) plasma IL-22 concentration (mea-
sured by ELISA), and AHR expression (analyzed 
by RT-PCR) in both groups of newly diagnosed 
with T-cell ALL and those who achieved com-
plete remission was observed, when compared to 
the healthy controls [164]. It is interesting to note 
that in that study, a positive correlation of Th22 
cells with Th17 or Th1 cells was also reported. In 
the evaluation of Th22 responses (frequency of 
Th22 cells, AHR expression, but not IL-22 con-
centration) in the peripheral blood and bone mar-
row of CML patients, it was revealed that the 
frequencies of these cells were profoundly lower 
in newly diagnosed CML patients than healthy 
controls [87]. Conversely, Lu et  al. [165] have 
reported an elevation in the frequency of Th22 
cells in the peripheral blood of newly diagnosed 
B-cell non-Hodgkin’s lymphoma patients. 
Interestingly, the frequency of Th22 cells was 
correlated with poorer response to chemotherapy 
and also decreased following chemotherapy. 
Similar to several other reported blood cancers, 
increased levels of Th22 cells in MM was 
reported in different studies, which was associ-
ated with therapeutic outcome (decline in com-
plete remission patients following chemotherapy), 
clinical stage (higher frequency in higher stages), 
and a poor prognosis [166, 167].

Altogether, these results suggest that Th22 
cells may be involved in the development of both 
solid tumors and hematological malignancies, 
and tumor-infiltrating Th22 cells may be suitable 
therapeutic targets in those patients. According to 
the results of some studies, it is conceivable that 
other unknown sources of IL-22 can be involved 
in cancers.

5.6.7  T-Follicular Helper

Tfh cells provide help to B-cells in the lymph 
node and express essential cytokines and chemo-
kines, such as IL-4, IL-21, and CXCL13, to pro-

mote B-cell immunity. IL-21, a key Tfh-related 
cytokine, was found to have a high ability to 
establish anti-tumor immunity through induction 
of tumor-reactive CD8+ T-cells with cytotoxic 
effects [168]. In the past decade, several attempts 
have been made toward clearing the role of Tfh 
cells in different types of cancer. In the evaluation 
of HBV-associated HCC patients, it was observed 
that Tfh cells have significantly declined in HCC 
patients as compared to healthy controls [169]. 
Interestingly, the higher Tfh population was also 
found at the tumor site when compared to the 
non-tumor regions. Correlation of Tfh cell num-
bers with the disease progression and reduced 
disease-free survival were other important find-
ings, which have highlighted the critical role of 
these cells in HCC development among the HBV- 
infected individuals [169]. The impairment of 
HCC-specific Tfh cells, probably due to an eleva-
tion in the expression of PD-1 and PD-L1—
which was associated with advanced tumor 
stages—was also reported [170]. The beneficial 
role of Tfh cells was also previously suggested in 
patients with breast cancer. Gu-Trantien et  al. 
[171] have found that not only higher Th1 but 
also Tfh cells in breast cancer patients are signifi-
cantly associated with better outcome. In another 
study, the impairment of Tfh cells was the result 
of elevation in the expression of TIM-3 and PD-1, 
but no alteration in the frequencies of circulating 
Tfh cells in breast cancer patients was reported 
when compared to healthy controls [170]. The 
significantly lower frequency of Tfh cells in the 
peripheral blood of non-small-cell lung carci-
noma patients than in healthy subjects and the 
positive correlation of frequency of tumor- 
infiltrating Tfh cells with survival time from the 
date of surgery was another evidence of the 
involvement of Tfh cells in anti-tumor immunity 
[172]. These cells may also have a role in anti-
body class switching of B-cells toward the pro-
motion of anti-tumor immunity, which was 
previously shown in prostate cancer [173]. In 
contrast to the majority of solid cancer, hemato-
logical cancer patients, including non-Hodgkin 
lymphoma [174] and CLL [175], showed an 
increase in the circulating Tfh in CD4+ T-cells as 
compared to the normal subjects.
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5.7  Regulatory T-Cells in Cancer 
Immunity

Tregs have been found to be the critical players in 
almost all types of immune-related conditions. In 
the majority of autoimmune diseases, the 
impaired activities of these cells seem to be 
responsible. Conversely, the same cells have an 
entirely opposite role in cancers. In fact, exerting 
the suppression of both innate and adaptive 
immunity by Tregs could cause the promotion of 
the progression of the disease in cancer [53]. In 
addition to the impairment of anti-tumor immu-
nity, it was suggested that these cells represent 
significant hurdles toward successful immuno-
therapy [176]. In contrast to autoimmune dis-
eases, which are usually associated with a 
decreased number of Tregs, in cancer individuals, 
these cells were found to downregulate the activ-
ity of effector T-cells against tumors, resulting in 
T-cell impairment in cancer-bearing hosts and 
favoring tumor escape from immune response 
[53]. Generally, Tregs could be divided into two 
major groups: Those derived from the thymus 
(nTregs) or those that arise extrathymically in the 
periphery (iTregs). Till date, different subsets of 
T-cells with regulatory function have been identi-
fied, including Foxp3+ T-cells, Th3, Tr1, iTr35+ 
T-cells, etc., that seem to contribute in the exhaus-
tion of anti-tumor activities [177]. Different 
mechanisms of action related to Tregs have been 
suggested, including the production of inhibitory 
cytokines (e.g., IL-10, TGF-β, and IL-35), using 
direct cytolysis to mediate suppression, meta-
bolic disruption, DC modulation, etc. [178].

The involvement of Tregs in peripheral blood 
and tumor tissues in the patients with different 
types of human cancer has been observed [179–
182]. In fact, these cells seem to contribute to 
attenuate host anti-tumor immunity. This has led 
to the emergence of the idea of blocking Tregs 
migration or function to defeat human cancer [60]. 
Indeed, these cells contribute to suppression of 
anti-tumor responses and mediate immune toler-
ance favoring tumor growth. The fact that the sup-
pression of Tregs could lead to an enhancement of 
anti-tumor immunity was suggested, which may 

be related to the function of proinflammatory cyto-
kines [183]. A significant decrease in the activated 
Tregs and naïve Tregs in the peripheral blood of 
patients with different stages of RCC was reported 
[98]. Indeed, the balance of Th17 and Tregs was 
skewed toward the Th17 profile, as the tumor stage 
and grade progressed [98]. In contrast, Liotta et al. 
[184] have shown a significant elevation in Tregs 
frequency in TILs, with no important differences 
between the peripheral blood of controls and 
patients with RCC, which were associated with 
worse prognosis.

The disappearance of tumor-infiltrating Tregs 
following neoadjuvant chemotherapy in breast 
cancer patients could confirm the harmful role of 
these cells during cancer [185]. Contradictory 
results are associated with the role of regulatory 
responses in different types of cancer. Although 
expression of FoxP3, a critical transcription for 
Tregs, was associated with the worst overall sur-
vival in breast cancer [186, 187], the positive 
impact of Tregs was suggested in colorectal can-
cer [81]. Moreover, there is some growing evi-
dence of the protective role of Tregs during 
cancer [188].

As one of the first studies on the role of Tregs 
in hematologic cancers, Beyer et al. [189] showed 
the increased frequency of Tregs in CLL patients, 
specifically in untreated or progressing patients. 
Since that time, different studies have been pub-
lished, which confirmed the previously reported 
data [190, 191]. Moreover, increasing the propor-
tion of Tregs in CLL patients, particularly those 
with progressive disease, seems to be associated 
with a higher suppressive function on the anti- 
tumor immunity, which is followed by the expan-
sion of leukemic cells as well as disease 
progression [192]. The critical role of Tregs in 
other types of leukemia was also reported. It was 
found that the percentages of these suppressor 
cells were significantly higher in AML patients in 
comparison with healthy controls [193]. More 
interestingly, the Tregs frequency negatively cor-
related with clinical improvement after six cycles 
of chemotherapy. The same story of the promo-
tion of Tregs-related responses has been reported 
in ALL [194] and CML [195].
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5.8  Clinical Therapeutic 
Implications: Focused 
on T-Cell-based Therapies

Despite the advancements in the understanding 
of cancer over the last few decades, the therapeu-
tic efficacy of cancer treatments is currently still 
poor. Traditional cancer treatments mainly con-
sist of surgery, chemotherapy, and radiation ther-
apy. However, these approaches have 
demonstrated insufficient efficacy for a large 
number of patients with late-stage disease. 
Additionally, because of several side effects of 
chemotherapy and radiation therapy, more effec-
tive methods with fewer side effects are required 
to be employed for cancer patients. The employ-
ment of body’s own immune system to shrinkage 
tumor is associated with significantly less severe 
adverse events, as compared to chemotherapy. In 
recent decades, cancer immunotherapy has 
emerged as a promising therapeutic option for 
cancer individuals.

As discussed, during the majority of the can-
cers, the dysfunction of the immune system has 
caused the development and promotion of a 
tumor. This could be confirmed by several reports 
of T-cells exhaustion in those with cancer. Hence, 
it could be expected that reversing the functional 
impairment of the tumor-specific T-cells is a 
potent strategy to induce tumor regression. 
Manipulating the immune system to promote 
anti-tumor immunity is the primary aim of cancer 
immunotherapy. To reach this goal, multiple 
immunotherapeutic approaches could be 
employed. For instance, different strategies to 
deplete Tregs have been introduced to restore the 
impaired anti-tumor immunity, which are relying 
on monoclonal antibodies. Cancer vaccines and 
adoptive cell transfer are other approaches to 
improve the chance of tumor shrinkage and 
 eradication. Additionally, using engineered T-cell 
receptor TCR- and chimeric antigen receptor 
(CAR)-transduced T-cells were found to be the 
promising approaches to treat cancer, which is 
not addressed here effectively. Side effects of 
immunotherapy could vary significantly from 
one approach to another (e.g., cancer vaccines, 

cytokines therapy, adoptive cell therapy, immune 
checkpoint inhibitors, and monoclonal antibod-
ies). However, the main possible side effects of 
immunotherapy remained immunotoxicity and 
autoimmunity [196].

In theory, and based on animal models, we 
could be optimistic about these strategies to erad-
icate tumors; however, sometimes the results 
may be a little frustrating in clinics. Interestingly, 
these procedures could also be opportunities to 
reduce viral-related cancers (human papillomavi-
rus, cervical cancer, HBV, HCC). Adoptive cell 
transfer (ACT) [197], T-cell targeting antibodies 
[197], and cytokine-based immunotherapy [198] 
are three approaches that are directly related to 
T-cells and have been reviewed below. Although 
all these strategies have been designed to pro-
mote anti-tumor immunity, each of them has its 
own characteristics. There is some evidence to 
support beneficial roles of combining immuno-
therapy approaches to enhance and broaden the 
anti-tumor activity [199].

5.8.1  Adoptive Cell Transfer

Adoptive T-cell transfer aims to expand anti- 
tumor T-cells via autologous TILs. During this 
procedure, patients could benefit from expanding 
their own T-cells in vitro, which is followed by the 
promotion of tumor-specific T-cells by reinfusion 
of ex vivo-expanded TILs. It can be considered an 
emerging field for cancer treatment, which has 
shown promise in recent trials. More precisely, 
this approach consists of the infusion of unmodi-
fied or engineered T-cells, capable of recognizing 
and eliminating cancer cells expressing TAAs by 
their surface receptors (T-cell receptors, or chime-
ric antigen receptors). ACT is efficient immuno-
therapies against metastatic melanoma, which 
have yielded durable and complete responses in 
those with refractory metastatic melanoma. CAR 
T-cell therapy is one of the forms of the ACT, 
which recently have got its FDA approval for the 
treatment of children and young adults with B-cell 
ALL. In contrast to the hematological malignan-
cies, the results of trials on targeting solid tumors 
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by CAR T-cells are less spectacular; however, it 
could still be a treatment for solid tumors [200].

5.8.2  Inhibiting Regulatory 
Responses

As discussed, Tregs in the tumor microenviron-
ment interferes with successful cancer immuno-
therapy. Thereby, the modulation of Tregs 
number/function in cancer is expected to hold 
promise for unleashing potent anti-tumor immu-
nity. Accordingly, Tregs depletion and blockade 
could potentially override the development of 
effective anti-tumor immunity against the cancer 
cells. Recently, Taylor et  al. have shown that a 
combination of these approaches could lead to 
more potent immunotherapy in claudin-low breast 
cancer patients [201]. A large number of murine 
studies has demonstrated that the depletion of 
Tregs from tumor microenvironment could poten-
tially restore impaired anti-tumor immune 
responses [202–204]. As an example, Mattarollo 
et al. [203] selectively depleted of Foxp3+ Tregs 
in animal models of melanoma, which resulted in 
the inhibition of tumor growth as well as the 
enhancement of survival after receiving cancer 
vaccination with NKT cell adjuvants. As could be 
expected, via non-selective depletion of tumor-
infiltrating Tregs, severe autoimmunity can occur 
in genetically susceptible individuals [205]. 
Moreover, the specificity of targeting of tumor-
infiltrating Tregs and not confusing with effector 
lymphocytes because of some common molecules 
targeted for therapy is another concern related to 
the depletion of Tregs in cancer.

It is generally accepted that co-inhibitory path-
ways are the primary reason for failing the spon-
taneous immune-mediated tumor elimination 
during cancer. With regard to two different types 
of tumors (non-small-cell lung cancer and 

colorectal cancer), it was found those infiltrated 
Tregs upregulate immune checkpoints and are 
more suppressive than those isolated from non- 
tumor Tregs in vitro [206]. Among the exclusively 
expressed co-inhibitory molecules on T-cells, 
CTLA-4, and PD-1 have attracted many atten-
tions during the recent decade. CTLA-4 (also 
known as CD152) was the first identified co- 
inhibitory molecule on the T-cells, responsible for 
blocking autoreactive T-cells in the early stages of 
T-cell activation [207]. It was also the first 
approved targeted immune checkpoint receptor in 
cancer (FDA approval for metastatic melanoma 
[208]). Another well-studied immune-checkpoint 
receptor related to cancer is PD-1, which could 
exhaust anti-tumor immune responses and then 
cause cancer immune resistance, once engaged by 
PD-L1 and PD-L2 [209]. Following the very 
promising results of the inhibition of the immune 
checkpoint, the FDA has approved some new 
drugs to target CTLA-4 (ipilimumab), PD-1 
(pembrolizumab and nivolumab), and PDL-1 
(atezolizumab) for the treatment of increasing 
numbers of cancers. Following proving of the 
efficacy of checkpoint blockade in metastatic 
melanoma [208], it was extended for the treat-
ment of other cancers, such as prostate cancer 
[210], RCC [211], non-small- cell lung cancer 
[212], urothelial carcinoma [213], and ovarian 
cancer [214]. Recent findings also suggest that 
combined therapy may be more beneficial than 
monotherapy [215–218].

5.8.3  Cytokine-based 
Immunotherapy

The employment of two cytokines of IL-2 and 
IFN-α could be considered the first attempts for 
cytokine-based immunotherapy in patients with 
cancers, such as advanced melanoma [219, 220]. In 
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addition to IFNs and IL-2, the employment of sev-
eral other cytokines with a potential of anti- tumor 
function, including granulocyte- macrophage col-
ony-stimulating factor (GM-CSF), IL-7, IL-12, 
IL-15, IL-18, and IL-21 seem to be useful to 
achieve better immunity [221]. Animal models 
have shown that cytokine- based therapy could 
enhance NK cell functions in cancer patients with 
the relatively non-toxic effects [222]. The ability of 
some cytokines to induce the differentiation and 
the stimulation of anti-tumor T-cells, as well as the 
inhibition of Tregs, makes them even more attrac-
tive. Because of the ability of T-cells to recognize 
neoantigens, promotion of effector T-cells response 
may be used as an effective immunotherapy 
approach to cancer [223]. The increasing knowl-
edge regarding the roles of different subsets of Th 
cells in cancer has opened up several new avenues 
for research into its treatment. For example, 
because the Th1 response is essential for initiation 
of anti- tumor immunity, boosting Th1 response by 
cytokine- based therapies has attracted a lot of 
attention in recent times [198]. Additionally, the 
promotion of Th9 cell may lead to the establish-
ment of novel Th9-dependent treatments of cancer 
[224]. In contrast, considering the impact of some 
suppressive cytokines, such as IL-10 and IL-35, on 
tumor progression, neutralization of these could be 
used in cancer immunotherapy [221, 225]. Targeted 
therapies were not only discussed for those involved 
in regulatory responses but also some pro-inflam-
matory cytokines. For example, the use of anti-IL-6 
agents in human cancer was found capable of tar-
geting malignant tumor cells as well as limit the 
interactions of cancer cells with their microenvi-
ronment [226]. There are also some cytokines, with 
the dual function, such as IL-17, IL-23, and TGF-β, 
which could act as both tumor promoters and tumor 
suppressors [221].

5.9  Concluding Remarks

Accumulating evidence indicates that CD4+ 
T-cells undeniably play a vital function in con-
straining tumor development. CD4+ T-cells 
could be categorized into various subsets, with 
each of them having a distinct role in tumor 
immunosurveillance. In general, these cells 
contribute to enhancing anti-tumor immunity 
through multiple mechanisms. The most well-
studied Th cells with anti-tumor properties are 
Th1 cells. New evidence also implies the likely 
role of the newly identified subset, Th9, in 
exerting anti-tumor activities. However, some 
subsets of CD4+ T-cells, such as Tregs, inhibit 
anti-tumor immunity and play a direct role in 
promoting immune evasion. Some other sub-
sets, such as Th2, also play an indirect role in 
inhibition of anti-tumor immunity. Moreover, 
some of the effector T-cells—such as Th17 and 
Th22—seem to contribute to tumorigenesis. 
These findings have made CD4+ T-cells the 
double-edged sword in cancer. The evaluation 
of frequencies of CD4+ cells subsets in patients 
with various types of cancers has suggested the 
probably different roles of specific subsets in 
various types of cancers. Table 5.1 summarizes 
the last findings on the involvement of differ-
ent subsets of CD4+ T-cells in cancers. The 
recognition of exact roles of each subset of Th 
may be followed by more effective therapeutic 
options for cancer patients. Although there is a 
large number of studies regarding the role of 
various cancers, the exact role of some newly 
identified subsets, such as Th9, Th22, and Tfh, 
have remained uncertain. Contradictory results 
regarding the particular types of cancer is 
another challenge in the clarification of the 
CD4+ T-cells roles.
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6.1  Introduction

Organs and tissues in the body are highly heteroge-
neous in producing tissue factors that affect the 
development and maintenance of immune cells. In 
general, the tissues in the body maintain highly 
tolerogenic conditions. This is important to prevent 
unwanted autoimmune or inflammatory responses 
to harmless antigens and immune stimulants. 
Tumors, formed in tolerogenic tissue environments, 
are naturally hypo-immunogenic and utilize a num-
ber of mechanisms to actively suppress the genera-
tion of effector T-cells [1, 2]. Tumors maintain 
tolerogenic environments to avoid anti-tumor 
immune responses. Tolerogenic tumors harbor high 

numbers of FoxP3+ T-cells (commonly called 
Tregs). Despite the tolerogenic nature of the tumor 
microenvironment, tumors variably produce many 
factors that affect T-cell differentiation and mainte-
nance. The numbers of effector T-cell populations 
in tumors are highly variable. Certain cancers are 
associated with chronic inflammatory conditions 
[3]. For example, cancers formed in certain tissues, 
such as the intestine and in patients with chronic 
infection, are exposed to microbes, which can form 
inflammatory conditions in tumors. Cancers formed 
under these conditions would be heavily influenced 
by inflammatory conditions. Necrotic tumor cells 
also induce inflammation through damage-associ-
ated molecular pattern (DAMP) receptors such as 
TLR2, TLR4, and the receptor for advanced glyca-
tion end products (RAGE) [4]. In addition, necrtotic 
cells in tumor microenvironments can generate 
Adenosine Triphosphate (ATP) and Nicotinamide 
Adenine Dinucleotide (NAD), which not only trig-
ger the activation of purinergic receptors expressed 
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by many cell types including immune cells but also 
are metabolized by ectoenzymes [5]. Inflammatory 
tumors harbor FoxP3+ T-cells and effector T-cells, 
including Th17 cells and Th1 cells [6, 7]. FoxP3+ 
T-cells can suppress the function of anti-tumor 
effector T-cells and other immune cells to promote 
tumorigenesis (Fig. 6.1). On the other hand, FoxP3+ 
T-cells can suppress tissue inflammation to prevent 
the emergence of tumor cells following chronic tis-
sue inflammation. Effector T-cells produce inflam-
matory cytokines that promote tumorigenesis by 
increasing tissue inflammation and angiogenesis, 
but they can also promote anti-tumor immunity. An 
inverse correlation was observed between frequen-
cies of FoxP3+ T-cells and effector T-cells such as 

Th17 cells and Th1 cells [8–10]. In certain cancers, 
the frequency of FoxP3+ T-cells increases, whereas 
that of Th17 cells decreases as cancers advance to 
more aggressive stages [10]. The presence of 
FoxP3+ T-cells and Th17 cells in tumors and associ-
ated tissues not only reflects the nature of tumor 
microenvironments but also indicates the types of 
active T-cell-mediated immune responses in tumors. 
In this chapter, we will discuss tumor factors that 
regulate T-cell differentiation into Tregs and Th17 
cells, migration of the T-cell subsets into tumors and 
associated lymphoid tissues, and the functions of 
Tregs and Th17 cells in regulating anti-tumor 
immune responses.

Naive

a b c

Non-inflammatory Inflammatory

Fig. 6.1 Potential roles of FoxP3+ T-cells and Th17 cells in 
tumors. (a) FoxP3+ T-cells are made in the thymus as naïve-
type FoxP3+ T-cells, which migrate to lymphoid tissues. 
These FoxP3+ T-cells can become the memory type after 
activation in secondary lymphoid tissues. Induced FoxP3+ 
T-cells with memory-type FoxP3+ T-cells and Th17 cells are 
made from naïve CD4+ T-cells. FoxP3+ T-cells suppress 
effector T-cells and other immune cells and decrease tissue 
inflammation. Th17 cells produce IL-17 cytokines to induce 
inflammatory responses. FoxP3+ T-cells, Th17 cells, and 
Th1 cells can also trans- differentiate into each other in 
appropriate cytokine and antigen priming conditions. (b) 
FoxP3+ T-cells can promote tumor growth by suppressing 

anti-tumor immune responses at early and late stages. On 
the other hand, Th17 cells can induce immune responses 
that lead to eradication of tumor cells in a manner similar to 
other effector, CD8+ and γδ T-cells. (c) In inflammatory con-
ditions, FoxP3+ T-cells and Th17 cells have the potential to 
play different roles. Th17 cells cause inflammation in tis-
sues; hence inflammatory tumors are formed and stimulated 
to grow. FoxP3+ T-cells suppress the function of Th17 cells 
and other inflammatory T-cells, leading to suppression of 
the tumorigenic process in inflamed tissues. It is thought that 
complex interactions and balances among these T-cells and 
other cell types determine the overall immune responses in 
tumors
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6.2  Diversity of Tumor 
Microenvironments 
and Tumor Tissue Factors

The tumor microenvironment is highly heteroge-
neous, depending on tumor types and tissue sites. 
Together with tumor cells, fibroblasts, myofibro-
blasts, adipocytes, neuronal cells, endothelial 
cells, mast cells, and other tissue cells make up 
tumors. Moreover, immune cells are an important 
component of tumors and are mainly composed of 
T-cells, B-cells, innate lymphoid cells, and 
myeloid cells. Tumor-associated myeloid cells are 
heterogeneous as well and contain immature and 
mature myeloid cells. Myeloid-derived suppressor 
cells (MDSC) are highly heterogeneous and 
enriched in tumors [11]. MDSC are composed of 
multiple myeloid cell lineages at various different 
stages. Compared to mature myelocytes such as 
dendritic cells (DCs) and macrophages, MDSC do 
not highly express cytokines, co-stimulatory mol-
ecules, and MHC class molecules. Therefore, they 
poorly support anti-tumor effector T-cell responses. 
Moreover, MDSC express various molecules that 
dampen immune responses. MDSC produce per-
oxynitrite for nitration and nitrosylation of many 
proteins in the tumor environment [12, 13]. A 
major target protein for nitration and nitrosylation 
is TCR, which becomes ineffective at activating 
T-cells after the modifications [14]. They also 
express Arg1, inducible nitric oxide synthase 
(iNOS), and TGF-β1, among others [15]. Tumors 
also harbor many macrophages, which can be 
made from MDSC or myeloid progenitor cells 
[16]. Dendritic cells express indoleamine 
2,3-dioxygenase (IDO) to regulate available 
tryptophan in tissue environments [17]. Other 
immune cells such as mast cells, NK cells, CD8+ 
T-cells, and B-cells are frequently found in many 
tumor types.

The tumor environment is low in both oxygen 
and pH. Tumor cells rapidly divide and therefore 
vigorously consume oxygen supplied via blood 
vessels. Tumor cells mainly utilize the aerobic 
glycolysis pathway to generate energy [18]. This 
can accumulate lactic acid and protons, leading 
to low extracellular pH [19]. The most common 
pH range in tumors is 6–6.5. The low acidic 
tumor environment leads to immune cell anergy. 

For example, cytotoxicity and cytokine secretion 
by CD8+ T-cells are impaired at the low pH range 
[20]. In addition to lowering pH, lactate plays an 
important role in fueling cancer cells and modu-
lating immune cell phenotype by inducing M2 
tumor-associated macrophages and inhibiting 
effector T-cell activity. This may be mediated in 
part through direct binding to N-myc downstream- 
regulated gene 3 (NDRG3) and activation of a 
hypoxia-inducible factor 1a (HIF-1a). In addi-
tion, many tumor-associated metabolites can 
control the metabolic milieus of tumors.

Cells in the tumor microenvironment can pro-
duce various cytokines and growth factors [21]. 
Some of these factors are drained into lymphatic 
vessels and form tumor-associated microenviron-
mental milieus in lymph nodes. Tumor-specific or 
tumor-associated antigens and dendritic cells har-
boring these antigens are drained or transported 
into lymph nodes for presentation to T-cells. 
Effector and regulatory T-cells can be made fol-
lowing this antigen priming process. The cytokine 
milieu is critical in determining the fate of differ-
entiating T-cells in tumor-draining lymph nodes. 
Again, the type and amount of cytokines and 
other factors produced in tumors are thought to be 
highly variable among tumor types. Expression of 
IL-1α, IL-1β, IL-6, IL-11, and TNF-α was 
observed in colon carcinoma, colon adenoma, 
ovarian cancer, and gastric cancer [22–28]. IL-2 
and IL-15 are expressed in melanoma. IL-10 and 
TGF-β are expressed in myeloma, colon cancer, 
lung cancer, and mammary carcinoma [29, 30]. 
Expression of IL-17, IFN-γ and IL-4 has been 
observed in certain tumor types [31–33]. 
Expression of M-CSF, GM-CSF, and IL-3 has 
been observed as well [34–36]. These tumor-
derived hematopoietic cytokines regulate myeloid 
cell-mediated  inflammation and affect T-cell 
activity in tumors. Chemokines such as CXCL 
chemokines (CXCL1, 3, 6, 8, 10, and 12) and 
CCL chemokines (CCL1, 2, 5, 17, 25, and 28) are 
expressed in various tumor types [37–40]. Growth 
and angiogenic factors such as vascular endothe-
lial growth factor (VEGF), epidermal growth fac-
tor (EGF), and hepatocyte growth factor (HGF) 
are broadly expressed in a number of cancer types 
[41, 42]. The cell types producing these factors 
are not limited to tumor cells but can be from vari-
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ous cell types in tumors. For example, tumor- 
associated macrophages produce both 
inflammatory and immunosuppressive cytokines 
such as IL-1, IL-6, IL-10, and TGF-β [43].

T-cell receptor (TCR) activation signals are 
modified by the signals from co-stimulatory and 
co-inhibitory molecules, which are expressed by 
tumor cells and tumor-associated antigen- 
presenting cells (APC) [44]. These molecules 
include B7-1, B7-2, programmed cell death-1 
ligand (PD-L1), PD-L2, ICOS-L, B7-H2, B7-H3, 
B7-H4, and B7-H6. Among these, PD-L1-PD 
and B7-1/2-CTLA-4 pairs play important roles in 
the formation of Tregs in tumor microen-
vironments [45–47]. Moreover, TNF receptor 
family members such as OX40, GITR, 4-1BB, 
and CD40 are expressed in tumors and regulate 
anti- tumor immune responses [48, 49].

Inflammatory mediators are produced in 
tumors. Cyclooxygenase-2 (COX-2) is highly 
expressed in malignant tumors [50, 51]. COX-2 
expression is induced in hypoxic conditions or by 
cytokines and growth factors [52]. COX-2 
generates prostaglandin H2 from arachidonic 
acid, which is processed to generate major 
inflammatory mediators such as prostaglandin D2 
(PGD2), prostaglandin E2 (PGE2), prostaglandin 
I2 (PGI2), and thromboxane A2 (TXA2). These 
mediators regulate angiogenesis and various 
aspects of inflammatory responses in tumors [50].

Some tumor types are under the influence of 
microbe-associated molecular pattern (MAMP) 
receptor ligands if tumors are formed in barrier tis-
sues such as the intestine or in patients infected 
with pathogens. In mucosal tissues, decreased bar-
rier functions due to tumorigenesis or pre- existing 
inflammation can lead to bacterial invasion and 
induction of inflammatory responses. Furthermore, 
tumors that are associated with infection by papil-
lomavirus (uterine cervical carcinoma), hepatitis 
B virus (hepatocellular carcinoma), Epstein-Barr 
virus (Burkitt’s lymphoma), human T-cell leuke-
mia virus (adult T-cell leukemia), or herpes virus 
(Kaposi’s sarcoma) would be influenced by viral 
MAMPs. MAMPs and DAMPs activate toll-like 
receptors (TLRs) [53]. TLR activation can induce 
tissue inflammation that promotes cancer [54]. 
MYD88 signaling is also required for activation of 

dendritic cells for proper formation of effector 
T-cells. Without proper MYD88 signaling, Th2 
cells that are ineffective in anti-tumor immunity 
can be made [55]. TLR signaling can work together 
with STAT3 and notch pathways to activate MAPK 
and NF-kB, which promote the survival and 
proliferation of tumor cells [56].

Retinoic acid is an anticancer agent. Retinoic 
acids such as all-trans retinoic acid (ATRA) and 
9-cis RA are produced from retinol (vitamin A) by 
retinol-metabolizing enzymes such as ADH and 
RALDH [57]. Epithelial cells and APCs in the 
intestine highly express these enzymes [58]. In 
addition, tissue cells in many other organs express 
RALDHs and produce RAs. RALDH2 expression 
is induced during immune responses to increase 
the concentration of RA available in  local tissue 
environments. Inflamed tissues or tumors express 
RA-producing RALDHs at low levels but highly 
express RA-catabolizing CYP26 enzymes [59, 
60]. In sum, the tumor microenvironment is made 
of highly diverse factors. Some are from tumor 
cells, while others are from tissue cells and 
immune cells. These factors have profound effects 
on immune cells in tumors and associated 
lymphoid tissues as discussed in detail later in this 
chapter. Another important characteristic of tumor 
microenvironments is high levels of ATP 
metabolites such as AMP and adenosine. Tumor-
infiltrating T-cells such as Tregs express CD39 and 
CD73. CD39 is an enzyme that degrades ATP into 
AMP, and CD73 is an ecto-5′-nuclease that 
degrades AMP into adenosine [61]. Through the 
action of these enzymes, extracellular ATP is con-
verted to AMP and then to adenosine, which acti-
vates adenosine receptors (A1, A2A, A2B, and A3) on 
endothelial cells to produce angiogenic factors 
[62]. This can result in immunosuppres sion to 
dampen anti-tumor immune responses.

6.3  Generation of Tregs 
and Th17 Cells

FoxP3+ Tregs are made in the thymus as natural 
FoxP3+ T-cells. They are also induced in the periph-
ery from naïve CD4+ T-cells. In addition, IL-10-
producing Tregs (Tr1 cells) are made from naïve 
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CD4+ T-cells. Tregs produce suppressive cytokines 
such as IL-10, IL-35, and TGF-β [63–65]. These 
Tregs play critical roles in preventing autoimmune 
diseases. Tregs are generally made whenever effec-
tor T-cells are formed during immune responses. 
This is important to limit the potentially inflamma-
tory activities of effector T-cells.

Induction of effector T-cells and Tregs occurs 
mainly in secondary lymphoid tissues. One reason 
for this is that naive CD4+ T-cells that become 
effector T-cells and Tregs migrate mainly to sec-
ondary lymphoid tissues. However, memory/effec-
tor T-cells can trans-differentiate into each other at 
any tissue sites upon antigen priming (Fig. 6.1a). 
Th1 cells are the most readily made effector T-cells 
from naïve CD4+ T-cells. IL-12, a cytokine pro-
duced from DCs, promotes the generation of Th1 
cells. Th2 cells are made when IL-4 is abundant. 
Th17 cells are generated when IL-6, TGF-β, and 
other inflammatory cytokines are present during 
T-cell priming. MAMPs and TLR activation in tis-
sues promote the generation of Th17 cells. Th1 
cells are efficient in promoting cell-mediated 
immunity through production of IFN-γ. Th17 cells 
are effective at inducing inflammatory conditions 
through producing IL-17. A number of inflamma-
tory cytokines, neutrophil- attracting chemokines, 
and inflammatory mediators are induced by IL-17 
[66]. IL-2 is required for the induction of T-cell 
proliferation. IL-7 and IL-15 drive T-cell prolifera-
tion in an antigen-independent manner in 
lymphopenic conditions [67, 68]. IL-2 suppresses 
the formation of Th17 cells [69]. IL-4, while 
inducing Th2 cells, suppresses the formation of 
induced FoxP3+ T-cells and Th1 cells [70, 71]. 
IL-27 promotes the generation of Tr1 cells [72, 73]. 
Expression or activation of specific transcription 
factors is required for the generation of specialized 
effector T-cells and Tregs. For example, RORγt, 
STAT3, and aryl hydrocarbon receptor (AHR) are 
important for Th17 cells. FoxP3 and STAT5 are 
important for the formation of induced Tregs. 
c-Maf and aryl hydrocarbon receptor (AHR) are 
important for formation of Tr1 cells [63, 64, 74]. 
Beyond cytokines, many other factors can modu-
late the generation of Tregs and Th17 cells. This 
subject has been exhaustively discussed elsewhere 
and therefore will not be covered in detail.

6.4  Impact of Tumor-Derived 
Factors on T-Cell 
Differentiation

Most T-cells in tumors are memory T-cells [75]. 
Both antigen-specific and nonspecific bystander 
T-cells would be present in tumors. In general, the 
presence of memory T-cells and CD8+ T-cells is 
linked to positive prognosis in cancer patients. This 
indicates that it is beneficial to have these T-cells in 
tumors. About 30–50% of CD4+ T-cells in various 
tumors formed in animals are FoxP3+ T-cells [75]. 
Th17 cells are also found in tumors, particularly 
tumors formed in mucosal tissues [8, 76, 77]. In 
contrast, Th17 cells are hard to find in transplanted 
tumors in animal models at ectopic sites [75]. 
Many factors of the tumor microenvironment can 
promote the generation of FoxP3+ T-cells. First, 
APCs in tumor environments are prone to generate 
FoxP3+ T-cells. During infection, DCs uptake anti-
gens and undergo maturation in response to TLR 
and cytokine receptor activation. Activated DCs 
emigrate tissue sites of infection and migrate into 
secondary lymphoid tissues through lymphatic 
vessels. Only mature DCs express MHC molecules 
and co-stimulatory molecules such as B7-1 and 
B7-2 at high levels. In tumors, the signals to matu-
rate DCs are diverse and not as apparent as those in 
infection. Thus, APCs maturated in tumor microen-
vironment do not highly express the co-stimulatory 
molecules [78]. Moreover, tumor-associated APCs 
express co-inhibitory receptor ligands such as 
PD-L1 and PD-L2 [79, 80]. This negatively affects 
T-cell activation and differentiation. Therefore, 
DCs in or from tumors have low activation poten-
tials for T-cells. This condition typically generates 
induced FoxP3+ T-cells but not effector T-cells. 
Other APCs in tumors, such as macrophages and 
MDSC, are also ineffective in generating effector 
T-cells but are prone to induce Tregs [81].

As mentioned, the hypoxic condition in the 
tumors is another regulatory factor for T-cells 
[82]. It is expected that draining lymph nodes or 
tertiary lymphoid tissues within tumors have low 
oxygen levels. T-cells become FoxP3+ T-cells 
when they are activated in hypoxia [83]. This is 
in part mediated by a transcription factor called 
HIF-1α The high glycolytic activity in tumors 
leads to accumulation of lactic acid [84–86]. This 
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promotes the generation of FoxP3+ T-cells. TGF- 
β1 is a characteristic cytokine produced in the 
tumor environment [87–89]. TGF-β1 is the most 
efficient cytokine which induces FoxP3+ T-cells 
in the periphery. Along with TGF-β1, IL-10 acts 
to suppress anti-tumor immune responses and the 
promotion of Tregs [90, 91]. IL-10 is produced 
by various cell types, including T-cells, myeloid 
cells, B-cells, and tumor cells.

The prostaglandin inflammatory mediator 
PGE2 is highly produced in the tumor environ-
ment. PGE2 induces FoxP3+ T-cells. This induction 
is mediated by EP4 and EP2 receptors [92, 93]. In 
this regard, inhibition of cyclooxygenase- 2 (COX-
2) decreased FoxP3 expression in tumors and 
reduced tumor burden [94]. Interestingly, FoxP3+ 
Tregs express COX-2 and produce PGE2 [95]. 
The PGE2 produced by Tregs suppresses effector 
T-cells. In addition, prostaglandin D2 (PGD2) acts 
on DCs to induce FoxP3+ T-cells [96]. This effect 
is mediated through the D prostanoid receptor and 
cyclic AMP-dependent protein kinase A.  In this 
regard, enforced expression of COX-2 in head and 
neck squamous cell carcinoma led to expansion of 
IL-10+ FoxP3+ T-cells [97].

Commensal bacterial products that activate 
TLR2 are implicated in selectively promoting 
FoxP3+ T-cells and Th17 cells. Segmented fila-
mentous bacteria (SFB) promote Th17 cells in 
the small intestine [98]. Certain bacterial groups 
such as Clostridium and Bacteroides fragilis pro-
mote the generation of FoxP3+ T-cells in the 
intestine [99, 100]. Tumors, formed in the 
intestine, female reproductive tract, and skin, are 
expected to be heavily influenced by commensal 
bacteria. In these tumors, bacterial MAMPs 
would activate APC and T-cells to regulate the 
generation of FoxP3+ T-cells and Th17 cells. 
Thus, depending on the bacterial group that is 
dominant in the tumor environment, FoxP3+ 
T-cells and Th17 cells can be differentially 
generated. In addition, short-chain fatty acids, 
such as acetate, propionate, and butyrate, are 
produced from dietary fibers by gut commensal 
bacteria [101]. These metabolites can regulate 
T-cells and epithelial cells and have anti-tumor 
activity in the colon [102–104].

As mentioned, retinoic acid is an important 
tumor factor. Retinoic acid affects the phenotype 

and numbers of T-cells and the growth and dif-
ferentiation status of tumor cells. Retinoic acid 
promotes the generation of FoxP3+ T-cells but 
suppresses that of Th17 cells [105, 106]. Retinoic 
acid affects the development of DCs and 
generates tolerogenic DCs expressing Arg1 
[107]. These DCs promote the generation of 
FoxP3+ T-cells but suppress the formation of 
Th17 cells. This function seems to be mediated 
through RARα. It is also reported that retinoic 
acid at low concentrations (i.e., 0.5–5  nM) is 
required for normal function of effector T-cells 
[108, 109]. Low concentrations of RA are found 
in the blood and bodily fluids in most tissues. In 
vitamin A deficiency, the migration and function 
of effector T-cells are severely impaired. As 
mentioned, tumor cells express CYP26 A1/B1/
C1 enzymes and can decrease retinoic acid 
concentrations in tumors and associated tissues 
[59]. This hypo-retinoic acid condition would 
significantly affect the T-cell profile in tumors 
and associated lymphoid tissues. Moreover, 
retinoic acid can promote differentiation of 
tumor-associated MDSC into dendritic cells and 
macrophages [110]. In this regard, increased RA 
levels by inhibiting CYP26 enzymes had anti-
tumor effects in experimental colon cancer 
formation [104].

6.5  Migration of Tregs and Th17 
Cells into Tumors

Migration of T-cells, including Tregs and Th17 
cells, is regulated by trafficking receptors such as 
chemokine receptors and adhesion molecules 
[111, 112]. Adhesion molecules such as selectins 
and integrins mediate rolling and firm adhesion of 
leukocytes on endothelial cell vessels [113, 114]. 
Chemokines induce integrin activation between 
rolling and firm adhesion of immune cells on 
endothelial cells. Chemokines also induce che-
motaxis for migration of immune cells within tis-
sues. Organs and tissues express distinct and 
overlapping chemokines and adhesion molecules 
for regulation of immune cell migration [115]. 
Since tumors are formed within specialized 
organs and tissues, there are similarities in expres-
sion of trafficking signals between normal tissues 
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and tumors formed within the tissues. Compared 
to normal tissues, however, tumors have altered 
expression of chemokines and adhesion molecules 
[116]. The trafficking signals and receptors 
required for T-cell migration into the intestine are 
well established. In the intestine, CCL20 and 
CCL25 are, respectively, expressed in the subepi-
thelial cell dome (SED) of Peyer’s patches and by 
small intestinal epithelial cells [117–120]. 
Endothelial cells in the intestine, Peyer’s patches, 
and mesenteric lymph nodes express mucosal 
addressin cell adhesion molecule- 1 (MAdCAM-1) 
[121]. T-cells migrating to the small intestine 
express CCR9 and α4β7 [122–124]. Memory 
T-cells migrating to the Peyer’s patches express 
CCR6 [125, 126]. Naïve T-cells migrating to 
Peyer’s patches, MLN, and PLN express CCR7, 
α4β7, and CD62L [127]. Memory T-cells 
migrating to other tissues or inflamed tissues 
variably express CCR1-6, CCR8, CCR9, CCR10, 
CXCR3, CXCR5, and CXCR6 [115]. Effector 
T-cells frequently express P-selectin glycoprotein 
ligand-1 (PSGL-1), E-selectin ligand-1 (ESL-1), 
CXCR3, CCR5, and CCR4 [112, 127].

The trafficking receptors of Tregs and Th17 
cells have been determined. FoxP3+ T-cells that are 
made in the thymus express CCR7, CXCR4, and 
CD62L [128, 129]. FoxP3+ T-cells activated or 
induced in the periphery express memory-type traf-
ficking receptors that are frequently expressed by 
Th1 or Th2 cells. Th17 cells express most memory-
type chemokine receptors [130, 131]. CCR6 is a 
characteristic chemokine receptor expressed by 
most Th17 cells. In general, FoxP3+ Tregs and 
Th17 cells follow the trafficking pattern of conven-
tional naïve and memory/effector T-cells. 
Conventional naïve CD4+ T-cells expressing CCR7 
and CD62L lose these receptors upon T-cell activa-
tion in the secondary lymphoid tissues and migrate 
into non-lymphoid or inflamed tissues. Various tis-
sue factors influence the expression of trafficking 
receptors on FoxP3+ T-cells and Th17 cells [132, 
133]. For example, retinoic acid acts on T-cells 
undergoing activation to induce gut homing recep-
tors such as CCR9 and α4β7. FoxP3+ T-cells and 
Th17 cells express these gut homing receptors and 
migrate to the intestine [105, 134]. In vitamin A 
deficiency, the number of FoxP3+ T-cells and Th17 
cells in the gut is significantly decreased in part 

because most T-cells do not migrate to the small 
intestine [135]. In addition, TGF-β1 is a major 
cytokine that induces the expression of CCR6 on 
FoxP3+ T-cells and Th17 cells [130]. Moreover, 
IL-2 is a cytokine that effectively downregulates 
CCR6 expression induced by TGF- β1. Thus, cyto-
kines and tissue factors can co-regulate the expres-
sion of trafficking receptors on T-cells.

Researchers have been searching for chemo-
kines that regulate immune cell trafficking and 
anti-tumor immune responses [136–140]. 
Chemokines such as CCL3-5, CCL20, and 
CXCL10, often expressed in inflamed tissues, are 
also expressed in tumors [141–146]. Chemokines 
induce chemotaxis of immune cells and tumor 
cells. They can co-stimulate T-cells and promote 
angiogenesis [147, 148]. CCR2-10 and CXCR3-5 
regulate T-cell trafficking in various tumors 
[139]. Most of these receptors are highly 
expressed by FoxP3+ T-cells and Th17 cells in 
mice and humans [112, 128–131, 149]. CCL17 
and CCL22 are highly expressed in gastric cancer 
with CCR4-expressing FoxP3+ T-cells [138]. 
CCR7 is expressed by some T-cells in colorectal 
cancers and is predictive of positive prognosis 
[150]. CXCR4+ T-cells are increased in lung 
adenocarcinoma [151]. Chemokines expressed in 
tumors also attract hematopoietic progenitors, 
myeloid cells, NK cells, and CD8+ T-cells [11, 
143, 152]. Chemokine signals are highly 
heterogeneous among different tumors. They are 
shaped by tissue-specific and inflammatory 
microenvironments in tumors. Therefore, it is 
difficult to find universal trafficking signals 
which govern T-cell trafficking in many tumors.

Our group investigated the trafficking recep-
tors expressed by tumor-infiltrating FoxP3+ 
T-cells [75]. FoxP3+ T-cells account for 25–50% 
of CD4+ T-cells infiltrating A20, CT26, 4T1, and 
B16 tumors. Most of these FoxP3+ T-cells are 
memory CD44+ CD62− T-cells, which are down-
regulated for CD62L and CCR7. Downregulation 
of CCR7 was critical for the migration of FoxP3+ 
T-cells into tumors, as CCR7high FoxP3+ T-cells 
were not efficient at migrating into tumors [75]. 
Downregulation of CCR7 and CD62L occurs in 
tumor-draining lymph nodes during antigen 
priming. Therefore, migration of T-cells into sec-
ondary lymphoid tissues is required to acquire a 
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proper trafficking receptor phenotype for migra-
tion into tumors. While downregulated for CCR7 
and CD62L, tumor-infiltrating FoxP3+ T-cells 
express CCR8 and CXCR4 at high levels [75]. 
This trafficking receptor phenotype reflects the 
differentiation status of the tumor-infiltrating 
T-cells and/or the trafficking receptor require-
ment for FoxP3+ T-cell migration into the tumors. 
Induction of FoxP3+ T-cells from FoxP3− T-cells 
in tumors is not efficient [75]. Thus, the tumor- 
infiltrating FoxP3+ T-cells in these tumors are 

largely from the FoxP3+ T-cells made in the thy-
mus or secondary lymphoid tissues rather than 
FoxP3+ T-cells induced directly in tumors. 
However, this can be quite different in other types 
of tumors where the tumor microenvironment is 
more conducive in priming T-cells for differenti-
ation into Tregs. For example, TGF-β cytokines 
are expressed in many tumors and efficient in 
inducing Tregs [89]. However, this depends on 
migration of naïve T-cells into tumors which is 
not likely in most tumor types. In this regard, 
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Fig. 6.2 Migration of FoxP3+ T-cells and Th17 cells into 
tumors. Natural FoxP3+ T-cells made in the thymus can 
migrate into lymph nodes, but cannot migrate directly into 
tumors unless tumors are formed in lymphoid tissues. 
FoxP3+ T-cells can migrate into tumors after they are 
antigen- primed in secondary lymphoid tissues and gain 
the memory-/effector-type trafficking receptors. Loss of 
CCR7 and CD62L occurs during antigen priming and is 
required for migration of antigen-primed FoxP3+ T-cells 
into tumors. Induced FoxP3+ T-cells in the tumor-draining 
lymph nodes can migrate into tumors, as they decrease the 
expression of CCR7 and CD62L but upregulate memory-/
effector-type trafficking receptors such as CCR4, CCR5, 

CCR8, CCR10, and/or CXCR4. Dendritic cells (DCs) 
transport and present tumor antigens and play important 
roles in generating FoxP3+ T-cells and Th17 cells in lymph 
nodes. Soluble tumor-derived factors are collected in 
draining lymph nodes, and some of these factors affect 
T-cell priming and differentiation. In tumors, macro-
phages (Mac), DCs, and MDSC suboptimally activate 
T-cells in tumors. These APCs play potentially important 
roles in maintaining the phenotype of FoxP3+ T-cells and 
Th17 cells in tumors. There is no such thing as tumor- 
specific trafficking receptors. Instead, T-cells variably use 
conventional trafficking receptors to migrate into different 
tumors
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generation of Tregs from non-Treg effector cells 
such as Th17 and Th1 cells is a potentially 
important pathway to generate Tregs in tumors 
[153, 154]. In tumors, FoxP3+ T-cells appear 
highly stable in maintaining their FoxP3 
expression. Th17 cells would probably utilize the 
same tissue- or inflammation-associated 
trafficking signals utilized by Th17 cells.Th17 
cells are prevalent in the gastrointestinal (GI) 
tract and other mucosal tissues. High numbers of 
Th17 cells were observed in aggressive forms of 
GI cancers [8, 76, 77]. Thus, these tumors would 
have trafficking and cytokine signals appropriate 
for recruitment and maintenance of Th17 cells or 
their progenitors. For example, CCL20 is 
expressed by cervical cancer and recruits Th17 
cells [155]. Migration of FoxP3+ T-cells and 
Th17 cells into tumors and draining lymph nodes 
is summarized in Fig. 6.2.

6.6  Impact of Tregs and Th17 
Cells on Anti-Tumor Immune 
Responses

The presence of T-cells in tumors is a highly reli-
able prognostic factor for survival of cancer 
patients [156, 157]. There is a strong positive 
correlation between patient survival and 
frequencies of memory CD4+ T-cells and CD8+ 
T-cells in many cancer types. Tumorigenesis is 
increased in pan-T cell- or γδT cell-deficient 
animals or humans [158]. Strikingly, αβ T-cells 
have a small negative effect on tumor numbers, 
but exert a greater positive effect on tumor size. 
This implies that αβ T-cells are composed of 
heterogeneous subsets with different functions, 
and some of these T-cells may even promote 
tumor growth. FoxP3+ T-cells and other regulatory 
T-cells are likely the T-cells that suppress anti-
tumor immune responses. FoxP3+ T-cells can 
inhibit anti-tumor immune responses and 
promote tumor growth [159]. Many FoxP3+ 
T-cells are self- reactive and effective in preventing 
autoimmune diseases. The same function can be 
used to promote tumor growth. This is because 
tumor cells basically express self-antigens and 
FoxP3+ T-cells can effectively suppress immune 

responses to self-antigens [160]. In line with this, 
the frequencies of FoxP3+ T-cells in many tumor 
types are inversely correlated with patient 
survival rates [157, 161]. However, lack of 
correlation or positive correlation has been 
noticed as well [162, 163]. A good example is 
colorectal carcinoma, in which high frequencies 
of FoxP3+ T-cells are associated with a favorable 
prognosis [6]. It is expected that FoxP3+ T-cells 
can even prevent the formation of some tumors 
by suppressing tissue inflammation at early 
stages of tumorigenesis. Therefore, FoxP3+ 
T-cells have the potential to either promote or 
suppress tumorigenesis depending on tumor 
types, tissue sites, and immune responses. The 
potentially complex functions of Tregs in 
tumorigenesis are depicted in Fig. 6.1.

It has been observed that Th17 cells can pro-
mote CD8+ T-cell-mediated anti-tumor immune 
responses in a mouse model [164]. Moreover, 
polarization of CD8+ T-cells into Tc17 cells 
increased their anti-tumor immunity [165]. Th17 
cells may become Th1 cells or activate CD8+ 
T-cells to increase anti-tumor immunity. 
Paradoxically, Th17 cells can cause inflammation 
to initiate development of inflammatory tumors 
at early stages of tumorigenesis. In colorectal 
cancer, Th17 cells are linked to poor prognosis, 
whereas Th1 cells are positively linked to patient 
survival [166]. The major cytokine product of 
Th17 cells, IL-17, can induce tissue inflamma-
tion and the expression of certain angiogenic fac-
tors, including CXCL8, MMP-2, MMP-9, and 
VEGF [167]. For example, colon cancer-derived 
Th17 cells triggered the production of the afore-
mentioned tumor-promoting factors by tumor- 
associated stroma. On the other hand, they recruit 
beneficial neutrophils through IL-8 secretion and 
drive cytotoxic T-cells into tumor tissues by 
producing chemokines [168]. The function of 
Th17 cells in cancer can be complex

and appears to be determined again by cancer 
type, stage, and site. The potentially complex 
functions of Th17 cells in tumorigenesis are 
depicted in Fig. 6.1.

Apart from their effector functions, the fre-
quencies of FoxP3+ T-cells and Th17 cells reflect 
the context of the tumor microenvironment. Non- 

6 Regulatory T-Cells and Th17 Cells in Tumor Microenvironment



100

inflammatory tumors with low expression of IL-6 
and other inflammatory cytokines would have 
high numbers of FoxP3+ T-cells, whereas inflam-
matory tumors with high expression of inflam-
matory cytokines would harbor high numbers of 
Th17 cells. Tumors are heterogeneous in the 
tumor microenvironment even within the same 
group of cancers, and not all tumors fit into the 
inflammatory vs. non-inflammatory tumor 
model. While there is an inverse correlation 
between FoxP3+ T-cells and Th17 cells, both 
T-cell subsets can be increased or decreased 
depending on the balance of cytokines and other 
tissue factors. An example for this situation is 
invasive ductal breast carcinoma [167].

As discussed throughout this article, FoxP3+ 
T-cells and Th17 cells play both positive and nega-
tive roles in regulating anti-tumor immune responses 
(Fig.  6.1). Despite the presence of these T-cells, 
some tumors still develop and grow. Thus, these 
T-cells by themselves may not effectively mount 
anti-tumor immune responses. More detailed stud-
ies on FoxP3+ T-cells and Th17 cells in various 
tumors can provide systematic information regard-
ing the tumor microenvironment and therapeutic 
interventions. It is important to develop novel strate-
gies to boost the beneficial effects of the T-cell sub-
sets and to suppress their tumor-promoting effects. 
The key is to alter tumor microenvironment to regu-
late these T-cell subsets. This is expected to be 
achieved through control of antigen-presenting 
cells, metabolism, cytokines, chemokines, co-stim-
ulatory/inhibitory receptors, inflammatory media-
tors, and nuclear hormone receptor ligands such as 
retinoic acid. Regulation of multiple factors at the 
same time would provide more effective strategies 
in tipping the T-cell balance toward tumor-eradicat-
ing immune responses. A

one-size-fits-all approach is not likely to be 
effective in changing the microenvironment and 
T-cell activity in all tumors. In this regard, 
another point is that anti-tumor therapy strate-
gies should be tailor-made based on cancer type, 
tissue site, and tumor microenvironment. 
Chimeric antigen receptor (CAR)-based or 
PD-1-based therapies utilizing or targeting these 
T-cells would be also promising strategies [169]. 

It is expected that application of wrong immuno-
therapy strategies to regulate the T-cell subsets 
would even exacerbate malignant diseases in 
cancer patients.
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7.1  Introduction

During its life, T-cell goes across several stages 
of development that takes place in different 
organs or tissues. These dissimilar microenviron-
ments, where T-cell differentiation takes place, 
will require different metabolic processes and 
metabolic demands. Immunometabolism refers 
to the integrative study of the biochemical reac-

tions that provide building blocks and energy to 
fulfill the varying demands in the life of immune 
cells and particularly T-cells.

7.2  T-Cell Life

The development of a T-cell response begins 
when circulating naive T-cells (TN) encounter an 
antigen presented by an antigen-presenting cell 
such as dendritic cells, macrophages, or B-cells. 
In the proper context (co-stimulatory molecules 
and cytokines), the antigen-specific T-cell is acti-
vated. Then, after TCR interaction with the cog-
nate antigen, a cascade of intracellular events 
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occurs that leads to activation, proliferation, and 
differentiation. Effector T-cells (TEFF) produce 
cytokines or, in the case of CD8+ T-cells, gran-
zymes and perforin to control the infection and to 
kill pathogen-infected cells or transformed cells. 
After the infection or inflammatory process is 
controlled, T-cells undergo a contraction process, 
where most effector T-cells die by apoptosis, but 
the others establish a pool of memory T-cells 
(TM), including different subsets, such as effector 
memory T-cells (TEM), central memory T-cells 
(TCM), and stem cell memory T-cells (TSCM), con-
ferring long-term protection [1]. However, if the 
source persists (i.e., chronic infection), T-cell 
response will become progressively exhausted 
because of the continued TCR signaling with the 
persistent antigen. Exhausted T-cells (Texh) have 
poor effector functions and overexpress multiple 
inhibitor receptors, such as PD-1, that attenuate 
signaling downstream of the TCR [2].

The subsets of antigen-experienced T-cells are 
heterogeneous and differ in their function, local-
ization, and phenotype. TN are T-cells that have 
not yet encountered their cognate antigen, have a 
high proliferative potential, and are located in the 
blood and lymph nodes. TEFF are short-lived, and 
they produce cytokines, or molecules involved in 
cytolysis, and have a low proliferative potential. 
TEFF are considered as terminally differentiated 
T-cells. Memory T-cells have been divided in at 
least two subsets, based on the expression of 
homing and chemokine receptors, their localiza-
tion, proliferative capacity, and on their function. 
TCM cells, similar to TN cells, are also located in 
the blood and migrate to secondary lymph nodes. 
TCM cells produce low levels of inflammatory 
cytokines, such as interferon-gamma (IFN-γ), 
and they can secrete high levels of IL-2. TEM cells 
have the potential to home into non-lymphoid tis-
sues, they produce high levels of inflammatory 
cytokines, and their cytotoxic potential is higher 
with respect to TCM; thus, TEM cells have similar 
effector functions compared to TEFF; neverthe-
less, the proliferative potential of TEM cells is 
lower compared to TCM and TN cells [3–6].

The characterization of the different subsets of 
T-cells is still a matter of debate; because, among 
other things, the differentiation of T-cells is a pro-

cess exquisitely regulated, where metabolism has 
an essential role. Several metabolic pathways 
have been recently described that modulate and 
participate in the differentiation process of 
T-cells.

7.3  Catabolism and Anabolism 
of T-Cells Throughout 
the Different States 
of Maturation: Naive, 
Effector, and Memory Cell

7.3.1  Naive

Quiescent T-cells (TN and TM cells) have ener-
getic demands relatively smaller than activated 
T-cells. Resting T-cells have a low rate of nutrient 
consumption; thus, the catabolic pathways for 
ATP production favor the highest ATP yield, 
using fatty acid oxidation (FAO) and the mito-
chondrial tricarboxylic acid cycle (TCA or Krebs 
cycle) [7–9]. Alternatively, glucose or amino 
acids may fuel TCA [7].

Quiescent T-cells have the ability to persist for 
long periods and to respond to the antigen- 
presenting cell. However, TN cells exhibit a 
greater clonal expansion than TM cells. Also TM 
cells differ from TN cells in that they have rela-
tively fewer requirements of co-stimulating sig-
nals for their activation, proliferation, and 
function [10], possibly because, among other fac-
tors, TN cells have less mitochondria than TM 
cells [11].

7.3.2  Activation

Upon antigen presentation, naive CD8+ T-cells 
are activated. The activation of T-cells requires 
the TCR receptor and other co-stimulatory mol-
ecules, such as CD28 and CD27; during this pro-
cess activation markers are expressed on the 
surface of T-cell, for instance, CD137 and CD69 
among others (Fig.  7.1). Co-stimulation is fol-
lowed by a fast peak of glucose consumption and 
the enhancement of glycolytic metabolism [7]. 
Thus, activation is accompanied by increased 
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expression of the glucose transporter Glut1 and a 
significant immediate increase in glycolytic flux 
in both human CD4+ and CD8+ T-cells. 
Undergoing a “Warburg-like” switch allows to 
increase the glycolytic metabolism upon activa-
tion of CD4+ and CD8+ T-cells, though, CD4+ 
T-cells exhibit higher basal levels of glycolysis, 
possibly because hexokinase II (HKII), pyruvate 
kinase (PKM2), and lactate dehydrogenase 
(LDH) levels are all increased in CD4+ T-cells in 
comparison to CD8+ subset [12]. Interestingly, 
cytokines production in CD8+ T-cell is dependent 
on mitochondrial metabolism [12]. In another 
study, Yin et al. showed that in vitro activation of 
CD4+ T-cell increases both glucose and gluta-
mine metabolism, where pyruvate might be oxi-
dized by the mitochondria or reduced into lactate. 
Interestingly, the production of pro-inflammatory 
cytokine IL-17A is dependent on both last pro-
cesses, and the IFN-γ production is dependent 
only on pyruvate oxidation [13], suggesting that 
the metabolism of Th17 cells differs from Th1 
cells.

When T-cells are activated, anabolic processes 
such as protein and lipid synthesis are increased, 

whereas catabolic processes like beta-oxidation 
are suppressed [7]. Also the synthesis of metabo-
lites such as polyamines, cholesterol via fatty 
acid (FA) synthase, and the pentose phosphate 
intermediates enhances T-cell activation [12].

After T-cell activation via TCR and CD28, 
phosphatidylinositol-3,4,5-trisphosphate (PIP3) 
is produced via phosphoinositide 3-kinase (PI3K) 
activation. The oxidative phosphorylation 
(OXPHOS) rate might be increased when cal-
cium is introduced into the mitochondria after 
being released from endoplasmic reticulum via 
PIP3 promotion [7]. PIP3 activates downstream 
signaling components, AKT being the most nota-
ble. mTOR and AKT are at the center of a con-
served mechanism that permits eukaryotes to 
integrate nutrient and growth factor signals and, 
in turn, control proliferation and cell growth [14]. 
A continuous stimulation of TCR depletes cal-
cium in the endoplasmic reticulum allowing the 
extracellular calcium entrance. The permanent 
aperture of the calcium release-activated chan-
nels (CRACs) allows the extracellular flux of cal-
cium supporting an effective activation of T-cell 
[7]. Recent studies suggest that the entrance of 

Fig. 7.1 Activation, differentiation, and metabolic profile 
of T-cells. After activation, naive T-cells proliferate and 
differentiate in the lymph nodes until they acquire effector 
functions; then effector T-cells migrate to peripheral tis-
sues. When the infection or inflammatory process is 

resolved, most of the effector T-cells undergo cell death, 
and a small proportion differentiate into memory T-cells. 
During this different maturation stages, the metabolism 
must change in order to fulfill the nutritional and energetic 
requirements of T-cells
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calcium through the CRACs induces mobiliza-
tion of the mitochondria into the immune syn-
apses, where the accumulation of CRACs has 
been found. High levels of cytosolic calcium acti-
vate transcription factors that regulate the T-cell 
response, such as NFAT1 and NF-κB, the last 
being involved in IL-2 production [15].

T-cells undergo metabolic conversion from 
OXPHOS to glycolysis when they are activated. 
Nevertheless, in the presence of rapamycin, 
antigen- stimulated CD8+ T-cells increase both 
OXPHOS and glycolysis. Rapamycin inhibits the 
mammalian target of rapamycin (mTOR) path-
way. Rapamycin treatment also augments the for-
mation of memory cell precursors, and their 
progenies live longer than memory cells. 
Interestingly, rapamycin-treated cells endure glu-
cose and IL-2 withdrawal in vitro. Nevertheless, 
oligomycin inhibition of OXPHOS in rapamycin- 
treated T-cells causes mitochondrial hyperpolar-
ization, decreased ATP, and increased reactive 
oxygen species (ROS) formation [16].

7.3.3  Proliferation

The frequency of specific T-cells for any given 
antigen is low before activation (1/100,000). 
Following antigen presentation in an appropriate 
context, antigen-specific T-cells undergo a pro-
cess of massive proliferation, increasing up to 
10,000- to 50,000-fold in their number [1, 17]. 
For sustaining this massive proliferation, it is 
necessary that several biosynthetic metabolic 
pathways become activated, and the mitochon-
dria play an important role in these processes.

The mitochondria of proliferative T-cells take 
a biosynthetic role where pyruvate and glutamine 
are intermediary molecules of other biosynthetic 
pathways. Pyruvate is the last product of glycoly-
sis and is imported into the mitochondria; there, 
pyruvate is transformed in acetyl-CoA, which 
will be converted into citrate. The latter can con-
tinue through Krebs cycle possibly supporting 
amino acid and fatty acid (FA) synthesis. 
Although T-cells could import extracellular lip-
ids, they rather produce de novo lipids to synthe-

size new membranes during cell growth and 
proliferation. Amino acids such as aspartic acid, 
asparagine, arginine, glutamine, and proline are 
synthesized from Krebs cycle intermediaries. 
Additionally, glutamine is the amine donor for 
purine base synthesis during the proliferation of 
T-cells [18].

The upregulation of the calcium-dependent 
dehydrogenases supports higher levels of NADH 
that are used for maintaining mitochondrial res-
piration. The reduced cofactors (NADH and 
FADH) produced from this cycle will feed 
OXPHOS, which will maintain the mitochon-
drial membrane potential (ψ), thus suppressing 
apoptosis of proliferative lymphocytes [7]. The 
persistent saturation of the OXPHOS might 
increase the production of ROS, which might 
stimulate the biosynthesis of nucleotides and in 
consequence might promote T-cells that enter 
into the S-phase of the cell cycle. In this case, 
ROS would act as second messenger indicating 
suitable energetic conditions to support T-cell 
proliferation [7].

7.3.4  Effector

Although effector T-cells (TEFF) change their met-
abolic program from OXPHOS to aerobic gly-
colysis allowing the macromolecular synthesis 
[2], both energetic metabolisms might fuel T-cell 
proliferation [19]. However, it has been reported 
that only aerobic glycolysis is required to support 
the effector function of CD4+ T-cells, like the 
ability to produce IFN-γ. In this regard, GAPDH 
binds to AU-rich elements within the 3’UTR of 
IFN-γ mRNA as a posttranscriptional control, 
reducing protein translation. This GAPDH- 
mediated inhibition may be controlled by its met-
abolic function or by the expression level of 
GAPDH within CD4+ T-cells [19]. On the other 
hand, Tripmacher et al. reported that the cytokine 
synthesis is not affected by the myxothiazol inhi-
bition of OXPHOS or by the absence of glucose; 
instead CD4+ T-cell proliferation strongly 
depends on glucose availability [20]. TEFF cells 
that fulfill this energetic change are rendered 
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dependent on glucose and possibly lose the abil-
ity to obtain energy from other substrates.

Alternatively, it has also been described that 
TEFF cells can acquire external FA and store the 
excess in cytoplasmic lipid droplets [21]. The 
reduction in glycolytic flux in pro-inflammatory 
T-cells from rheumatoid arthritis (RA) leads to 
deficiencies in ATP and pyruvate, which triggers 
fatty acid biosynthesis and the formation of lipid 
droplets. This metabolic phenotype is associated 
with the tissue migration of RA T-cells in  vivo 
[22]. Recently, it has been shown that regulatory 
T-cells (Treg, CD4+ Foxp3+) uptake FA at a higher 
rate than TEFF cell subsets, supporting the role of 
FA metabolism for Treg function [23].

It has been reported that effector memory 
CD8+ T-cells that re-express CD45RA exhibit 
multiple characteristics of senescence. Although 
CD8+ TEM cells have potent functional activity, 
these cells can accumulate nonfunctional giant 
mitochondria increasing the mitochondrial mass 
[24]. On the other hand, Van der Windt et al. found 
that TEFF cells have less mitochondria than TM 
cells possibly because after Ag presentation, the 
latter proliferates while infection is present and 
eventually outpaces its own mitochondrial bio-
genesis; other possibility might be that the mito-
chondria is unequally segregated during T-cell 
division. Interestingly, the secondary TEFF expan-
sion is more prolonged than primary TEFF [11].

7.3.5  Memory

After antigen stimulation, T-cells might follow 
different fates where the levels of glycolysis can 
act as a metabolic rheostat determining the fate of 
the immune response. Whereas low levels of gly-
colysis favor the long-term response with the 
establishment of memory cells (TCM, TEM, TSCM) 
and the upregulation of transcription factors 
(such as Tcf7, Lef1, and Bcl6) associated with 
this phenomenon, a high glycolytic metabolism 
supports a TEFF cell profile. This profile is charac-
terized by short-lived cells with strong effective 
responses, accompanied by a high expression of 
transcription factors such as Blimp-1 [9].

A substantial spare respiratory capacity 
(SRC) is maintained in the mitochondria of 
CD8+ TM cells to produce energy under condi-
tions of increased activation or stress; this extra 
mitochondrial capacity is thought to be impor-
tant for long-term cellular survival and function 
[25]. It has been shown that the SRC of CD8+ TM 
cells is dependent on the ability of the mitochon-
dria to promote fatty acid oxidation, because 
FAO, at least partly, provides substrates (long-
chain fatty acids, medium- or short-chain fatty 
acids) for OXPHOS, showing the link between 
lipid metabolism (burning fat) and cellular lon-
gevity in the immune system [11]. In addition, 
glutamine might also contribute to OXPHOS in 
TM cells [11].

As it has been already mentioned, in the dif-
ferentiation to memory cells, a shift back to 
mitochondrial OXPHOS is fueled at least in 
part by FAO [2]. The overexpression of carni-
tine palmitoyltransferase 1a (Cpt1a), a rate-
limiting in FAO, results in increased numbers 
of CD8+ TM cells [25]. The pharmacological 
modulation of FAO can also enhance CD8+ TM 
development after vaccination; nonetheless, 
deletion of tumor necrosis factor (TNF) recep-
tor-associated factor 6 (TRAF6), which is a 
molecule that downregulates T-cell activation 
and is an important signal for promoting 
(inducing) FAO, impairs the development of 
TM cells [8]. Additionally, O’Sullivan et  al. 
reported that TM cells use extracellular glucose 
to support OXPHOS and FAO, based on their 
finding that CD8+ TM cells acquire substan-
tially fewer long-chain FA from the microenvi-
ronment than CD8+ TEFF cells. These same 
authors suggest that lipids must be first synthe-
sized to generate substrates needed for FAO; 
accordingly, the lysosomal acid lipase (LAL) 
is expressed in TM cells sustaining lysosomal 
lipolysis and boosting memory T-cell develop-
ment after infection. LAL hydrolyzes triacylg-
lycerol (TAG) and cholesterol esters (CE) to 
generate cholesterol and free FA in cell lyso-
somes and participates in mobilization of FA 
for FAO and TM cell development, suggesting a 
futile cycle that allows TM cells to preserve 
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glycolytic and lipogenic machinery and main-
taining mitochondrial health over long periods 
of quiescence [21].

Additionally, IL-15, a cytokine that favors 
survival and self-renewal of TM cells, promotes 
the mitochondrial biogenesis favoring the TM 
phenotype and enhancing SRC [25]. One charac-
teristic of CD8+ TM cells is the ability to mount a 
stronger and faster response to reinfection, sup-
ported by mitochondrial ATP production that 
also facilitates the activity of the glycolytic 
enzyme hexokinase (HK). It has been shown that 
this enzyme can be bound to the mitochondrial 
outer membrane of CD8+ T-cells. HK is quickly 
recruited to the mitochondria in response to Akt 
response upon activation. This configuration 
allows the rapid function of this first enzyme of 
glycolysis, increasing its accessibility to mito-
chondrial ATP. This process facilitates the rapid 
activation of glycolysis that supports prolifera-
tion. Mitochondrial HK dissociation impairs 
proliferation and the rapid engagement of gly-
colysis, decreasing the secondary effector T-cell 
response [11]. In contrast, the overexpression of 
the glycolytic enzyme phosphoglycerate 
mutase-1 (Pgam1) does not allow the differentia-
tion to long-term memory CD8+ T-cells [9].

Also because AMPK has emerged as an 
important regulator of memory CD8+ T-cells, a 
pharmacologic activation of AMPK with metfor-
min might result in enhanced differentiation to 
CD8+ T memory cells [8].

Recently, the key role of Opa1 in the TM cell 
generation has been studied; this protein par-
ticipates in joining the mitochondrial inner 
membranes allowing the mitochondrial fusion. 
Tight mitochondrial cristae organization in TM 
cells maintains closely associated electron 
transport complexes (ETC), which makes the 
activity of ETC more efficient, favoring a 
redox balance and allowing continuous 
entrance of pyruvate into the mitochondria. 
Survival of Opa1-deficient TM cells is severely 
impaired, possibly because FAO cannot be effi-
ciently engaged [26]. TM cells ensure that any 
generated pyruvate will efficiently feed into 
the TCA cycle; in consequence the mitochon-

drial cristae are tightly configured maximizing 
the performance of OXPHOS [26].

7.4  Metabolism of T-Cell Is 
Modified in the Tumor 
Microenvironment

Cancer cells inhibit anti-tumor immunity through 
both immunomodulatory receptors and the cre-
ation of an immunosuppressive microenviron-
ment. Development and effective function of 
T-cells are also affected by both nutrient deficien-
cies, and the excess of waste products of tumor 
cell metabolism favors acidosis, such as lactate 
and other metabolites.

7.4.1  Glucose Limitation

Glucose limitation is one of the most important 
traits of tumor microenvironment. Competition 
for glucose occurs between tumor cells and 
tumor-infiltrating lymphocytes (TILs) in the 
tumor microenvironment, where the nutritional 
state is crucial in the functionality of TILs. Under 
nutrient restrictions T-cells can become hypore-
sponsive; when nutrient deprivation of T-cells is 
prolonged, even if tumors are highly antigenic, 
cytokine production is dampened and becomes 
relatively irreversible [27].

Schurich et al. compared the metabolic profile 
of CD8+ T-cells originated from subjects affected 
by two chronic virus infections, CMV and 
HBV.  While CMV-specific T-cells supply their 
energetic demands by the use of both glycolysis 
and OXPHOS to exert effector functions, the 
HBV-specific CD8+ T-cells, which show an 
exhausted phenotype, characterized by expres-
sion of inhibitory molecules like Tim-3 and 
CTLA-4, do not use OXPHOS and show a depen-
dence on glycolysis [28]. These exhausted cells 
also present a higher Glut1 expression. When 
these Texh cells are forced to use OXPHOS, they 
present a decrease in cytokine production and an 
increase in the expression of co-inhibitory mole-
cule PD-1. Interestingly, the pro-inflammatory 
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cytokine IL-12 can stimulate a recovery of HBV- 
specific effector function and a reduction of PD-1 
expression on CD8+ T-cells [28].

Glucose limitation in the early stages of dif-
ferentiation of the CD8+ TEFF cells promotes 
T-cell exhaustion, but if there is a recovery of glu-
cose levels after the antigen presentation, the 
development of TM cells can be completed. 
However, if the glucose limitation persists, the 
exhausted phenotype will be promoted and sup-
ported by PD-1 expression [2]. PD-1 signaling 
reduces glycolysis and promotes FAO in total 
CD4+ T-cells [29]. PD-1 signaling suppresses 
Akt/mTOR and aerobic glycolysis and also 
inhibits PGC-1α and mitochondrial depolariza-
tion [27, 30]. On the other hand, mTOR signaling 
has been shown to contribute to mitochondrial 
depolarization in early Texh cells. A possible 
explanation for this apparent contradictory phe-
nomenon is that, mTOR signaling might be acti-
vated by other pathways such as Ras, PI3K, 
PTEN, or p53, which has been reported to occur 
in cancer pathogenesis [14, 31]. The blockade of 
the PD-1 pathway reverts the metabolic depres-
sion in Texh cells that has an intermediate expres-
sion of inhibitory receptor PD-1, whereas limiting 
mTOR activity by rapamycin improves the mito-
chondrial fitness of early Texh cells [2]. In a study 
by Chang et al., the blockade of CTLA-4, PD-1, 
or PD-L1 with antagonist antibodies in trans-
planted mice with progressing tumors (D42m1-T3 
cells) increases glucose levels in the extracellular 
tumor milieu, allowing TILs to restore their gly-
colytic capacity and their effector function. The 
authors also noted that this checkpoint blockade 
might be most effective against tumors with 
higher glycolytic rates [27].

Several Ca2+ channels expressed on plasma 
membrane (PMCA), mitochondrial membrane 
(MCU), and ER membrane (SERCA) modulate 
cytosolic Ca2+ levels. Glycolysis also suppresses 
SERCA-mediated Ca2+ reuptake activity, allow-
ing the activation of nuclear factor of activated 
T-cell (NFAT) signaling and anti-tumor responses. 
In contrast under glucose deprivation, levels of 
phosphoenolpyruvate (PEP, a glycolytic metabo-
lite) diminish, allowing the Ca2+ reuptake activity 

of SERCA.  These low levels of Ca2+ lead to 
defective NFAT signaling and effector functions 
[10]. Reprogramming TILs through phosphoenol-
pyruvate carboxykinase 1 (PCK-1) overexpres-
sion in T-cells increases PEP production, yielding 
stronger anti-tumor responses in glucose-deprived 
cells. Lactic acid and FAs might be replenishing 
Krebs cycle for PEP production [10].

Effector functions of T-cells are affected by low 
levels of glucose or high lactate conditions, loss of 
glycolysis impairs the ability to produce IFN-γ 
and maintain intracellular calcium in TEFF cells. 
Nonetheless, Angelin et  al. found that Treg cells 
were not affected by low glucose and high lactate 
conditions. In these cells, Foxp3 negatively regu-
lates Myc, and as a consequence, glycolysis 
diminishes. Foxp3 also promotes OXPHOS regen-
erating NAD+ that reduced to NADH by 
LDH. GAPDH activity in TEFF cells, which is a key 
role enzyme of glycolysis, is inhibited by high lev-
els of NADH; in contrast, Treg cells are less depen-
dent on glycolysis. This Treg metabolic phenotype 
might be deleterious when the immune response is 
needed to destroy cancer cells [32].

7.4.2  Hypoxia

Hypoxia is an important characteristic of the 
tumor microenvironment, and there are some 
reports that show the presence of infiltrating lym-
phocytes in solid tumors, such as lung, breast, 
esophageal, and colorectal carcinoma, among 
others [33–36]. However, the efficiency of their 
effector capacity has been questioned. 
Remarkably, during the development of the CD8+ 
T-cells in the lymphoid organs, lymphocytes are 
exposed to low oxygen tensions, where pO2 in the 
spleen and thymus is around 0.5–4.5 kPa (0.5–
4.5%) and 0–2.3 kPa (0–2.3%), respectively. pO2 
in the skin epidermis and the hematopoietic stem 
cell niche is frequently <1 kPa (<1%) [37].

Caldwell et al. reported that in CD8+ T-cells 
cultured under hypoxia (2.5% O2), the expres-
sion of vascular endothelial growth factor 
(VEGF), which contains hypoxia-responding 
elements, is induced, and the expression of IL-2 
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and IFN-γ (hypoxia- independent gene products) 
is suppressed. Nevertheless, the effector capac-
ity (Fas Ligand- and perforin-dependent lethal 
hit delivery) of differentiated CD8+ T-cells was 
not affected by this condition. Also, CD8+ T-cells 
express high cell surface density of TCR/CD3 
complex and cell adhesion of LFA-1 under 
hypoxia [38]. In  contrast, Nakawama et al. found 
that low oxygen concentration (3–4% O2) 
enhances the induction of antigen-specific CD8+ 
T-cells, but the combination of hypoxia and aci-
dosis abrogates this enhancement. Remarkably, 
the mechanism of the hypoxia-associated induc-
tion of antigen-specific CD8+ T-cells is not asso-
ciated with HIF-1α expression [37].

On the other hand, glucose metabolism has 
particular patterns among the different subtypes 
of T-cells in hypoxia. The levels of expression of 
the glucose transporter Glut1 allow to distinguish 
among different subtypes of CD4+ and CD8+ T 
lymphocytes. The levels of Glut1 also correlate 
with proliferation under normoxic conditions; in 
contrast, under hypoxia, higher Glut1 levels are 
found but with diminished proliferation rates. 
Under both conditions, lymphocytes conserved 
the capacity to produce IL-2. T-cells with high 
expression of Glut1 show an increased ratio of 
CD8+/CD4+ lymphocytes [39].

7.4.3  Lactate and Acidosis

Immune signature database analyses have 
denoted a negative correlation between LDHA 
expression and T-cell activation markers in 
human melanoma patients [40]. High levels of 
lactic acid in the microenvironment contribute 
to T-cell and NK cell metabolic dysfunction 
preventing upregulation of NFAT and dimin-
ishing IFN-γ production [40]. Lactic acid also 
reduces proliferation and cytokine production 
by PMA-stimulated CD8+ T-cells up to 95% 
and 50%, respectively. After replacement with 
new lactate-free medium for 24h, CD8+ T-cells 
restore their function [41].

In human renal cell carcinoma, the levels of 
intra-tumoral interstitial lactate are elevated. 
Although glucose levels do not diminish, TILs 
from human renal cell carcinoma are unable to 

efficiently consume and metabolize glucose. 
TILs also present small and fragmented mito-
chondria that are hyperpolarized and produce 
large amounts of ROS [42].

Sodium lactate inhibits CD4+ T-cell motility 
via glycolysis interference; it also induces a 
switch to Th17 cell differentiation, which pro-
duces the pro-inflammatory cytokine IL-17. On 
the other hand, lactic acidosis affects CD8+ T-cell 
motility, and this phenomenon is independent of 
glycolysis control. Lactic acidosis also decreases 
cytolytic activity of CD8+ T-cells in vitro [43].

Finally, acidosis has been shown to have pro- 
tumoral effects per se, and low pH culture pro-
motes inhibition of cytotoxic activity on CD8+ 
T-cells against target tumor cells. Acidosis also 
inhibits cytolytic degranulation and cytokine pro-
duction and blocks the induction of antigen- 
specific CD8+ T-cells in vitro [37].

7.5  Concluding Remarks

The study of the immune response was tradition-
ally focused on the characterization of effector 
function, cytokine regulation, and differentiation 
process of the immune cells, whereas metabolism 
was overlooked. Nowadays, the study of immu-
nometabolism has become increasingly relevant, 
because it has emerged that the nutritional levels 
found in the microenvironment can affect the dif-
ferentiation process and effector functions of 
immune cells. Some diseases, like cancer, can 
alter the microenvironment where immune cells 
will try to exert their function. Therefore, in order 
to reach success in the distinct forms of immuno-
therapy, it will be necessary to understand first 
how metabolism affects these immune cells. 
Using this approach, the study of immunome-
tabolism has revealed some clues in regard to 
how diminishing the exhausted phenotype or 
reinforcing the immunologic memory boosts an 
anti-tumor T-cell response. Thus, the knowledge 
in this field is now opening novel therapeutic 
approaches.
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8.1  Introduction

T lymphocytes are essential components of the 
immune system and are divided into two major 
functional types: helper and cytotoxic T-cells. 
Helper T-cells (CD4+) release an array of cytokines 
and orchestrate diverse immune responses, which 
integrate both adaptive and innate effector mecha-
nisms. Cytotoxic T-cells (CD8+ effector T-cells) 
are primarily involved in the recognition and 
elimination of body cells compromised by intra-
cellular pathogens or oncogenic transformation.

A major focus of immunotherapeutic strate-
gies to boost endogenous antitumor immunity 
has been the stimulation of T-cells. However, 
despite homing to tumor sites, infiltrating T-cells 
seldom control tumor growth, because the tumor 
microenvironment contains a wide array of sup-
pressive mechanisms that allow tumors to escape 
T-cell effector functions.

Induction of tolerance by T-cell anergy has 
been regarded as a mechanism responsible for 
T-cell hyporesponsiveness in cancer patients. 
However, cancer is also regarded as a chronic 
disease, similar to chronic viral infections, 
where T-cells are continuously stimulated. Thus, 
with chronic stimulation, tumor-specific T-cells 
 gradually become less functional, until they 
undergo cell death, a phenomenon known as 

H. Prado-Garcia (*) · S. Romero-Garcia 
Departamento de Enfermedades Cronico- 
Degenerativas, Instituto Nacional de Enfermedades 
Respiratorias “Ismael Cosío Villegas”,  
Mexico City, Mexico

8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-30845-2_8&domain=pdf


118

T-cell exhaustion. This chapter will focus on the 
latter mechanism and its role in cancer-induced 
T-cell dysfunction.

8.2  T-Cell Activation

T-cell activation requires two signals delivered by 
antigen-presenting cells (APCs). The first signal 
involves the presentation of the antigen by APCs, 
in the form of peptides bound to MHC class I or 
class II molecules, to the T-cell receptor (TCR), 
expressed on the surface of the T-cell. The second 
signal, or costimulatory signal, stimulates T-cells 
in conjunction with the antigen. The molecules 
expressed on APCs engage their corresponding 
costimulatory receptors on the surface of T-cells. 
CD80 (B7-1) and CD86 (B7- 2) are well-charac-
terized costimulatory signal molecules, which 
interact with CD28 expressed on the T-cell mem-
brane [1] (Fig. 8.1). CD28 is the primary costimu-
latory molecule for naïve T-cells; this molecule is 
essential for initiating T-cell responses. The inter-
action of CD80 and CD86 with CD28, together 
with TCR signaling, promotes the expansion, 
along with differentiation of antigen-stimulated 
T-cells into effector and memory cells. The inter-
action of CD28 with its ligands (1) enhances the 
production of interleukin (IL-) 2, as well as other 
cytokines, (2) promotes energetic metabolism, (3) 
induces the cell cycle progression, (4) promotes 
T-cell survival, and (5) maintains T-cell respon-
siveness upon subsequent restimulation [2].

Although costimulatory molecules were ini-
tially identified as stimulators of T-cell responses, 
some of these receptors inhibit T-cell function [1]. 
For example, cytotoxic T-lymphocyte- associated 
antigen-4 (CTLA-4) is a CD28 homolog that also 
binds to CD80 or CD86. CTLA-4 expression is 
inducible after T-cell activation and is involved in 
the induction, along with maintenance of toler-
ance, as its ligation inhibits IL-2 production, thus 
blocking cell cycle progression [1].

After the discovery of homologs of CD28/
CTLA-4 and their ligands, many other coin-
hibitory molecules have been identified, some 
of which include the inducible T-cell costimu-
lator (ICOS or CD278) with its ligand CD275 

(ICOS-L, B7h, B7-RP), the inhibitory pro-
grammed death-1 (PD-1, CD279) with its ligands 
PD-L1 (B7-H1, CD274) as well as PD-L2 (B7- 
DC, CD273), and the B- and T-lymphocyte atten-
uator (BTLA, CD272) which binds the herpes 
virus entry mediator (HVEM). BTLA is an addi-
tional receptor of the immunoglobulin superfam-
ily that negatively regulates T-cell activation. In 
addition, HVEM interacts with another negative 
regulator of T-cells, CD160. Recent studies of the 
lymphocyte activation gene-3 (LAG-3, CD223) 
suggest that this molecule also plays an impor-
tant role in the regulation of T-cell responses. 
Moreover, the T-cell immunoglobulin domain 
and mucin domain-3 (TIM-3), with its ligand 
galectin-9, are involved in terminating Th1 cell 
responses and establishing tolerance [3, 4].

T-cells that recognize antigens in the absence 
of costimulation either fail to respond and undergo 
cell death or enter a state of unresponsiveness. 
Thus, costimulation is a key factor in the outcome 
of T-cell interactions with the antigen. Significant 
efforts have been undertaken to characterize 
costimulatory molecules in order to augment anti-
tumor responses; recent evidence has demonstrated 
the importance of coinhibitory molecules in the 
inhibition of immune responses. Thus, interference 
with these regulatory pathways has gained interest 
as a potential strategy for cancer therapy [1].

8.3  T-Cell Anergy

Tolerance is a mechanism that renders antigen- 
specific T-cells (self-tolerance) hyporesponsive 
and prevents autoimmunity. Central and periph-
eral tolerance are two mechanisms involved in 
T-cells’ unresponsiveness to self. Peripheral 
tolerance is a mechanism that promotes T-cell 
functional inactivation after antigen encounter 
[5]. Central tolerance is not part of the objective 
of this review and is comprehensively covered 
 elsewhere [6]. Peripheral tolerance protects the 
host from autoimmune diseases and has been 
suggested to play an important role in the induc-
tion of T-cell dysfunction in cancer patients.

Anergy is one of the mechanisms for inducing 
peripheral tolerance in which, subsequent to anti-
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gen encounter, the T-cell is intrinsically and func-
tionally inactivated [5]. The cell remains alive in 
this hyporesponsive state for an extended period of 
time. Anergic T-cells neither produce nor respond 
to proliferative signals and are unable to exert effec-
tor functions, such as cytolysis or cytokine secre-
tion. As there are many mechanisms that induce 
T-cell hyporesponsiveness, each one has its own 
characteristics, as well as mechanisms that main-

tain this state [7]; hence, the use of the term anergy 
has been controversial. In this chapter we will refer 
to anergy as a state of  hyporesponsiveness resulting 
from stimulation by an antigen without costimula-
tory and inflammatory signals. A characteristic of 
anergy is that it must be cell autonomous, which 
distinguishes this process from immunoregulation 
mediated through other regulatory cells, such as 
regulatory T-cells (Tregs) [8, 9].

Activated APC

Activated APC

Naïve T-
cell

CD80/
CD86

CD80/
CD86

CD28

MHC molecule TCR

Cytokines

Resting APC

IL-2

T-cell activation, proliferation
and differentiation

CTLA-4

IL-2

Anergy

Anergy

Fig. 8.1 T-cell activation requires recognition of the anti-
gen and costimulatory signals. Inflammation generated by 
tissue damage or infections activates antigen-presenting 
cells (APCs) and stimulates the expression of costimula-
tory molecules, such as CD80/CD86. Presentation of the 
antigen to the T-cell receptor (TCR), in the context of 
major histocompatibility complex (MHC) molecules and 
CD80/CD86 that interact with CD28, stimulates the 

expansion and differentiation of naïve T-cells (top panel). 
Resting APCs express few or no costimulatory molecules 
and fail to activate T-cells, and this leads to anergy (middle 
panel). CTLA-4 is a coinhibitory molecule that binds 
CD80 and CD86 and is upregulated on activated T-cells. 
CD80/CD86-CTLA-4 interactions inhibit T-cell responses 
and also mediate anergy

8 The Role of Exhaustion in Tumor-Induced T-Cell Dysfunction in Cancer



120

There are at least five distinct sets of circum-
stances that lead to T-cell anergy [5, 7]: (1) TCR 
ligation in the absence of full costimulation, (2) 
exposure to partial agonists and peptides with 
minor sequence differences from native agonist 
antigenic peptides that exhibit reduced avidity for 
TCR ligation, (3) full signaling without IL-2 recep-
tor-driven cell division, (4) TCR ligation in the 
presence of IL-10 or transforming growth factor-β 
(TGF-β), and (5) anergy induced through CTLA-4 
or other coinhibitory molecules (Fig. 8.1).

Thus, anergy is the consequence of factors that 
negatively regulate proximal TCR-coupled signal 
transduction, together with active transcriptional 
silencing, which is reinforced through epigenetic 
modifications [10]. This state of nonresponsive-
ness is molecularly distinct from T-cell exhaus-
tion. T-cell anergy is induced upon the first 
encounter with the antigen and is quickly initi-
ated, in contrast with T-cell exhaustion, which is 
progressive. Gene expression profiles show that 
anergy is partially distinct to exhaustion. Genes, 
such as Rnf128 (Grail), Egr2, Egr3, Dgka, and 
Cb1b, are upregulated in anergic (but not in 
exhausted) T-cells, whereas NFAT is upregulated 
under both conditions [11–13]. The detailed char-
acterization of the differences between anergy 
and T-cell exhaustion will have important impli-
cations for therapeutic interventions in immune-
mediated diseases and chronic infections.

8.3.1  T-Cell Anergy in Cancer

Anergy has been proposed to play a role in the 
impairment of T-cell function in human cancers. 
For starters, tumor cells are poor APCs, as these 
cells express antigens on MHC class I molecules 
but do not express costimulatory molecules to 
provide a second signal for full T-cell activa-
tion; thus, tumor-infiltrating lymphocytes (TILs) 
are rendered anergic [14]. In addition, immature 
myeloid-derived dendritic cells (iDCs), plasmacy-
toid dendritic cells (pDCs), and myeloid- derived 
suppressor cells (MDSCs), together with tumor-
associated macrophages (TAMs) potentially 
induce anergy in TILs [10, 15, 16]. Several studies 
have shown that human tumor cells, iDCs, pDCs, 

MDSCs, and TAMs, express high levels of coinhib-
itory molecules, such as PD-L1, PD-L2, ICOS-L 
(B7-H2, CD275), and B7-H3 (CD276), indicating 
a poor costimulatory, as well as a high inhibitory 
anergy-promoting environment. Evidence that 
cancer induces T-cell anergy comes from studies 
where the transfection of CD80 in tumor cells or 
the blockage of the B7 family coinhibitory mol-
ecules results in reduced tumor growth or tumor 
rejection in mouse models [3, 15–17].

Analysis of the functional state of TILs 
has shown that these cells are characterized by 
impairment of cytolytic activity, decreased cyto-
kine secretion, reduced expression of IL-2Rα 
(CD25), and diminished activation of extracel-
lular signal-regulated kinase (ERK) after TCR 
activation. Thus, T-cell anergy occurs in the 
tumor microenvironment of some human cancers 
[18–20]. Nevertheless, direct evidence of anergic 
T-cells has been difficult to obtain due to the lack 
of surface markers to identify this state [10].

Based on mouse tumor models, the induction 
of antigen-specific T-cell anergy has been sug-
gested to be an early event in the progression of 
tumors, which occurs in the equilibrium phase 
of immunoediting, before immunosuppression 
takes place in advanced tumors (escape phase) 
[14, 21]. However, Klein et  al. showed that 
highly immunogenic tumors evade immunosur-
veillance due to antigen overload and an insuffi-
cient number of tumor-specific T-cells, resulting 
in the exhaustion of the immune cells [22]. Thus, 
from a temporal perspective, T-cell anergy may 
predominantly occur during the early stages of 
tumor progression, whereas T-cell exhaustion 
might play a crucial role in T-cell dysfunction 
during the late stages of cancer [14].

8.4  T-Cell Exhaustion

T-cell exhaustion has been defined as a stage of 
T-cell differentiation where T-cells have poor 
effector functions and sustained coinhibitory 
receptor expression, along with a transcriptional 
state distinct from that of functional effector or 
memory T-cells [23]. Originally, this phenomenon 
was identified in chronic viral infections in mice 
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and later in chronic viral infections in humans, 
e.g., human immunodeficiency virus (HIV), hepa-
titis B virus (HBV), and hepatitis C virus (HCV) 
[23–26]. Chronic bacterial and parasitic infec-
tions have been demonstrated to promote T-cell 
exhaustion; also, cancer has been suggested to 
induce a similar phenomenon [24, 27, 28].

During chronic infections, antigen-specific 
CD8+ T-cells initially acquire effector functions, 
but gradually become less functional as the infec-
tion progresses. The dysfunction of exhausted 
T-cells is hierarchical, showing the initial loss of 
properties, such as cytotoxic activity and prolif-
erative potential, together with IL-2 synthesis; 
followed by diminished tumor necrosis factor- 
alpha (TNF-α) secretion; and subsequent loss of 
interferon-gamma (IFN-γ) production during the 
late stages of exhaustion. Finally, during the most 
extreme stages of exhaustion, deletion of T-cells 
occurs through apoptosis [23, 29] (Fig. 8.2). Like 
CD8+ T-cells, CD4+ T-cells also lose function 
during chronic infections; however, there is little 
information about the mechanisms of exhaustion 
in this T-cell subpopulation [23, 30].

Exhausted T-cells possess a molecular profile 
that is distinct from those of memory, effector, and 
anergic T-cells [12]. First, many membrane inhibi-
tory receptors are upregulated, for instance, PD-1, 
LAG-3, and TIM-3. Second, transcription of gene 
encoding molecules involved in TCR signaling 
(such as Lck and NFAT), along with cytokine 
receptors (IL-7 and IL-15 receptors) is down-
regulated. Third, the pattern of genes involved 
in chemotaxis, migration, as well as adhesion is 
changed. Fourth, there is an altered pattern of dif-
ferentiation compared with memory or effector 
T-cells. Finally, exhausted T-cells present deficien-
cies in translational, metabolic, and bioenergetic 
processes, such as the Krebs cycle [12].

8.4.1  Mechanisms for Inducing 
T-Cell Exhaustion

Coinhibitory receptors play a key role in many 
aspects of adaptive immunity, including self- 
tolerance, prevention of autoimmunity, as well 
as cancer. The mechanisms of regulation through 

coinhibitory receptors have not been charac-
terized in detail; nevertheless, several stud-
ies suggest that these receptors attenuate T-cell 
responses in many ways. Accumulating evidence 
highlights the pivotal role of the PD-1/PD-L1 
pathway in maintaining an immunosuppressive 
tumor microenvironment. This pathway has been 
proposed to be the most important coinhibitory 
signal involved in T-cell exhaustion [31, 32].

PD-1 (CD279) is a transmembrane receptor of 
the Ig superfamily, which is upregulated in mice 
chronically infected with lymphocytic chorio-
meningitis virus (LCMV) [31, 33]. PD-1 inter-
acts with its ligands PD-L1 (B7-H1, CD274) or 
PD-L2 (B7-DC, CD273), which are members of 
the B7 family [32]. PD-1 is rapidly upregulated 
on activated T-cells; then, after antigen clear-
ance, the expression of this receptor is reduced 
on effector T-cells. Upon subsequent antigen 
stimulation, effector T-cells show upregulated 
PD-1 expression. Thus, the continuous stimula-
tion of T-cells during chronic infections induces 
the accumulation of PD-1+ T-cells [23]. High lev-
els of PD-L1 expression on APCs (or tumor cells) 
might sustain PD-1 expression on T-cells and 
impair T-cell effector maturation, which allows 
the progression of chronic infection [34–36]. 
PD-L1 interaction with PD-1 induces inhibition 
of the PI3K/AKT pathway, by increasing PTEN 
phosphatase activity [33]. Moreover, signaling 
through PD-1 inhibits glycolytic metabolism and 
promotes metabolism of lipids, which inhibits 
T-cell metabolic reprogramming, consequently 
preventing differentiation to effector T-cells [37].

Studies in mouse tumor models show that 
the inhibition of PD-L1 or PD-1 using block-
ing monoclonal antibodies (mAbs) increases the 
cytolytic activity of CD8+ T-cells and reverses 
T-cell dysfunction [38, 39]. Subsequently, Barber 
et  al. showed that the inhibition of PD-1 using 
anti-PD-1 mAbs in chronically infected mice 
enhances the proliferation, as well as effector 
functions of exhausted T-cells [31]. Since the 
publication of these seminal reports, many other 
studies have shown that the interaction of PD-1 
with its ligand (PD-L1) is crucially involved in 
T-cell exhaustion in chronic human pathogen 
infections and cancer [25–27, 40–42].
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In addition to PD-1, many other cell surface 
inhibitory receptors also participate in T-cell exhaus-
tion. These coinhibitory receptors regulate distinct 
T-cell functions. For instance, PD-1 pathway affects 
survival, together with proliferation, whereas LAG-3 
affects cell cycle progression, calcium flux, and cyto-
kine production but has less influence on apoptosis 

[23]. LAG-3 is structurally analogous to the CD4 
molecule, is upregulated on activated T-cells, and 
binds MHC class II molecules. In addition to acti-
vated effector CD4+ T-cells, Tregs can also express 
LAG-3 and is involved in the suppressor function. 
Nevertheless, the pathway(s) involved for inducing 
T-cell inhibition are not clear [43].
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Fig. 8.2 T-cell exhaustion during chronic inflammation. 
In an acute inflammatory process, naïve T-cells are primed 
by an antigen, costimulatory molecules, and cytokines that 
promote differentiation into effector T-cells. After clear-
ance of the antigen and once inflammation is resolved, a 
subset of effector T-cells differentiate to become memory 
cells. During chronic processes, such as viral infections, 
the antigen persists, and T-cells go through several stages 

of dysfunction, losing effector functions (cytolysis and 
secretion of cytokines) and proliferative potential in a hier-
archical manner. Finally, deletion of T-cells by apoptosis 
occurs. As antigen load increases or CD4+ T helper sub-
population decreases, T-cells become more exhausted. 
Expression of coinhibitory receptors is correlated with the 
level of exhaustion. The scale of each activity is presented 
from high (+++) to low (−)
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TIM-3 is an inhibitory molecule that down-
regulates effector Th1 responses. This molecule 
has several ligands, such as galectin-9 and phos-
phatidylserine, along with the high mobility group 
protein B1 (HMGB1). The latter two molecules 
have more relevant roles in innate immune cells. 
The cytoplasmic tail of TIM-3 may interact with 
different TCR components. When galectin-9 
binds to TIM-3, two sites of the cytoplasmic tail 
(Y256 and Y263) are phosphorylated, which 
favors the release of HLA-B-associated transcript 
3 (Bat-3) from the cytoplasmic tail. This process 
promotes T-cell inhibition by allowing bind-
ing of SH2 domain-containing Src kinases to the 
tail and subsequent downregulation of TCR sig-
naling [43]. TIM-3 targets signaling pathways 
involved in T-cell metabolism, such as PI3K/Akt/
mTOR; thus, it has been hypothesized that, simi-
lar to PD-1, TIM-3 alters the metabolism of effec-
tor T-cells [44]. Upregulation of TIM-3 molecule 
has been found in HIV-specific and HCV-specific 
CD8+ T-cells in patients with progressive HIV and 
HCV infections, respectively. Importantly, the co-
expression of TIM-3, together with PD-1, has been 
associated with severe CD8+ T-cell exhaustion in 
terms of the proliferation as well as secretion of 
effector cytokines, such as IFN-γ, TNF-α, and IL-2 
[23]. Interestingly, CD8+ T-cells expressing both 
coinhibitory receptors also produce the suppressive 
cytokine IL-10 [45]. Other receptors belonging to 
the tumor necrosis receptor family are upregulated 
in exhausted T-cells, such as Fas, TNF-R, as well 
as tumor necrosis factor-related apoptosis-induc-
ing ligand (TRAIL) receptors; hence, these death 
receptors have been implicated in the induction 
of exhaustion, as T-cells might become prone to 
activation-induced cell death (AICD) [23, 46, 47].

The increased and sustained expression of 
multiple coinhibitory receptors is a key feature 
of CD4+ and CD8+ T-cell exhaustion. However, 
exhausted T-cells do not necessarily co-express 
all of the coinhibitory molecules. The pattern as 
well as the level of expression of coinhibitory 
receptors simultaneously expressed in the same 
CD8+ T-cell might considerably influence the 
severity of dysfunction [48]. Remarkably, func-
tional effector T-cells express coinhibitory recep-
tors during activation [49].

Several factors, such as the duration of the 
infection, the level of antigen exposure, and the 
availability of CD4+ T-cell help, in addition to the 
type of APCs that present the antigen, have been 
implicated in the severity of T-cell exhaustion. 
Metabolic pathways that depend on Akt/mTOR 
signaling, which is essential for the activation of 
T-cell metabolism, may be affected by coinhibi-
tory molecules such as PD-1 or CTLA-4 [37, 50]. 
Ligand availability for coinhibitory receptors 
could also influence the degree of exhaustion, as 
well as environmental factors such as the pres-
ence of immunoregulatory cytokines or metab-
olites [30]. In chronic viral infections, IL-10 
expression is associated with T-cell dysfunction 
[48, 51]. In addition, TGF-β has also been linked 
to exhaustion in chronic infections in humans 
[52, 53]; nevertheless, the mechanisms underly-
ing IL-10 and TGF-β-mediated T-cell exhaus-
tion are unclear. Remarkably, both cytokines are 
secreted by several human tumors [54, 55].

Dysfunction of T-cell metabolism has been 
associated with exhaustion [37, 56]. Recently, inter-
feron regulatory factor 4 (Irf4), which is a TCR-
responsive transcription factor, has been shown 
to be highly expressed in exhausted T-cells in a 
murine model of LCMV. IRF4 represses anabolic 
metabolism, as well as mitochondrial function; 
increases the expression of coinhibitory receptors, 
such as PD-1 and TIM-3; and impairs the effector 
functions of LCMV glycoprotein- derived epitope 
gp33-specific CD8+ T-cells [56]. Lysine/histone 
acetyltransferase 2B (KAT2B) is a transcriptional 
co-activator that has anti- apoptotic functions when 
cells are under metabolic stress. This molecule has 
been recently shown to be upregulated in activated 
Th1 cells and is a marker of patients with HCV, 
malaria, or influenza that responds to therapy [57]. 
Thus, expression of KAT2B may be downregu-
lated in exhausted T-cells.

8.4.2  Identification of Exhausted 
T-Cells

Genomic studies support the notion that T-cell 
exhaustion represents a particular state of dif-
ferentiation, different from that of effector or 
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memory T-cells; hence exhausted T-cells have 
a particular molecular and phenotypical profile 
[12, 30]. Exhausted T-cells show a poorly dif-
ferentiated phenotype (CD27hiCD28loCD57loC
D127loCCR7−CD45RA+ or CD27+CD45RO+) 
that correlates with dysfunction. Although PD-1 
upregulation in T-cells was initially considered as 
a hallmark of T-cell exhaustion, this molecule is 
upregulated along with activation markers, such 
as CD38 or HLA-DR [58]. In healthy adults, the 
percentage of PD-1+ cells varies from 40 to 80% 
of (CCR7+/−CD45RA−) memory T-cells; remark-
ably, these cells do not exhibit characteristics of 
exhaustion [59]. Thus, PD-1 is associated with 
T-cell activation in addition to T-cell differentia-
tion [49].

Many cell surface coinhibitory receptors 
are expressed in exhausted T-cells. LAG-3, 
TIM-3, CD244 (2B4), CD160, CTLA-4, and 
B- and T-lymphocyte attenuator (BTLA) are co- 
expressed in antigen-specific CD8+ T-cells dur-
ing chronic infection. The pattern and the level of 
coinhibitory receptors simultaneously expressed 
in the same CD8+ T-cell considerably influ-
ence the severity of dysfunction [48]. However, 
depending on the chronic infection or cancer, 
exhausted T-cells may express a different pattern 
of coinhibitory molecules.

Several transcriptional pathways have been 
associated with T-cell exhaustion. Basic leucine 
zipper transcriptional factor ATF-like (BATF), 
is upregulated upon ligation of PD-1. BATF has 
been shown to reduce proliferation and IL-2 
secretion albeit it does not increase the expres-
sion of other coinhibitory receptors (CD244 or 
CD160) [60]. Also, increased expression of tran-
scriptional repressor Blimp-1 is associated with 
upregulation of coinhibitory receptors such as 
PD-1, LAG-3, CD160, and CD244. In addition, 
the expression of transcription factor NFATc1 
(NFAT2) is also increased, but shows a dysregu-
lated function [12, 61]. On the other hand, the 
transcription factor T-bet plays a role in protec-
tion against T-cell exhaustion, as T-bet promotes 
terminal differentiation after acute infection. 
Besides, the increased expression of this tran-
scription factor inhibits the expression of coin-

hibitory receptors during chronic viral infection. 
T-bet expression is downregulated through persis-
tent antigenic stimulation, resulting in exhaustion 
[62]. Paley reported that two subsets of exhausted 
T-cells can be found in chronic LCMV infection, 
based on the expression of T-bet, Eomesodermin 
(Eomes), as well as PD-1. T-cells identified as 
T-bethigh Eomeslow PD-1int have some proliferative 
potential and produce IFN-γ along with TNF-α; 
these cells are located in the spleen and blood. On 
the other hand, cells that express the phenotype 
T-betlow Eomeshigh PD-1high have a lower prolifera-
tive potential, secrete lower levels of cytokines 
in comparison to the former subset, and express 
higher levels of other coinhibitory molecules; 
these cells have cytolytic activity and are located 
in peripheral tissues [63].

8.5  T-Cell Exhaustion in Cancer

Cancer and chronic viral infections have been 
thought to share similar mechanisms in estab-
lishing high antigen load together with an immu-
nosuppressive environment. However, there is a 
fundamental difference between these two dis-
eases: viral antigens are exogenous and extremely 
immunogenic, whereas tumor antigens are self- 
molecules that are weakly immunogenic. Thus, 
compared with tumor-specific T-cells, virus- 
specific T-cells are more frequent and easily 
detectable, facilitating identification, phenotypic 
characterization, as well as their isolation [14].

Some of the phenotypic, functional, and 
molecular changes that occur in T-cells during 
chronic infections are exhibited in TILs as well 
as peripheral blood T-cells from several cancer 
types. The initial aim of tumor immunotherapy 
was to prevent anergy, in addition to tolerance 
toward tumor antigens. However, the efficacy 
of this strategy is potentially limited by T-cell 
exhaustion [14]. Accordingly, Hailemichael 
et al. showed that in mice vaccinated with gp100 
melanoma peptide, the persisting tumor antigen 
at vaccination sites induces the sequestration of 
CD8+ T-cells, resulting in the dysfunction, as 
well as death of these cells [64].
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In the tumor microenvironment, infiltrat-
ing T-cells become dysfunctional and show 
reduced effector functions. Several reports sug-
gest that PD-L1 expression on tumor cells plays 
an important role in tumor-induced T-cell dys-
function. PD-L1 membrane expression has been 
observed using immunohistochemistry on many 
human tumors, such as melanoma, lung, larynx, 
colon, breast, cervix, and stomach [32]. In breast, 
esophageal, gastric, as well as renal carcinomas, 
the increased expression of PD-L1 on the sur-
face of tumor cells is strongly associated with 
poor prognosis [32, 65]. Thus, T-cell exhaustion 
has been proposed as a mechanism for inducing 
dysfunction through the PD-L1/PD-1 pathway. 
However, as previously indicated, PD-1 expres-
sion cannot be viewed as the sole marker of T-cell 
exhaustion in chronic diseases and cancer; hence, 
other markers, as well as functional assays must 
be considered [66].

In metastatic melanoma lesions, TILs show 
upregulation of PD-1 expression, accompanied 
with reduced production of IFN-γ and TNF-α, 
along with IL-2. Both tumor-infiltrating CD8+ 
T-cells, particularly MART-1-specific, and 
tumor-infiltrating CD4+ T-cells show significantly 
higher levels of PD-1 expression than CD8+ and 
CD4+ T-cells from peripheral blood and nor-
mal tissues from cancer patients. In addition, a 
large proportion of CD8+ T-cells from TILs were 
PD-1+CTLA-4+ cells compared with normal tis-
sues, as well as blood. PD-1+CD8+ cells from 
TILs lacked CD25 together with CD127 expres-
sion, suggesting that these cells were unable to 
proliferate, produce effect or cytokines, and 
differentiate into memory cells [67]. PD-1+NY-
ESO-1-specific CD8+ T-cells, from patients with 
advanced melanoma, upregulate TIM-3 expres-
sion and are more dysfunctional than TIM-3-

PD-1+ or TIM-3-PD-1−NY-ESO-1- specific CD8+ 
T-cells, producing less IFN-γ and TNF-α, along 
with IL-2 [68].

Derré et  al. showed that tumor antigen 
(Melan-A/Mart-1)-specific CD8+ T-cells express 
high levels of BTLA and are susceptible to func-
tional inhibition through its ligand HVEM [69]. 
In addition, Baitsch et  al. showed that in mela-

noma, tumor antigen-specific CD8+ T-cells with 
effector phenotypes simultaneously express four 
or more of the coinhibitory receptors BTLA, 
TIM-3, LAG-3, KRLG-1, 2B4, CD160, PD-1, or 
CTLA-4 [70]. Moreover, tumor antigen-specific 
CD8+ T-cells present a large variety of genes 
with a similar genetic profile to that of exhausted 
T-cells from chronic viral infections [71]. Taken 
together, these reports show that in melanoma 
patients tumor antigen-specific CD8+ T-cells 
undergo exhaustion.

Additional evidence for T-cell exhaustion 
in other cancers comes from studies in patients 
with ovarian cancer. Matsusaki et  al. reported 
that NY-ESO-1-specific CD8+ T-cells from the 
peripheral blood of patients with ovarian cancer 
show impaired effector functions, along with co- 
expression of the inhibitory molecules LAG-3 
and PD-1. The expression of LAG-3 and PD-1 on 
the surface of CD8+ T-cells is upregulated through 
IL-10, IL-6, as well as tumor-derived APCs. In 
addition, LAG-3+PD-1+CD8+ T-cells are deficient 
in IFN-γ/TNF-α secretion compared with LAG- 
3+PD-1− or LAG-3−PD-1− subsets [72].

PD-L1 expression is upregulated in Hodgkin’s 
lymphoma (HL), as well as several T-cell lym-
phomas, but not in B-cell lymphomas. In addi-
tion, PD-1 is upregulated in TILs, as well as 
peripheral blood T-cells from HL patients, and 
the blockade of the PD-1 pathway restores IFN-γ 
production in T-cells [73]. Moreover, LAG-3 
is expressed on TILs from patients with this 
 malignancy [74]. Hence, these reports suggest 
that TILs from patients with HL are exhausted.

In patients with chronic lymphocytic leu-
kemia (CLL), CD8+ and CD4+ effector T-cells 
show increased expression of CD244, CD160, 
and PD-1 molecules; in addition to expansion of 
the PD-1+ Blimphi subset CD8+ T-cells from CLL 
patients show defects in proliferation and cyto-
toxicity, but with increased production of IFN-γ, 
as well as TNF-α, normal production of IL-2, and 
increased expression of T-bet. Thus, although 
CD8+ T-cells show features of T-cell exhaustion, 
these cells retain the ability to produce cytokines 
[75]. In addition, it has been shown that, in B-cell 
non-Hodgkin’s lymphoma, TGF-β upregulates 
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the expression of the costimulatory molecule 
CD70 on memory, as well as effector T-cells, 
which in turn increases the expression of PD-1 
and TIM-3 molecules in these T-cell subsets. 
These CD70+ T-cells are deficient in cytokine 
production and are prone to apoptosis. Also, a 
higher frequency of CD70+ T-cells is associated 
with a poor outcome in patients with follicular 
B-cell lymphoma [76].

On the other hand, head and neck cancers that 
are positive for human papillomavirus (HPV) 
present a high infiltration of PD-1+ T-cells, and 
their number is positively associated with a 
favorable clinical outcome. These PD-1+ T-cells 
express activation markers, and 50% of this pop-
ulation lack TIM-3 expression and are functional 
after the blockade of the PD-1/PD-L1 pathway, 
suggesting that PD-1+ T-cells are activated rather 
than exhausted [77]. Accordingly, Lechner et al. 
showed that PD-1, PD-L1, and CTLA-4 are 
highly expressed on T-cells from head and neck 
squamous cell carcinoma tumor tissue [78], 
which would reflect an immunosuppressive 
microenvironment, but not exhaustion.

In hepatocellular carcinoma, the frequency 
of PD-1+CD8+ T-cells is higher in tumor tissues 
than in non-tumor tissues, presenting decreased 
proliferative capacity, in addition to diminished 
effector functions, as demonstrated by reduced 
granule and cytokine expression compared with 
PD-1−CD8+ T-cells, although no other marker of 
T-cell exhaustion was analyzed in this study [79]. 
Interestingly, low tumor expression of PD-L1, as 
well as galectin-9, which is a ligand for TIM-3, is 
a predictor of poor hepatocellular carcinoma sur-
vival. Also, low CD8+ TIL count has been shown 
to be a poor predictor of survival for this type 
of cancer [80]. Thus, CD8+ T-cells from hepato-
cellular carcinoma are not rendered exhausted; 
instead, they may be activated in those patients 
that show a better survival.

In colorectal cancer, PD-1 expression has been 
shown to be upregulated on CD8+ T-cells from 
tumor-draining lymph nodes and tumor tissue. 
PD-1+CD8+ T-cells are dysfunctional in tumors but 
not in tumor-free lymph nodes, because the former 
present a lower percentage of cytokine-producing 

cells [81]. However, this phenomenon would 
reflect an adverse microenvironment instead of 
exhaustion; moreover, as in other reports, the 
study of Wu et al. [81] only analyzed PD-1 expres-
sion as the marker of exhaustion. In another study, 
it was shown that TILs from colorectal patients 
present higher frequencies of TIM-3+CD8+ T-cells 
compared with para- cancerous tissues; this subset 
also produces lower levels of IFN-γ [82]. Even 
though the authors suggest that CD8+ T-cells are 
exhausted, neither other coinhibitory receptors nor 
functional capacity were evaluated, and block-
ade of PD-1 pathway did not show a response in 
patients with this type of cancer. The latter phe-
nomenon might be explained to the fact that PD-L1 
expression has been reported in approximately 
10% of tumors, mostly microsatellite unstable 
[83]. Prall and Hüns also reported that colorectal 
tumors with an immunoreactive microenviron-
ment, which is characterized by a dense immune 
infiltrate, show a high number of PD-1+CD8+ cells 
as shown by sequential immunohistochemistry 
[83]. The authors suggest that PD-1 expression 
is a consequence of T-cell exhaustion; however, 
since only the PD-1 molecule was identified in this 
study, and no functional analysis was done, PD-1 
expression might be the consequence of activation 
rather than exhaustion.

Interestingly, Haymaker et  al. proposed that 
PD-1high CD8+ T-cells in cancer patients are not 
exhausted [84]. This hypothesis is based on the 
observation that CD8+ T-cells from the TILs of 
melanoma patients recover their proliferative 
potential ex  vivo, despite expressing high levels 
of PD-1. These TILs mediate antitumor responses 
upon adoptive transfer into patients [85, 86]. 
Under this premise, infiltrating and peripheral 
blood CD8+ T-cells, expressing PD-1, BTLA, and 
other coinhibitory receptors, are not exhausted. 
Instead, these cells are highly activated effector 
memory T-cells that can be stimulated through 
immunotherapy [84]. Nevertheless, these observa-
tions have been primarily achieved in melanomas. 
In other cancers, the reduced proliferative and 
effector capacities persist, even after stimulation, 
and immunotherapeutic strategies have failed to 
induce potent antitumoral responses [64, 75, 87].

H. Prado-Garcia and S. Romero-Garcia



127

8.5.1  A Particular Case: T-Cell 
Exhaustion in Lung Cancer 
Patients

Lung cancer is the leading cause of cancer-related 
mortality in developed countries and the second 
leading cause of death in countries with emerging 
economies. This disease is one of the most com-
monly diagnosed cancers worldwide, represent-
ing 13% of all cancer cases and approximately 
18% of all cancer deaths [88]. Some reports 
indicate that the presence of TILs with memory 
phenotype is predictive of a favorable clinical 
outcome in lung cancer patients [89–91].

CD8+ T-cells have been found in both TIL and 
the pleural compartment in lung cancer patients. 
These cells are functionally impaired and are 
poorly responsive or unresponsive to several 
T-cell-activating stimuli, even though memory 
cells infiltrate lung tumors. CD8+ T-cells present 
low proliferation rate and diminished production 
of some Th1 cytokines, in addition to reduced cyto-
toxic potential, reviewed in [87]. Pleural effusion 
CD8+ T-cells from lung cancer patients express 
cell markers associated with a memory phe-
notype (CD45RA−CD45RO+CD27+granzyme- 
Alowperforin−), similar to those markers found in 
CD8+ T-cells from chronic viral infections. These 
phenotypical and functional dysfunctions suggest 
that CD8+ T-cells have been rendered exhausted.

Zhang et al. reported that tumor-infiltrating 
CD8+ T-cells from patients with non-small cell 
lung carcinoma (NSCLC) express increased 
levels of PD-1. These CD8+ T-cells are impaired 
in cytokine production, as well as proliferative 
potential, which are partially restored after 
blockade of the PD-1/PD-L1 pathway [92]. In 
a study by Gao et al., TIM-3 was found to be 
highly upregulated on both CD4+ and CD8+ 
T-cells from lung tumor tissues, but almost 
undetectable on T-cells from peripheral blood 
samples. However, TIM-3 expression on CD8+ 
T-cells was not associated with any clinical 
pathological parameter in lung cancer patients 
(e.g., tumor size, lymph node metastasis, or 
tumor stage) [93]. Recently, Thommen showed 
that cumulative expression of inhibitory recep-

tors (PD-1, TIM-3, CTLA-4, LAG-3, in addition 
to BTLA) on T-cells from tumor tissues corre-
lated with a progressively impaired capacity to 
respond to polyclonal activation and with a pro-
gression of NSCLC.  Interestingly, PD-1+CD8+ 
T-cells were found to co-express low percent-
ages of other inhibitory receptors analyzed, 
whereas BTLA+CD8+ T-cells expressed high 
levels of these receptors [94].

In the previous edition of the present chap-
ter, PD-1 expression was reported to be higher 
in pleural effusion T-cells from lung cancer 
patients, compared to those from nonmalignant 
origin [95]. This observation was later con-
firmed by a more detailed study from our group; 
remarkably, a total of CD8+, as well as CD4+ 
T-cells, do not show co-expression of the coin-
hibitory receptors TIM-3 and LAG-3. To ana-
lyze whether tumor- specific CD8+ T-cells show 
an exhausted phenotype, we used the surrogate 
marker CD137 for identifying T-cells respond-
ing to tumor antigens MAGE-3A or WT-1. With 
this strategy, it was shown that most tumor-
responding T-cells showing a memory pheno-
type (CD45RA−CD27+) express PD-1 molecule 
but do not co-express TIM-3 (see Fig.  8.3 for 
representative data and [96]). Of note, the use 
of anti-PD-L1 blocking antibody increased the 
expression of granzyme-B along with perforin 
on polyclonal- and  tumor- specific CD8+ T-cells 
[96]. Taken together, these studies suggest 
that T-cells from lung cancer patients are not 
exhausted; instead they are primed, but incom-
pletely differentiated, leading to a deficiency in 
their effector functions of cytotoxic activity, as 
well as cytokine secretion.

Interestingly, the administration of PD-1 
antibody as a blocking agent against PD-1 path-
way has shown durable partial tumor regression 
in patients with lung cancer, which was long 
thought to be a “non-immunogenic” tumor [97]. 
Thus, reactivation of immune responses in lung 
cancer patients, via blocking PD-1, TIM-3, or 
other regulatory pathways, in combination with 
other therapeutic modalities, such as radiother-
apy or chemotherapy, will provide major clinical 
benefits to patients with this disease.
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8.6  Concluding Remarks

T-cell exhaustion is a stage of differentiation 
where T-cells show poor effector functions, sus-
tained coinhibitory receptor expression, as well as 
a transcriptional state distinct from memory, effec-
tor, and even anergic T-cells. Some types of can-
cer have been shown to induce T-cell exhaustion, 
because the tumor microenvironment provides and 
maintains the required conditions for inducing this 

phenomenon. Among other conditions, the tumor 
mass is a source of antigens that chronically stim-
ulate infiltrating T-cells. In most cancers, tumor 
cells expressing PD-L1 have been associated with 
a negative disease outcome. Many tumors also 
secrete IL-10 along with TGF- β, immunosuppres-
sive cytokines that are associated with exhaus-
tion in chronic viral infections. Also, metabolic 
reprogramming of tumor cells favors a protumoral 
microenvironment that nonetheless has deleteri-
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Fig. 8.3 Representative flow cytometric analysis for iden-
tification of markers of exhaustion in antigen-specific 
CD8+ T-cells of a lung cancer patient. Pleural effusion 
mononuclear cells were stimulated overnight with tumor 
peptides from MAGE-3A, WT-1, or CMV pp65 peptides 
(used as control), and cells were then immunophenotypi-
fied. Upper panel from left to right, time vs FSC-A graph 
was done to exclude artifacts (bubbles or clumps), then 
single cells were gated from FSC-A vs FSC-H graph, next 
lymphocytes were selected from a SSC-A vs FSC-A 

graph, and a CD3 vs CD8 graph was done to select 
CD3+CD8+ T-cells. To analyze antigen-responding 
CD8+T-cells, surrogate marker CD137 was used, and 
unstimulated CD8+ T-cells are shown. Lower panel, from 
CD137 vs SSC-A graphs, the frequency of CD137+ cells 
was quantified and further identified with CD45RA, 
CD27, PD-1, and TIM-3 markers. Most antigen-respond-
ing cells have a memory phenotype (CD45RA+CD27- and 
CD45RA-CD27-); however, tumor-responding cells do 
not co-express PD-1 and TIM-3; for details see Ref. [96]
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ous effects on T-cell metabolism. From a temporal 
perspective, T-cell anergy possibly occurs during 
the early stages of tumor progression, whereas 
exhaustion might play a crucial role in T-cell dys-
function during the late stages of cancer.

Because the terms anergy and exhaustion have 
been used to describe dysfunctional T-cells, it is 
necessary to carefully evaluate not only surface 
markers but also the functionality of T-cells (pro-
liferation, cytokine production, along with cyto-
toxic functions) in order to assign such terms. 
On the other hand, studies on T-cells from can-
cer patients are limited by the amount and qual-
ity of the sample, and it is not always feasible to 
make a detailed characterization; thus, the term 
“dysfunctional” should be used when describing 
T-cells with poor functional activity until further 
data is obtained.

The reduced functions of T-cell observed 
in  vitro, the correlation of the clinical progno-
sis of cancer patients with the expression of 
PD-L1 in tumor cells, and the limited success of 
T-cell- based immunotherapy provide evidence 
that exhaustion plays an important role as a 
tumor evasion mechanism from the host immune 
system in some types of cancer.

Understanding the mechanisms of tumor- 
induced T-cell exhaustion will conduce to the 
development of vaccine-induced T-cells aimed 
at promoting tumor rejection. Clinical findings 
with blockers of immune-regulatory pathways, 
such as the PD-1/PD-L1 pathway, suggest that 
this strategy is promising for enhancing antitu-
mor immunity with the potential to produce long- 
lasting clinical responses.
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9.1  Introduction

Human NK cells were defined and shown to be 
important effectors of the innate immune system 
with a unique ability to directly lyse transformed, 
virus infected cells as well as cells that have 
undergone physical or chemical injures, i.e., 
stressed cells, without prior sensitization or MHC 
class restriction. Human NK cells were initially 
described as non-adherent, non-phagocytic, 
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CD16 (low affinity FcγRc+), large granular 
lymphocytes [1]. Today, human NK cells are 
defined as CD3−16+CD56+ and NKp46 natural 
cytotoxicity receptor (NCR) positive lympho-
cytes [2]. According to the density of expres-
sion of these receptors NK cells are divided 
into two subsets, one of which is cytotoxic 
(CD56dimCD16bright), while the other is regula-
tory (CD56 brightCD16bdim/−) and produces 
abundant cytokines (IFN-γ, TNF-α, IL-10, 
IL-13, and GM-CSF) [3–5].

To date human NK cells are subject to intense 
study because of their ability to directly lysis 
tumor cells as well as to participate in the immu-
nomodulation of the tumor response [6, 7].

9.2  Discovery and Basic 
Characteristics

NK cells were first described in 1975 as a 
peripheral blood lymphocyte subset capable of 
cytotoxicity against mouse Moloney leukemia 
cells by Kiessling who named them natural 
killer (NK) cells [8] and in parallel by 
Herberman [9]. Although initially regarded as 
an “experimental artifact” in T-cell cytotoxic-
ity with the identification of the NK1.1 recep-
tors [10] it became possible to define the 
murine NK cells and describe them as large 
granular lymphocytes distinct from T and 
B-cells. Moreover, recently NK cells have been 
designated as first members of the novel innate 
immune cell family (ILC) with distinct pat-
terns of cytokine production that closely 
resembles the heterogeneity of T helper cell 
subsets. According to cytokine production and 
lineage specific master transcription factors 
ILC are grouped into three functionally dis-
tinct groups and NK cells are the main popula-
tion of ILC group 1 (ILC1) [11]. Furthermore, 
although NK cells are innate immune cells, 
novel evidence also indicates that NK cells 
might mediate long- lived memory-like 
response after reactivation in some viral infec-
tions and following cytokine stimulation, an 
attribute considered to be inherent to adaptive 
immune system [12].

9.2.1  Origin and Maturation  
of NK Cells

NK cells are derived from CD34+ hematopoietic 
progenitor cells (HPCs) within the bone marrow still 
considered as the primary site for NK cell develop-
ment, while recent studies show that common lym-
phoid progenitor cells with NK cell commitment 
potential traffic from BM to other tissues, mainly 
secondary lymphoid organs (SLOs), which also 
serve as putative sites of human NK cell develop-
ment [13] indicating that maturation from NK pro-
genitors, as well as shaping of NK cell function is 
guided by a particular environment with its unique 
combinations of developmental conditions [14–16].

It has recently been shown that NK cells 
develop through five successive stages, from 
“stage I” or pro-NK cells characterized as CD34+ 
and c-Kit cytokine receptor positive that acquire 
IL-2/15Rβ cytokine receptor [14, 17] and are 
able to give rise to IL-15 responsive, “stage II” 
pre-NK cells and differentiate from pre-NK cells 
to “stage III” immature NK cells (iNK) that rep-
resent committed NK cell lineage. Stage III iNK 
cells no longer express CD34 and are c-Kit+/− but 
lack features of mature NK cells as they are not 
able to produce interferon γ (IFN-γ) and lack 
cytotoxicity. iNK cells subsequently differentiate 
to “stage IV” NK cells, also defined as CD56bright 
NK cells [14, 17, 18] that represents immuno-
regulatory NK cell subset capable of producing 
abundant cytokines (IFN-γ, TNF), but expresses 
very low amounts of cytolytic granules and dis-
plays poor cytotoxic capability. These CD56bright 
NK cells show low expression of cytotoxic CD16 
receptor and are positive for inhibitory CD94/
NKG2A receptor, while still low or negative for 
the main inhibitory KIR receptors. Finally, 
CD56bright NK cells downregulate the expression 
of CD94 inhibitory receptor while upregulating 
the expression of KIRs, CD16 receptor as well as 
cytotoxic molecules (perforin and granzymes) 
and differentiate into “stage V” mature cytotoxic 
CD56dim NK cells. These terminally differenti-
ated NK cells are accompanied by the progres-
sive loss of their proliferative capacity and the 
acquisition of more efficient cytolytic activity 
characterized by CD57 expression [19, 20].
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The functional maturation of NK cells 
includes a process of education, also referred to 
as licencing, arming, or tuning, by which NK 
cells acquire effector functions [21]. In addition 
to its well-known role in the regulation of NK 
cell effector functions MHC I recognition by NK 
cell inhibitory receptors is also involved in NK 
cell education. This model conceptualizes that 
signaling from inhibitory receptors licenses or 
arms functional activation of NK cells, which are 
by default unresponsive or unlicenced. It also 
relies on an instructive role for inhibitory recep-
tors and implies that inhibitory receptor signaling 
might trigger the activation signals that are 
needed for stimulating NK cells. Therefore, in 
the process of NK cell maturation interaction of 
NK cell inhibitory receptors with self MHC class 
I molecules renders NK cells not only tolerant to 
self but licenses them for functional activation 
due to activating receptor movement into plasma 
membrane nanodomains that represents their 
optimal localization for interaction with target 
cells with stress-induced NK cell stimulating 
ligands [22].

In case of MHC class I deficient organisms or 
in case that NK cells do not express inhibitory 
receptors for particular self MHC class I mole-
cules, that occurs in a small percent in normal 
organisms, NK cells do not undergo the process 
of education and they are hyporesponsive to gen-
erate cytotoxicity or cytokine production. In spite 
of this, hyporesponsive NK cells might also play 
important roles to viral infections and in neuro-
blastoma because self-inhibitory receptor- 
deficient NK cells respond more strongly than 
inhibitory receptor-positive NK cells owing to 
their recognition of specific activating ligands on 
target cells that in the absence of inhibitory sig-
nals favors activation signaling. Cytokines at 
sites of infection and tumors may functionally 
activate hyporesponsive NK cells to respond even 
toward MHC I-expressing target cells [23]. 
Furthermore, it has recently been shown that NK 
cells can switch from a hyporesponsive to a com-
petent status upon recognition of cognate MHC 
in a different setting, i.e., reeducation, which 
indicates the possibility of NK cell adjustment to 
its surrounding environment [24, 25].

Following NK cell education for their full activa-
tion they need to undergo “priming” with dendritic 
cells (DC), CD4+ T-cells, and neutrophils, as well 
as in the presence of cytokines such as IL-2, IL-12, 
IL-15, IL-18, or IL-21 [26]. The most important NK 
cell priming occurs with DCs and includes transpre-
sentation of IL-15 by DC IL-15 receptors.

NK cell-mediated antitumor response is regu-
lated by the balance of signals mediated by vari-
ous activating and inhibitory receptors and their 
ligands on tumor cells [27]. However, in malig-
nancies tumor-derived immunosuppressive fac-
tors often affect NK cell receptor expression that 
together with cytolitic molecule dysregulation 
lead to inhibition of NK cell function [28–31] 
(Fig. 9.1). In this sense, better understanding of 
NK cell biology would give better insight into the 
interaction of NK and tumor cells in order to bet-
ter harness NK cell antitumor potential.

9.2.2  NK Cell Receptors

NK cell expresses various activating and inhibi-
tory receptors that bind cognate ligands on tumor 
cells that allow NK cell-mediated antitumor 
response [27]. NK cell inhibitory receptors include 
the killer cell inhibitory, i.e.,  immunoglobulin, 
receptors (KIR) that are type I membrane glyco-
proteins responsible for the inhibition of NK cell-
mediated lysis of normal cells in the organism that 
express MHC class I molecules. Another NK cell 
inhibitory receptor is a c-type lectin that consists 
of CD94-NKG2A heterodimer. Furthermore, leu-
kocyte Ig-like receptors, LIR, is another family of 
NK cell inhibitory receptors.

On the other hand, NK cell activating recep-
tors include natural cytotoxicity receptors family 
(NCR), the activating C-type lectin family recep-
tors a homodimeric NKG2D, and heterodimeric 
CD94/NKG2C, CD94/NKG2E, CD94/NKG2H, 
FcγRc IIIA (CD16), activating killer immuno-
globulin receptors, KIR2DS1, KIR2DS4, and 
KIR2DL4 that belong to the KIR family and 
costimulatory receptor DNAM1 that cooperate 
with other cytotoxic and inhibitory receptors to 
determine NK cell cytotoxicity against trans-
formed cells [32].
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9.2.3  Killer Cell Immunoglobulin- 
Like Receptors (KIR)

The human killer cell immunoglobulin-like 
receptor (KIR) family comprises polymorphic 
molecules expressed on NK cells and a small 
subset of αβ and γδ T-cells. They are type I mem-
brane glycoproteins that may express in their 
extracellular domain two (KIR2D) or three 
(KIR3D) immunoglobulin domains, while based 
on the length of their intracellular domain they 
are designated as activating with short (S) intra-
cellular domains and inhibitory KIRs with long 
(L) intracellular domains [33].

There are 15 KIR genes that reside in a single 
complex on chromosome 19.

KIR receptors are specific for MHC class I 
antigens and are divided into haplotype A and B, 
with A being more frequent and including inhibi-
tory receptors compared to B that includes both 
types of receptors with predominance of activat-
ing receptors. NK cell KIR repertoire depends on 

both KIR and HLA polymorphisms [34]. 
Consequently, differential expression of these 
inhibitory receptors by subsets of human NK 
cells allows them to carefully monitor self (and 
foreign) MHC molecules and uniquely regulate 
cytotoxicicity when pathological processes per-
turb MHC expression [35, 36].

Each KIR has a subgroup of HLA class I allo-
type ligands with HLA-C being dominant HLA 
class I locus. All HLA-C allotypes carry valine at 
positions 76, while position 80 displays dimor-
phism, either asparagine or lysine. Nearly half of 
the HLA-C allotypes (Cw2, 4–6 and 15) carry 
lysine at position 80 (conventionally termed C2 
epitope) that binds inhibitory and activating 
receptors KIR2DL1/KIR2DS1. The remaining 
HLA-C allotypes (Cw1, 3, 7, 8) carry aspara-
gines at the position 80 (termed C1 epitope) and 
bind inhibitory and activating receptors 
KIR2DL2/3 and KIR2DS2/3 [34–37].

Activating and inhibitory KIRs may have iden-
tical or different HLA, although inhibitory KIRs 
have a higher binding affinity. In this sense, inhib-
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Fig. 9.1 NK cell interaction with tumor cells. Expression 
of major activating (blue) and inhibitory (red) receptors 
by NK cells determines NK cell cytotoxicity and IFN-γ 
production directed against tumor cells. NK cell activat-
ing receptors are downregulated in tumors by suppressive 
factors such as immunosuppressive cytokines, TGF-β, 
enzymes, IDO, and mediators of inflammation, PGE2. 

Chronic engagement of NK cell activating receptors with 
either tumor cell surface-expressed or shed NK cell 
ligands, e.g. NKG2D-L, represents another most common 
mechanism of inhibition of NK cell activity. These altera-
tions lead to anergic NK cells and allow tumor immune 
escape
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itory KIRs suppress NK cell activity through a 
receptor-associated immune tyrosine based 
inhibitory motif (ITIM) by recruiting protein 
tyrosine phosphatases (SHP-1 and SHP-2) 
responsible for dephosphorylation of tyrosine 
kinases associated with NK cell activating recep-
tors. Contrary to this, activating KIRs associate 
with unique ITAM containing adaptor originally 
designated as DAP12 that are phosphoryled by 
Src family kinases and deliver activation signals 
through recruitment of Syk/ZAP-70 tyrosine 
kinases to mediate downstream activation signal-
ing [38].

Clinical studies have correlated KIR gene 
content with infection, cancer, autoimmunity, 
pregnancy syndromes, and transplant outcome 
[35, 39, 40]. Regarding cancer, upregulation of 
inhibitory KIRs may dampen NK cell-mediated 
antitumor response and are associated with dis-
ease progression in different malignancies. Our 
studies of CD158a (KIR2DL1) and CD158b 
(KIR2DL2/3) KIR receptor expression on NK 
cells in MM patients [5] show that they have an 
increase in the expression of CD158b receptor 
that shows negative correlation with NK cell 
cytotoxicity [41].

9.2.4  NKG2D Receptors

Calcium-dependent lectin-like receptor, NKG2D, 
is an activating receptor expressed on NK cells 
and most NKT, γδ, and CD8+ T-cells. It belongs 
to NK group 2 receptors (NKG2) as member 
D. Contrary to the other members of NKG2 fam-
ily that form heterodimers, NKG2D forms only 
homodimers and recognizes a number of MHC- 
class- I-related molecules, MICA/MICB and 
UL16-binding protein (ULBP) [42] expressed on 
cells in dangerous situations such as transforma-
tion, infection, heat shock, or genotoxic stress 
[43, 44].

NKG2D as pivotal activating receptor that 
upon binding stress-induced ligands and phos-
phorylation of intracellular domain (YINM) of 
DAP10 induces cytotoxicity by recruiting, p85 
subunit of PI3K and Grb-2-Vav1 that can activate 
MAPK and Jak/STAT signaling pathways [45].

It has been shown that downregulation of 
NKG2D receptor on NK cells impairs NK cell- 
mediated antitumor cytotoxicity and is associ-
ated with breast, lung, colorectal, cerviacval, 
pancreatic, gastric cancer, and melanoma [5, 30, 
41]. Decreased expression of NKG2D is medi-
ated by immunosuppressive cytokines (TGFβ 
and IL-10) produced by tumors and different 
immunosuppressive cells (MDSC and Tregs). 
NKG2D downregulation on NK cells has been 
observed in experimental settings with tumor 
cells that have high expression of NKG2D spe-
cific ligands such as MICA/B [46]. For this rea-
son, activating NKG2D receptor has a role in 
tumor immunosurveillance, as well as in 
immune-mediated rejection of tumor cells to 
prevent tumor progression [47].

9.2.5  NKG2 C-Type Lectin 
Heterodimers

This family of C-type lectin NK cell receptors 
includes inhibitory CD94-NKG2A heterodimer 
that downregulates NK cell activity, as well as 
several NK cell activating CD94-C/E/H heterodi-
mer receptors. The ligands for these receptors are 
non-classical MHC class I molecules, HLA- 
E. The expression of HLA-E in malignant cells 
reflects aberrant overall biogenesis of MHC class 
I proteins as it is formed from peptides derived 
from the leader peptides of HLA-A, B, C, and G 
that cannot be properly assembled [48]. In humans 
the expression of these receptors may be related to 
KIR gene expression, as NK cell clones lacking 
expression of inhibitory KIR were shown to 
express an inhibitory CD94-NKG2 heterodimer, 
inhibit NK cell activation. CD94-NKG2A NK 
cell inhibitor is expressed early, in stage 3, of NK 
cell development prior to inhibitory KIR expres-
sion and in the absence of inhibitory KIRs they 
may overtake their role in NK cell education [49].

The inhibitory function of CD94/NKG2A is 
mediated by intracellular ITIM (immunoreceptor 
tyrosine-based inhibition) domain [50] that 
recruits protein tyrosine phosphatases and 
dephosphorylates surrounding tyrosine kinases 
and adaptor proteins.
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Activating CD94-NKG2C and E heterodimer 
receptors that also bind HLA-E have been shown 
to associate with DAP12 and have a role in NK 
cell antitumor response [51].

In breast and colorectal cancer the increased 
expression of inhibitory activity of NKG2A 
receptor is associated with poor disease prognosis 
[52]. Contrary to this, decreased expression of 
NKG2C activating receptor in acute myeloid leu-
kemia (AML) results in NK cell dysfunction [53].

9.2.6  Natural Cytotoxic  
Receptors: NCR

The NCRs are NK cell activation receptors that 
have immunoglobulin structural motives and 
associate with ITAM-bearing adaptor molecule, 
DAP12. They were identified on NK cells and are 
present on T-cells and NK-like cells. NCR 
include NKp46, NKp30, and NKp44 [54, 55]. 
NKp46 and NKp30 are constitutively expressed 
on all activated and resting NK cells thus making 
them the only NK-specific markers known today, 
whereas NKp44 expression is restricted only to 
activated NK cells.

The reported ligand for NKp46 is haemagglu-
tinins, while ligands for NKp30 are BAT3 (the 
nuclear factor HLA-B-associated transcript 3) 
and B7-H6 from the B7-family [56, 57]. Three 
different isoforms of NKp30, NKp30a, b, and c 
were described. The final outcome of NKp30 
activation depends on the NKp30 isoform 
expressed on the surface of NK cells that results 
in quantitatively and qualitatively different anti-
tumor response [58].

Another member of the NCR family, NKp44, 
was primarily defined as an activating receptor 
that binds haemagglutinins and a recently defined 
ligand expressed on cancer cells named mixed 
lineage leukemia-5 (MLL5) [59]. However, 
recently, Rosenthal et  al. reported its inhibitory 
properties regarding NK cells upon binding pro-
liferating cell nuclear antigen (PCNA) on tumor 
cells [60]. Expression of PCNA was associated 
with shorter overall survival of breast cancer 
patients [61] and might be involved in tumor 
immune evasion.

Upon ligation NKp46 and p44 activate ITAM 
containing adaptor proteins. NKp46 binds CD3 
FcγR heterodimers, NKp30 to CD3ζ homodimer, 
and NKp44 binds directly to DAP12. Upon liga-
tion the tyrosinases in the ITAM domain become 
phosphorylated and recruit SH2 domains of Syc/
ZAP70 kinase. Activation of Syc/ZAP70 ulti-
mately leads to ERK activation and granule 
mobilization [62]. The full effector cytotoxic 
potential of NK cells is mainly achieved upon 
simultaneous engagement of several activating 
NCRs [63].

NCR can also mediate the production of pro- 
inflammatory cytokines by NK cells. Early experi-
ments showed that cross-linking of NKp46, 
NKp44, and NKp30a and b resulted in the produc-
tion of IFNγ and TNFα and potentiation of adap-
tive immune antitumor responses. In particular 
binding of NKp30 expressed on NK cells to its 
ligands on the surface of immature DCs by produc-
ing high amounts of these cytokines trigger autolo-
gous DC maturation. Contrary to this, NKp30c 
induces production of IL-10 and is associated with 
reducing NK cell effector functions [58].

NCR expression on NK cells is negatively 
regulated by inhibitory cytokines including 
TGF-β [64] and IL-10, as well as by metabolites 
such as L-kynurenine a product of tryptophane 
degradation induced by tumor-derived indolamin- 
2,3-dioxygenase (IDO). Decreased expression of 
NKp46, NKp44, and NKp30 has been reported in 
various hematological and solid malignancies [7, 
65]. NKp44 activating receptor expressing ILC3 
cells have been shown to have tumor protective 
role [11].

9.3  Nectin and Nectin-Like 
Binding Receptors

This is another family of NK cell receptors that 
are adhesion molecules and members of 
Ig-superfamily that has recently been shown to 
have a role in the recognition of tumor cells and 
NK cell-mediated responses to tumors. These 
receptors have similar ligands that have been 
recently identified on the surface of target cells as 
crucial regulators of NK cell function, i.e., nec-
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tin- 2 (CD112) and poliovirus receptors (CD155), 
although they may have activating or inhibitory 
functions [66]. This is an important family of 
receptors that aside from best characterized 
CD226 (DNAM1-DNAX Accessory Molecule-1) 
also includes CD96 (TACTILE—T-cell-activated 
increased late expression) and TIGIT (T cell 
immunoreceptor with Ig) and ITIM domains 
receptors. These receptors are important in set-
tings in which the tumor is mainly non- 
immunogenic, as it does not express stress 
ligands or costimulatory molecules, which is a 
common situation for many epithelial cell 
malignancies.

The most prominent member of this family 
DNAM1 is an NK cell activating receptor that by 
binding to PVR and nectin-2 on tumor cells 
recruits the tyrosine kinase Fyn and PKC that 
transduce activating signals. Moreover, DNAM1 
upon interaction with its ligands induces actin 
polymerization and together with activation of 
other surface receptors contributes to more sta-
ble NK cell and target cell interaction. Aside 
from its involvement in the NK cell-mediated 
responses to tumors DNAM-1 has a role in 
migration of NK cells into secondary tumor 
deposits [48, 67].

The importance of DNAM1 in NK cell anti-
tumor recognition has been shown in solid 
tumors and AML [7, 53, 68, 69] and illustrated 
in melanoma by inhibition of NK cell function 
after DNAM1 downmodulation by tumor asso-
ciated fibroblasts (TAF) [28]. Also, DNAM1 
ligand CD155 upregulation on multiple myeloma 
(MM) cells has been reported and resulted in 
increased sensitivity to NK cell-mediated lysis 
[70].

However, the other two members of this fam-
ily, TIGIT and TACTILE receptors counteract 
DNAM-mediated activation as they contain an 
ITIM motive and inhibit NK cell antitumor activ-
ity [71]. TIGIT is strongly expressed on tumor- 
infiltrating lymphocytes in a wide range of 
tumors. For this reason, these molecules may be 
promising therapeutic targets for antibody ther-
apy directed against these and similar inhibitory 
receptors, i.e., immune checkpoint inhibitors, for 
the treatment of malignancies [66].

9.3.1  Leukocyte Ig-Like  
Receptors (LIR)

The family of leukocyte Ig-like receptors (LILR/
LIR/ILT) or CD85 includes members that are pri-
marily inhibitory (LILRB), although some are 
activating (LILRA), as well as soluble receptors 
that regulate a broad range of cells in the immune 
response. These receptors bind a broad spectrum 
of MHC class I molecules, HLA-A, B, C, the 
non-classical HLA-G, and MHC-like molecules 
including human cytomegalovirus (HCMV) 
encoded protein UL-18. Inhibitory LIRs (CD85d 
and j) contain ITIM motives in their cytoplasmic 
region, while activating LIRs (CD85i, h and e) 
with short cytoplasmic tail were proved to recruit 
the ITAM motive of FcεRIγ. However, the 
effects, mechanisms, and structure of many acti-
vating LIR receptors remain unknown [72].

LIR1 (ILT2), CD85j, is the primary type of 
inhibitory receptor expressed on mature NK 
cells. LIR1 has been identified in the context of 
human cytomegalovirus (HCMV) infection as a 
receptor for viral encoded protein UL-18 and 
may lead to the suppression of NK cell-mediated 
antiviral responses [72]. LIR1 represses the acti-
vation of NK cells and plays a key role in immune 
escape in gastric cancer and MM upon binding its 
ligands on tumor cells, that include classical and 
non-classical MHC class I molecules, especially 
membrane-bound and soluble HLA-G, overex-
pressed in cancer patients [73]. Although LIR1 
inhibits NK cell activation, inhibitory KIR and 
CD94/NKG2 receptors are thought to be more 
dominant.

9.3.2  CD16 (Fc γ Receptor IIIA)

This activating NK cell receptor is involved in 
antibody-dependent cellular cytotoxicity 
(ADCC) and direct cytotoxicity against tumor 
cells [74, 75], proliferation and post-activational 
NK cells apoptotic death, as well as in cytokine 
production [76]. CD16 receptor contains a cyto-
plasmatic domain consisting of ITAM structural 
motive that is comprised of FcεRIγ or TCRζ 
chains that upon ligand-binding become phos-
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phorylated and induce signal transduction by 
activation of non-receptor tyrosine kineses Syk 
and ZAP-70 [77].

The expression CD16 receptor has been 
reported to be decreased on NK cells in breast 
cancer and MM patients [68, 78] due to post- 
activational receptor internalization and MMP- 
mediated receptor shedding following contact 
with target cells [79, 80]. In this sense, as CD16 
defines the two functionally different NK cell 
subsets its decreased expression leads to the loss 
CD16bright cytotoxic subset, a finding that has 
been detected in numerous malignancies such as 
breast cancer, MM, and melanoma [78, 81, 82].

9.3.3  Natural Killer Receptor-P1 
(NKR-P1)

This is a human homologue of rodent NK1.1 
receptor which is a prototypical NK cell marker. 
CD161 is encoded by NKR-P1 gene family and is 
type 2 membrane glycoprotein receptor that 
belongs to the C-type lectin family. Five receptors 
NKR-P1A, -B, -C, -D, and -F have been identified 
in which NKR-P1-B and D both contain an ITIM 
suggesting inhibitory function; however, it was 
found that NKR-P1-C, analogous to rodent NK1.1 
receptor, associates with ITAM containing FcεRI 
to induce NK cell activation although the biologi-
cal relevance of this remains unclear [30, 41, 81]. 
NKR-P1A (CD161) receptor has been shown to 
appear early during NK cell development and its 
activating function may be confined to immature 
NK cells. The signaling of NKR-P1A has not 
been fully characterized, although it may activate 
acid sphingomyelinase which was suggested to 
result in NK cell resistance to apoptosis.

Ligands for NKR-P1-B and D have been iden-
tified as Ocil-Clr-b, glycoprotein expressed on 
hematopoetic cells and Clr-g, a c-type lectin 
expressed on activated NK cells. These receptors 
may be involved in NK cell antitumor responses, 
as expression of Ocil-Clr-b can be downregulated 
on tumor cells in some form of “missing self” 
recognition of target cells. Cross-linking NKR- 
P1A (CD161) receptor to lectin-like transcript 1 
(LLT1) inhibits NK cell cytotoxicity [83, 84].

However, the biological relevance of CD161 
expression in malignant tumors remains unclear, 
as its detected decreased expression does not cor-
relate with decrease NK cell cytotoxicity in meta-
static melanoma [5].

9.4  NK Cell Effector Functions

Unlike adaptive T and B lymphocytes, NK cells do 
not rearrange their receptor genes somatically, but 
rather rely on fixed number of inhibitory and acti-
vating NK cell receptors that are capable of recog-
nizing MHC class I (HLA-C) and MHC class I-like 
molecules (MICA/B, ULBP), as well as other 
ligands. Downregulation of MHC class I molecules 
or loss of its expression during viral infection or 
carcinogenesis releases the inhibitory signal to NK 
cells and permits their activation. NK cell effector 
function can be triggered by the engagement of 
activating NK cell receptors with stress-induced 
cell surface ligands expressed by transformed or 
infected cells. NK cell triggering is the result of a 
complex balance between inhibitory and activating 
signals and requires not only the deficient MHC I 
expression on target cells, but also the expression 
of inducible ligands of activating NK cell receptors 
[85, 86]. NK cells exert their biological functions 
by various means that includes cytotoxicity and 
cytokine and chemokine production [29].

9.4.1  Cytotoxic NK Cell Function

NK cells exert their cytotoxic function using two 
main pathways: direct cytotoxicity (receptor- 
independent) based on degranulation of lytic 
granules containing perforin and granzymes and 
indirect cytotoxicity (receptor-dependent) based 
on expression of death ligands, such as FAS 
ligand (FasL) or tumor necrosis factor related 
apoptosis-inducing ligand (TRAIL).

9.4.2  Lytic Granule Cytotoxicity

Upon recognition of the NK cells with its target 
via specific receptor ligand interaction, subse-
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quent adhesion molecule interaction (LFA-1, 
ICAM-1) initiate immunological synapse forma-
tion. At this point within the activated NK cell, 
lytic granules are mobilized toward the immune 
synapse via polarization of microtubule organiz-
ing center (MTOC) and drastic cytoskeletal rear-
rangement. Upon fusion of granular vesicles with 
the plasma membrane, the lytic components, 
namely the pore forming protein perforin and 
serine proteases or granzymes are released into 
intercellular space. Perforin monomers are 
exposed to extracellular levels of free Ca ions 
(Ca++) in the synaptic space, which elicits simul-
taneous unfolding, polymerization and insertion 
into opposing target cell plasma membrane. The 
resulting perforin pores lead to transient Ca2+ 
influx and endocytosis of granzymes and other 
lytic granule components. The most important 
effect of granzymes is ignition of programmed 
cell death by both caspase-dependent and 
caspase- independent pathways. Aside from this 
perforin mediated membrane damage leads to 
colloid osmotic lysis due to the presence of pores 
in the membrane [87, 88].

Perforin was first characterized as a compo-
nent present in dense cytoplasmic granules of 
both NK and CTL [89] that causes rapid killing 
upon granule exocytosis. NK cells have been 
shown to have preformed perforin [15, 90]. Upon 
cytokine stimulation transcription of perforin 
gene in NK cells is regulated by STAT1, 4 and 5 
[15, 91–99]. Impaired STAT1 signaling is associ-
ated with low NK cell cytotoxicity and low pro-
duction of IFNγ in patients with malignancies 
[98, 100]. Loss-of-function mutations in the gene 
coding perforin (PRF1) markedly reduce the 
ability of NK cells to kill target cells, causing 
immunosuppression and impairing immune reg-
ulation as seen in melanoma, lymphoma, colorec-
tal carcinoma or ovarian cancer [101, 102].

Five granzymes have been identified in 
humans: A, B, H, M and tryptase-2/granzyme 3 
[103] that belong to the family of serine proteases 
with a wide range of substrate specificities. While 
granzyme B induces apoptotic death in a caspase- 
like fashion [104], granzyme A, aside from 
inducing non-apoptotic cell death, targets nuclear 

proteins and directly in a noncaspase-like fashion 
induces DNA fragmentation [105].

9.4.3  Death Receptor Mediated 
Cytotoxicity

Death ligands, Fas ligand (FasL) or TRAIL can 
induce target cell apoptosis by interacting with 
their respective receptors on target tumor cells 
[106, 107]. FasL is a type II membrane protein 
and it is expressed constitutively by NK cells. 
FasL recognizes and causes aggregation of death 
domains in cytoplasmyc region of its receptor on 
target cells. Following endocytosis of the recep-
tor ligand complex the adaptor molecule FADD 
(Fas associated death domain) binds the death 
domains of the complex and the classical apop-
totic signaling cascade is initiated. In an apparent 
mechanism to thwart the antitumor response, a 
variety of tumor cells also express FasL which by 
counter-attack has been shown to result in NK 
cell apoptosis and depletion [108]. TRAILs on 
NK cells induce signaling through their  functional 
receptors on target tumor cells and also integrate 
on the FADD-dependent signaling apoptotic cas-
cade. This apoptotic mechanism is slower (sev-
eral hours) and often less efficient than 
granule-mediated cytotoxicity.

9.5  Regulatory NK Cell Function

Beside their spontaneous capacity to mediate 
natural cytotoxicity towards tumor or virus 
infected cells, NK cells are also able to produce 
cytokines, such as Th1 cytokine and IFN, as well 
as both proinflamatory and immunosuppressive 
cytokines, such as TNFα and IL-10, respectively, 
and growth factors such as GM-CSF and IL-3. 
NK cells also secrete many chemokines includ-
ing CCL2 (MCP-1), CCL3 (MIP1-α), CCL4 
(MIP1-β), CCL5 (RANTES), and IL-8 which are 
key for NK cell co-localization and interaction 
with other cells of the innate and adaptive 
immune system in areas of inflammation and 
tumors [109].
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Although, it was considered that regulatory 
CD3-CD56bright NK cells are the main producers 
of IFNγ, it has recently been shown that after tar-
get recognition and cytokine activation cytotoxic 
CD3-CD56dim NK cells show after short stimula-
tion, 4–6 h, rapid production of IFNγ that is tran-
sient and not detectable after 24 h [7, 97]. It is 
after this period that the regulatory CD3- 
CD56bright NK cell subset continues to consis-
tently produce IFNγ [110].

These beneficial primary biological activities 
of IFNγ in the tumors present in early inflamma-
tory response, has recently been shown to change 
to pro-tumorigenic effects in chronic tumor- 
related inflammation. This immunosuppressive 
effect of IFNγ is based on its ability to adversely 
affect the protective role of neutrophils and 
myeloid cells and to induce mediators (prosta-
glandine E2) and enzymes (indoleamine 
2,3-dioxygenase-IDO) that suppresses NK cell 
function by downregulation of their activating 
receptors [111]. Furthermore, NK cell produced 
IFNγ induces non-classical, HLA-G expression 
on tumor cells that by binding inhibitory NK cell 
receptors (KIR, LIR) negatively affect not only 
NK, but T-cell responses. Moreover, IFNγ by the 
induction of PD-L1 on tumor cells that bind 
inhibitory checkpoint PD-1 receptors on NK and 
CTLs, further suppresses their function [112].

9.6  Conclusion

The comprehension of NK cells function has 
extremely grown in last period and involved better 
characterization of activating and inhibitory NK 
cell receptors, their ligands and signaling path-
ways, as well as identification of novel NK cell 
receptors. However, in malignancies many immu-
nossuppressive mediators and cytokines contrib-
utes to functionally impaired NK cells by affecting 
receptor repertoire that eventually leads to tumor 
immune evasion and disease progression. Better 
understanding of alterations associated with 
diminished NK cell activity in cancer patients may 
represent useful biomarkers of the course of dis-
ease and may assist in selection of immunotherapy 
to restore and sustain NK cell antitumor response.
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10.1  Introduction

Dendritic cells (DCs) are highly specialized 
antigen- presenting cells (APCs) essential in 
order to generate immune responses [1], recog-
nizing, processing, and presenting “danger sig-
nals” to the adaptive immune system. It is clear 
that DCs are not a unique homogeneous cell 
population, but rather a pool of subsets with dif-
ferent origins, phenotypes, and functions [2, 3]. 
However, two of these are of greater importance: 
myeloid-derived dendritic cells (mDCs) and plas-
macytoid dendritic cells (pDCs). mDCs reside 
in an immature state in peripheral tissues where 
they behave as sentinels to actively capture and 
process antigens (Ags). Following exposure to 
proinflammatory cytokines or pathogen- derived 
products (pathogen-associated molecular pat-
terns, PAMPs), they undergo a maturation pro-
cess and migrate to draining local lymph nodes 
via the afferent lymphatics [4]. In contrast, pDCs 
do not reside in peripheral tissues during homeo-
stasis, but are encountered in the peripheral blood 
and lymphoid organs [1, 5]. They were first iden-
tified in human blood and tonsils [6]. Unlike 
mDCs, they do not express myeloid antigens 
(i.e., CD11c); rather they are characterized by 
CD123; CLEC9A, the receptor for actin exposed 
during cell necrosis [7]; the cell adhesion mol-
ecule CADM1 (NECL2); the antigen BTLA; and 
high levels of intracellular indoleamine 2,3-diox-
ygenase (IDO) [8]. The hallmark of pDCs is 
their unique capability to produce large amounts 
of interferon-α and interferon-β (type I IFN) in 
response to viruses [9]. Furthermore, pDCs can 
differentiate into mature DCs when stimulated 
by viruses [10, 11]. Thus, pDCs are key effec-
tors in innate immunity and act as the ideal cell 
population in connecting innate and adaptive 
immunity [9]. This discovery dates back to more 
than 50  years ago when Lennert and Remmele 
[12] identified a previously unrecognized rare 
cell type with plasma cell-like morphology in the 
paracortical area of reactive lymph nodes. Later 
data revealed that these cells express both T-cell 
and monocyte markers and were therefore des-
ignated as plasmacytoid T-cells or plasmacytoid 
monocytes [2, 3, 13]. In the 1980s, pathologists 

became increasingly aware of this enigmatic 
cell, and its tissue accumulation was shown to be 
restricted to lymphoid organs afflicted by reac-
tive or neoplastic disorders [3, 4], as well as skin-
associated lymphoid tissue [14, 15]. However, 
despite an increasing interest in these cells, 
their functional significance has still remained 
enigmatic.

10.2  Localization and Trafficking 
Patterns of Plasmacytoid 
Dendritic Cells (pDCs)

The development and molecular regulation of 
pDCs is still under investigation. FMS-like tyro-
sine kinase 3 ligand (Flt3L) is the main growth 
factor that induces the differentiation of com-
mon myeloid progenitor cells into both mDCs 
and pDCs [16]; however, the E2-2 transcription 
factor is uniquely required for pDC differentia-
tion [17]. During steady-state conditions, mouse 
pDCs reside in lymphoid organs and blood, as 
well as the liver, lung, and skin; nonetheless, 
their proliferation rate is very low [18]. Human 
pDCs reside in primary, secondary, and tertiary 
lymphoid organs (aggregates/follicles—lymph 
nodes (LNs), tonsils, spleen, thymus, bone mar-
row, and Peyer’s patches) [19], in addition to the 
liver and blood [20]. They can migrate from lym-
phoid organs toward T-cell-rich areas of second-
ary lymphoid tissues through high endothelial 
venules (HEV) and toward the marginal zone of 
the spleen [21]. In contrast, during pathological 
conditions, pDCs leave the bone marrow or the 
circulation and infiltrate inflamed tissues where 
they can “sense” danger signals, both PAMPs 
and endogenous danger signals (danger-associ-
ated molecular patterns, DAMPs), leading to the 
release of large amounts of type I IFNs [19, 21]. 
In this scenario they generate protective immu-
nity as type I IFNs can activate mDCs, B, T, and 
NK cells [19, 21]. In particular, pDCs accumu-
late in inflammatory sites, e.g., lymphoid hyper-
plasia of the skin [14], cutaneous systemic lupus 
erythematosus (SLE), psoriasis vulgaris (basal 
epidermis and papillary dermis, but not normal 
skin), contact dermatitis, and allergic mucosa 
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[22]. pDCs also infiltrate ascites associated with 
primary and malignant melanoma [23, 24], head 
and neck carcinoma [25], and ovarian carcinoma 
[26]. Recruitment into these sites suggests that 
pDCs may contribute to the ongoing inflamma-
tory response through the release of cytokines 
and chemokines and lead to the activation of lym-
phocytes [27] or, alternatively, to the induction of 
tolerogenic responses [28].

An intriguing question is how do pDCs enter 
LNs and inflammatory sites? Chemokines are 
important regulators of DC trafficking in  vivo. 
Similar to mDCs, blood pre-pDCs (an immedi-
ate precursor of pDCs) undergo maturation and 
upregulate functional CCR7 after activation 
with microbial stimuli or CD40 ligation, thereby 
acquiring responsiveness toward CCL19 and 
CCL21 expressed by HEVs and LN constituents 
[29, 30]. Furthermore, pDCs express L-selectin 
(CD62L), which recognizes corresponding 
ligands (peripheral lymph node addressin [PNAd]) 
on HEVs [21]. These observations may account 
for the localization of pDCs around HEVs and in 
T-cell-rich areas of LNs during pathological con-
ditions. pDCs also express ligands for VCAM-1, 
an inducible molecule on endothelial cells which 
may enhance migration to draining LNs [28]. 
Pre-pDCs express several additional chemokine 
receptors, e.g., CCR2, CCR5, and CXCR3 [31, 
32]. Nevertheless, unlike mDCs, they marginally 
respond to the corresponding ligands (MCP-1; 
RANTES, MIP-1α, and MIP-1β; Mig [CXCL9], 
IP-10 [CXCL10], and I-TAC [CXCL11], respec-
tively). Instead, they migrate efficiently follow-
ing the recognition of CXCR4 ligand SDF-1/
CXCL12, which is expressed on dermal endo-
thelial cells, in LN-derived HEVs, and in malig-
nant cells [28]. Although relatively inactive on 
their own, CXCR3 ligands produced by Th1 cells 
can enhance the responsiveness of pre-pDCs to 
SDF-1 by 20- to 50-fold [29, 32]. During micro-
bial infection or inflammation, the induction of 
CXCR3 ligands may drive the recruitment of 
immature pDCs to tissues responsible for SDF-1 
production. In tonsils and in psoriatic skin, epi-
thelial cells expressing SDF-1 have been asso-
ciated with the expression of CXCR3 ligands 
[32]. However, pDCs lose their responsiveness 

to SDF-1 once differentiated [31]. Interestingly, 
pDCs express cutaneous lymphocyte-associated 
antigen (CLA), which binds to E-selectin on der-
mal endothelial cells and which may enhance 
their recruitment to cutaneous inflammatory 
lesions [33].

Adenosine has recently been identified as a 
potent chemotactic factor for immature pDCs 
via an A1 receptor-mediated mechanism [34]. 
Upon maturation, the receptor is downregulated, 
resulting in loss of migratory function. In turn, 
the A2a receptor is upregulated, through which 
adenosine reduces the production of proinflam-
matory cytokines [34]. Thus, adenosine, as a 
resultant of tissue injury from the degradation of 
the increased release of ATP, as well as SDF-1 
and CXCR3 ligands, facilitates the recruitment 
of immature pDCs from blood to inflammatory 
sites, but subsequently limits their contribution to 
an inflammatory response upon maturation after 
an encounter with virus, bacteria, or activated 
T-cells [34].

“Local” maturation upregulates CCR7, allow-
ing pDCs to migrate to LNs in response to 
CCL19 and CCL21 and resist apoptosis [35]. At 
this site, pDCs could potentially present periph-
erally acquired Ags to T-cells. Recently, IL-18 
produced by mDCs in inflamed sites was shown 
to attract pre-pDCs and modulate their function 
to skew Th cells toward Th1 cells [36].

10.3  Plasmacytoid Dendritic Cells 
(pDCs) Phenotype

pDCs are a rare cell type representing only 0.5% 
of circulating cells in healthy individuals [19]. 
They are round-shaped cells characterized by a 
prominent endoplasmic reticulum [21]. Mouse 
pDCs manifest most of the morphological and 
phenotypical features of their human counterpart 
[19, 21, 37]. Human pDCs are CD4+, CD45RA+, 
IL-3αR (CD123)+, immunoglobulin-like tran-
script factor (ILT)-3+, ILT-1low/−, Siglec-H+, and 
CD11clow/− cells (Table  10.1) [21]. Two addi-
tional surface markers for human pDCs are 
represented by BDCA-2 and BDCA-4 that corre-
spond to the murine mPDCA-1, restricted to the 

10 Role of Plasmacytoid Dendritic Cells in Cancer



150

Table 10.1 Markers currently identified on pDCs

Marker Structure/function Ligand Effect of activation
BDCA-2/
BDCA-4

Associated with FcεRlγ to form a 
signaling receptor complex

ITAM Upon ligation, they inhibit TLR 
activation and release of type I IFN

CD4 A glycoprotein expressed on the 
surface of T-helper cells, monocytes, 
macrophages, and dendritic cells

It recognizes the 
TCR-MHC class II 
complex and is required 
together with the CD3 
zeta chain for the 
recognition of antigens

Activation of pDCs

CD123 The IL-3 receptor (70KD) is 
composed of a ligand-specific alpha 
subunit and a signal-transducing beta 
subunit shared by the receptors for 
interleukin 3 (IL-3), colony- 
stimulating factor 2 (CSF2/GM-CSF), 
and interleukin 5 (IL-5)

IL-3 Amplification of inflammation

IL-T3 Characterized by its cytoplasmic 
ITIM domain

Fc receptor Tolerance induction

IL-T7 Characterized by its cytoplasmic 
ITIM domain and is also expressed on 
B, T, and NK cells

IFN-I Inhibition of release of type I IFN 
(negative feedback)

CD11c A heterodimeric integral membrane 
protein composed of an alpha chain 
and a beta chain. It is present only on 
mouse, but not human, pDCs

ICAM-2 and VCAM-1 Induces cell activation; it is an 
adhesion receptor that is implicated in 
phagocytosis of latex beads and 
bacteria in the absence of 
complement. It plays an important 
role in the inflammatory response and 
can lead to the production of 
proinflammatory cytokines after an 
APC response

TLR7 An intracellular endosomal pattern 
recognition receptor

Single-stranded RNA Upregulation of CD40, CD80, CD86, 
and CCR7. Induction of high levels of 
type I IFN. Does not induce IL-12p70 
production

TLR9 An intracellular endosomal pattern 
recognition receptor

Unmethylated CpG 
oligonucleotides from 
bacterial DNA

Upregulation of CD40, CD80, CD86, 
CD83, HLA-DR, and CCR7. 
Upregulation of type I IFN, IL-6, 
TNF-α, IL-8, and IP-10. Does not 
induce IL-10 secretion

PD-L1 Ligand of PD-1 (programmed cell 
death-1) receptor (also known as 
CD279) expressed on the surface of 
activated T-cells

PD-1 and PD-L1 belong to the family 
of immune checkpoint proteins that 
act as co-inhibitory factors, which can 
halt or limit the development of the 
T-cell response. PD-1/PD-L1 
interaction ensures that the immune 
system is activated only at the 
appropriate time in order to minimize 
the possibility of chronic autoimmune 
inflammation

CD80 A type 1 transmembrane protein 
expressed mainly on APCs and 
members of the B7 co-signaling 
molecule family. It is constituted by 
two extracellular domains: a 
membrane distal variable-like domain 
(IgV) and a membrane proximal Ig 
constant-like domain (IgC) along with 
an intracellular domain

CTLA-4 CD80/CTLA-4 interaction has effect 
on the two major subsets of CD4+ 
T-cells: downmodulation of helper 
T-cell activity and enhancement of 
regulatory T-cells (Treg)
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Marker Structure/function Ligand Effect of activation
CLEC9A The C-type lectin (CTL) 9A, also 

known as DC NK lectin group 
receptor-1 (DNGR-1), is a protein 
consisting of a single extracellular 
CTL domain connected to the 
transmembrane domain by a stalk 
region and an intracellular cytoplasmic 
tail with potential signaling motifs

Unknown Recognizes necrotic cell-associated 
epitopes and plays an important role 
in cross-presentation of dead 
cell-derived antigens

CADM1 A protein that belongs to 
immunoglobulin superfamily; is a 
homophilic, transmembrane Ig 
domain-containing protein with 
intracellular PDZ protein-binding 
motifs. It is a ligand of class I-restricted 
T-cell-associated molecule (CRTAM)

Acts as a major receptor for the 
adhesion of mast cells (MCs) to 
fibroblasts, human airway smooth 
muscle cells (HASMCs), and neurons

BTLA A type I transmembrane co-signaling 
receptor belonging to the CD28 Ig 
superfamily.
BTLA binds to the TNFR family 
member herpes virus entry mediator 
(HVEM)

HVEM/BTLA interaction recruits the 
protein tyrosine phosphatases SHP-1 
and SHP-2, thus inhibiting signaling 
cascade downstream of the TCR and 
BCR

CD2 A member of the immunoglobulin 
superfamily with two 
immunoglobulin-like domains in its 
extracellular portion; is a specific 
marker for T-cells and NK cells

CD58, CD48, CD59, 
and CD15

Its activation results in augmentation 
of factor tyrosine phosphorylation (as 
PLCγ1); increases specific signaling 
through the TCR; T-cell activation 
and release of cytokines and 
induction of apoptosis

CD5 A glycoprotein receptor expressed on 
the surface of all T-cells and at lower 
density on a minor population of 
murine and human B-cells

CD72 Ligation of CD5 modulates the TCR 
and BCR signaling pathway

CD81 A surface protein composed of four 
transmembrane (TM) and two 
extracellular (EC) domains; expressed 
on T- and B-cells, NK cells, 
monocytes, dendritic cells, 
thymocytes, endothelial cells, and 
fibroblasts

E2 envelope 
glycoprotein of HCV, 
bona fide HCV particles

Induces B-cell adhesion via VLA-4 
integrin and is involved in early T-cell 
development. CD81/CD19 
association regulates B-cell signaling; 
interactions with CD3 and ICAM-1 
regulate the integrity of the immune 
synapse during T-cell activation. 
CD81 is involved in hepatitis C virus 
(HCV) and Plasmodium sporozoite 
invasion of hepatocytes and also 
contributes to the assembly and 
budding of human immunodeficiency 
virus and influenza A virus

AXL A member of a receptor tyrosine 
kinase (RTK) family that shares a 
conserved intracellular tyrosine kinase 
domain and an extracellular domain 
similar to those seen in cell adhesion 
molecules

Gas6 (vitamin 
K-dependent protein 
growth-arrest-specific 6)

AXL/Gas6 interaction leads to PI3K 
activation and its downstream targets 
Akt and S6K, as well as 
NF-κB. Gas6/Axl signaling is 
involved in cell growth and survival 
in normal and cancer cell

SIGLEC A type I transmembrane protein with 
N-terminal portion in the extracellular 
space and the C-terminal in the 
cytosol. Each SIGLEC contains an 
N-terminal V-type immunoglobulin 
domain (Ig domain) which acts as the 
binding receptor for sialic acid

Sialic acid Cell adhesion and cell signaling

Table 10.1 (continued)
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peripheral blood and bone marrow-derived pDCs 
[21]. BDCA-2 is a C-type lectin transmembrane 
glycoprotein which can internalize Ags for pre-
senting to T-cells. Some data show that triggering 
BDCA-2 can potently inhibit in vitro induction 
of IFN-α/IFN-β expression in pDCs by viruses 
[38]. On the other hand, BDCA-4 does not have 
a substantial effect on pDC function, but can be 
used for the purification of pDCs by magnetic 
selection (Table  10.1). Recently, a previously 
unknown population of pDCs has been discov-
ered in human blood, bone marrow, and tonsil, 
which are morphologically, phenotypically, and 
genetically distinct from most pDCs [39]. These 
cells express CD2, CD5, and CD81 on their sur-
face and fail to produce type I IFN upon CpG 
oligonucleotide stimulation due to substantially 
less IRF7 mRNA expression. Higher levels of 
IRF5 than CD5−CD81− pDCs induce transcrip-
tion of proinflammatory cytokines, chemokines, 
and costimulatory molecules, as well as IFN-α/
IFN-β, more abundant production of IL-6, and 
elevated expression of CD40, CD80, and CD86. 
The role of this subset of pDCs is to strongly 
activate B and T lymphocytes, playing an impor-
tant role in the immune response in physiologi-
cal conditions [39]. To date, recent findings have 
shown a new population named AS (AXL+ and 
SIGLEC+) DCs characterized by the expres-
sion of AXL, SIGLEC1, and SIGLEC6 antigens 
sharing properties with pDCs, but more potently 
activate T-cells. This finding suggests that pDCs, 
originally described as “natural” interferon- 
producing cells (IPCs), have lower capability to 
induce T-cell proliferation [40].

In addition, recent evidence has demon-
strated that CD9+ Siglec-Hlow pDCs secrete 
IFN-α when stimulated with TLR agonists, 
induce CTLs, and promote protective antitu-
mor immunity. By contrast, CD9neg Siglec-Hhigh 
pDCs secrete negligible amounts of IFN-α, 
induce Foxp3+ CD4+ T-cells, and fail to pro-
mote antitumor immunity [41]. Although newly 
formed pDCs in the bone marrow are CD9+ and 
are capable of producing IFN-α after aggre-
gating in peripheral tissues, they lose CD9 
expression and the ability to produce IFN-α. 
Therefore, recognition of pDC surface mark-

ers is actually very important, not only to dis-
tinguish pDCs from mDCs and other myeloid 
cells but also to identify their function and to 
allow researchers to isolate them.

BDCA-2-DTR [42] and Siglec-H-DTR mod-
els [43] are the recently developed murine models 
used to study the role of pDCs in the pathogenesis 
of various diseases. These mouse models allow 
the study of pDCs in pathophysiological condi-
tions through the depletion of pDCs by diphthe-
ria toxin (DT) using the human diphtheria toxin 
receptor (DTR) that is driven by the BDCA-2 
promoter, as the mouse receptor for DTR binds 
DT with a lower affinity.  However, many stud-
ies have also been conducted by using specific 
depleting antibodies (Abs), such as 120G8 Ab 
[44], BST-2 Ab [45], and mPDCA-1 [46] in vivo. 
All these Abs bind to the same surface marker 
(BST-2 or CD317). Ab depletion models seem 
to be less specific than DTR models, but are still 
very efficient in pDC depletion, thus allowing the 
investigation of the role of pDCs during steady-
state and pathological conditions. The limitation 
of Ab-mediated pDC depletion stands on the role 
of some molecules, such as BST-2, which is also 
expressed by stromal and other immune cells 
after an inflammatory stimulus [45].

10.4  Activation of pDCs

Plasmacytoid dendritic cells are highly special-
ized for sensing nucleic acids via the intracel-
lular pattern recognition receptors, Toll-like 
receptors (TLR) 7 and TLR9 [19, 37]. pDCs and 
mDCs have a different repertoire of TLR expres-
sion [19, 21, 37]. Human and mouse mDCs can 
express TLR1, TLR2, TLR4, TLR5, TLR7, and 
TLR8, while pDCs selectively express high lev-
els of TLR7 and TLR9 [47]. TLRs are a family 
of receptors associated with the innate immune 
response [48]. In particular, TLR7 recognizes 
single-stranded RNA enriched with guanosine 
or uridine from viruses, synthetic imidazoquino-
lines, and guanosine analogs [48]. On the other 
hand, TLR9 is activated by unmethylated CpG 
oligodeoxynucleotide (CpG-ODN) motifs typi-
cal of viruses and bacteria [48]. Interestingly, 
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the response of human pDCs is dependent upon 
the class of synthetic CpG-ODN used to stimu-
late them. Stimulation with CpG-A (D)/2216 
ODN induces sustained high IFN-α production 
by pDCs, but minimal upregulation of cell sur-
face maturation markers including CD80, CD86, 
and major histocompatibility complex class 
II (MHC-II) [49, 50]. CpG-A has no effect on 
B-cells (which also express TLR9). On the other 
hand, stimulation with CpG-B (K)/2006, a strong 
B-cell activator, results in increased expression 
of costimulatory and Ag-presenting molecules 
and higher IL-8 and TNF-α secretion, but lower 
levels of IFN-α production by pDCs. Two distinct 
pathways of IFN-α/IFN-β production have been 
identified regarding stimulation with CpG-A vs 
CpG-B [50]. pDCs constitutively express IRF7 
and synthesize high levels of IFN-α in response 
to CpG-A, which also triggers an autocrine feed-
back loop involving the IFN receptor-dependent 
pathway [47]. In contrast, IFN-α/IFN-β induction 
by CpG-B is independent of the IFN-α/IFN-β 
receptor loop [50, 51]. Recently, CpG-C, a new 
class of CpG-ODN in which structural elements 
of CpG-A and CpG-B have been combined, 
has emerged. This sequence activates B-cells 
and induces IFN-α production by pDCs [52]. 
Furthermore, non-CpG-containing ODNs have 
been shown to bind human TLR9 [52, 53] and to 
stimulate pDCs [54].

TLR7 and TLR9 are very sensitive to different 
stimuli; the first triggers ssRNA viruses, and the 
latter responds to DNA viruses [55]. TLR7 and 
TLR9 activation recruits a cytoplasmic adaptor, 
myeloid differentiation primary response gene 88 
(MyD88), which is able to assemble a multipro-
tein signal-transducing complex inducing inter-
feron regulatory factor 7 (IRF7) activation [48]. 
MyD88 also leads to TRAF-6-mediated NF-κB 
and MAP-kinase (MAPK) activation, essential for 
the transcription of proinflammatory cytokines, 
chemokines, and costimulatory molecules [48, 56].

The exposure of pDCs to TLR7 or TLR9 
ligands can lead to the production of type I IFN 
and proinflammatory cytokines, such as TNF-
α, and chemokines, such as IL-8 (CXCL8) [1, 
19, 21]. Constitutive expression of IRF7, which 
is different from mDCs in which induction is 

needed, renders pDCs high producers of type 
I IFN [1, 19, 21], regulating T-cell immunity 
and leading toward Th1 and cytotoxic T lym-
phocyte polarization and activation of mDCs, 
NK cells, and B-cells [1, 19, 21]. Remarkably, 
IFN-α modulates several aspects of the immune 
system, including pDC survival [57], mDC dif-
ferentiation, modulation of Th1 and CD8+ T-cell 
responses, cross-presentation, upregulation of 
MHC and costimulatory molecules, activation of 
NK cells, and induction of primary Ab responses 
[58]. However, a recent study found that type I 
IFN negatively controls pDC turnover, in that 
an overproduction of type I IFNs can lead to the 
death of pDCs during steady-state conditions and 
viral infections [55]. pDC activation can also 
lead to the production of IL-12p70, IL-1β, and 
IL-6 [59]. Furthermore, a recent discovery found 
that pDCs may mediate the release of IL-10 [29]; 
however, another group [60] showed that these 
cells do not directly produce IL-10 (Fig. 10.1).

Moreover, it has recently been demonstrated 
that pDCs produce high amounts of granzyme 
B [61], which is effective only in combination 
with perforins mainly produced by cytotoxic 
T lymphocytes (CTLs). This further connects 
pDCs to the adaptive immunity. Additionally, 
in the absence of an “efficient” adaptive CTL 
immunity, pDCs can behave as killing DCs due 
to the release of tumor necrosis factor-related 
apoptosis- inducing ligand (TRAIL) and the 
induction of DR5 expression, a TRAIL receptor, 
on the cell target [42, 61].

A diversity of C-type lectin receptors (CLRs) 
has been identified on DC subsets, including 
DC-SIGN (CD209), DEC-205 (CD205), langerin 
(CD207), mannose receptor (CD206), BDCA-2, 
and dectin-1. CLRs typically recognize carbohy-
drate-rich structures on microbes and self-antigens 
[38]. They have been implicated in cell adhesion 
and regulation of signaling events (e.g., BDCA-
2), migration and homing (e.g., DC-SIGN), Ag 
uptake and processing for MHC-II presentation 
to T-cells (e.g., DC-SIGN, BDCA-2, langerin, 
and mannose receptor), cell- cell transmission of 
pathogens (e.g., DC-SIGN), and tolerance to self-
antigens (e.g., DEC-205). pDCs express BDCA-2 
and BDCA-4, dectin-1, and possibly DEC-205 
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but lack DC-SIGN and langerin, found on CD34+ 
and monocyte-derived DCs and Langerhans 
cells (LCs), respectively [62]. The physiologic 
function of CLRs on pDCs remains unknown. 
Anti-BDCA-2 Abs are rapidly internalized and 
efficiently presented to T-cells, suggesting a role 
in Ag capture and presentation [38]. Interesting 
relationships between CLRs and TLRs have been 
documented. In mDCs, interaction of DC-SIGN 
with lipoarabinomannan secreted by mycobacte-
ria inhibits lipopolysaccharide (LPS)-induced DC 
activation through TLR4 [63]. This mechanism 
may permit pathogens to evade immune responses 
and perpetuate tolerance to self-antigens in the 
face of TLR activation by microbes. On the other 
hand, it has been shown that dectin-1 collaborates 
with TLR2 in inducing proinflammatory cytokine 
secretion in murine macrophages and DCs [64]. 
Whether BDCA-2 has any connection to TLRs in 
pDCs remains to be elucidated. However, early 
reports have shown that secretion of type I IFNs 
by pDCs in response to the influenza virus (most 
likely triggering TLR7/TLR8) or to complexes of 
plasmid DNA and anti-DNA Abs (possibly stimu-
lating both FcR and TLR9) is significantly inhib-
ited by ligation of BDCA-2 with anti- BDCA- 2 
Ab [38]. It is worth noting that BDCA-2 is down-
regulated after pDCs’ maturation and that mature 

pDCs secrete less IFN-α/IFN-β in response to 
viral stimuli than immature pDCs do [65, 66]. 
BDCA-2 has an intracellular domain of 21 amino 
acids without known motifs implicated in signal 
transduction; however, ligation induces Src fam-
ily protein-tyrosine kinase-dependent intracel-
lular calcium mobilization and protein- tyrosine 
phosphorylation of intracellular proteins [38]. 
BDCA-4 (neuropilin-1) is also upregulated in 
blood mDCs after overnight culture and may par-
ticipate in DC-lymphocyte interactions [67].

Furthermore, a recent study shows that a 
microbial or cytokine stimulus can lead pDCs 
to multiple activated statuses, specialized in 
several innate and adaptive immune functions. 
In particular, Alculumbre et  al. found that the 
stimulation of pDCs with influenza virus led 
to three stable pDC subpopulations: P1-pDCs 
(PD-L1+CD80−) which displayed a plasmacytoid 
morphology and were specialized for type I IFN 
production, P2-pDCs (PD-L1+CD80+) which dis-
played both innate and adaptive functions, and 
P3-pDCs (PD-L1−CD80+) which encountered a 
DC morphology and adaptive immune function 
in promoting T-cell activation and Th2 differen-
tiation [68]. These results propose a new model 
of immune cell differentiation opening new 
possibilities for generating specialized cellular 
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Fig. 10.1 The recognition of stimuli, such as DNA or 
RNA motifs from viruses and bacteria, by pDCs via TLR7 
and/or TLR9, induces the activation of MyD88-dependent 

signaling pathways that lead to the expression of cyto-
kines such as IL-6 and TNF-α, costimulatory molecules 
such as CD80, and the synthesis/release of type I IFN
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populations through pharmacological manipula-
tion. Moreover, these data further highlight that 
according to the environment they encounter, 
pDCs can behave differently and achieve differ-
ential immunological activity.

10.5  pDCs: Bridging the Gap 
Between Innate 
and Adaptive Immunity

The production of type I IFNs by pDCs repre-
sents the bridge between the innate and adaptive 
immune system. Type I IFN (IFN-α and IFN-β) 

is an important component of the innate immu-
nity, especially during viral infections [19, 21]. In 
contrast to mDCs, pDCs produce high amounts 
of type I IFNs upon activation [19, 21], which 
both amplify their own production in an auto-
crine manner and induce the release of other pro-
inflammatory cytokines such as IL-12p70 from 
mDCs and NK cells [69] (Fig. 10.2a). Activation 
of mDCs diverts the immune environment toward 
a Th1-like bias, during which IFN-γ produc-
tion facilitates Th1 differentiation [19, 21, 69], 
long- term T-cell immunity [21, 69], and a CTL- 
mediated response [70], as well as prolifera-
tion and survival of T-cells [69, 70]. Moreover, 
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Fig. 10.2 (a) Activated pDCs produce high amounts of 
type I IFNs which both amplify their own production in an 
autocrine manner via the expression of IFNAR on them-
selves and induce the release of other proinflammatory 
cytokines such as IL-12p70 from mDCs and NK cells that 
lead to Th1 and CTL polarization; (b) pDCs induce 

B-cells to differentiate into plasma cells via the activation 
of IFNAR and IL-6R and the interaction of CD70-CD27 
on B-cells; (c) pDCs can lead to immunosuppression via 
both direct interaction with Treg (CD80 or CD86+CTLA-4 
or PD-L1+PD-1) and the release of IDO-induced kynuren-
ine metabolites which induce Th1 cell death
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through the production of IL-6 and type I IFNs, 
pDCs induce B-cells to differentiate into plasma 
cells which are immunoglobulin-producing cells 
(preferentially IgG and IgM) (Fig. 10.2b). In the 
process of B-cell activation, a key role is played 
by the CD70 receptor expressed on pDCs, as it 
can induce the differentiation and proliferation of 
IgG-producing B-cells [71] (Fig. 10.2b).

In addition, activated pDCs can undergo other 
important phenotypic changes that induce them 
to change their phenotype toward an mDC phe-
notype [1]. The upregulation of MHC and T-cell 
costimulatory molecules enables pDCs to engage 
and activate naïve T-cells [72–74]. There have 
been many controversies regarding the role of 
pDCs to prime T-cells and cross-present Ags 
[74]. The expression of MHC and T-cell costimu-
latory molecules is not as high as in mDCs, and 
that is why pDCs are less efficient than mDCs at 
priming T-cells [75]. Moreover, the repertoire of 
Ags that can be presented by pDC-derived MHC 
molecules is more restricted than that of mDCs, 
since not all of these Ags reach the endocytic 
compartment inside pDCs [74, 75]. However, 
some pDC receptors such as BDCA-2, Siglec-H, 
and DCIR are able to bind Ags, mediate endocy-
tosis, and process and present to T-cells [74, 75].

Interestingly, activated pDCs can also promote 
Th2-like immune responses [69] underlining 
their functional plasticity. There is evidence that 
IFN-α stimulates the differentiation of pDCs into 
Th1-polarizing pDCs, whereas in the absence of 
IFN-α (but only in the presence of proinflam-
matory signals), pDCs can also stimulate Th2 
polarization/differentiation [76]. Moreover, some 
authors reported that CpG-activated pDCs exert a 
strong immunosuppression and induce the differ-
entiation of allogeneic CD4+CD25+ T-cells into 
CD4+CD25+ regulatory T-cells in tumor condi-
tions [55, 60]. Interestingly, pDCs can directly or 
indirectly recruit Treg cells via the PD-L1/PD-1 
axis [77] (Fig. 10.2c), the release of immunosup-
pressive cytokines, such as IL-10 [60, 77], and 
the membrane tolerogenic inducible costimulator 
ligand (ICOS-L) [8].

pDCs can also synthesize large amounts of 
functional IDO, which requires autocrine release 
of type I IFN, upon TLR9 and CD200R ligands’ 

stimulation [19]. IDO-derived metabolites pro-
mote T-cell death [60, 78] and suppress T-cell 
immunity in normal and pathological settings. In 
the same manner, reduced tryptophan amounts 
can lead to the release of regulatory cytokines, 
such as IL-10 [79], associated with a tolerogenic 
environment.

In this scenario, it was recently reported that 
pDCs could have inflammatory activities eluding 
T-cell-dependent immune response. The accu-
mulation of pDCs in the intestinal lamina propria 
amplified the intestinal inflammation by recruit-
ing inflammatory monocytes/macrophages and 
cDCs into the inflamed colon, leading to the ini-
tiation and exacerbation of a T-cell-independent 
acute colitis [80].

Taken together as a whole, these data suggest 
that pDCs are a key effector cell in both innate 
and adaptive immunity regulation [1].

10.6  pDCs and Human Diseases

A wide spectrum of human diseases such as 
infection, autoimmunity, and cancer are associ-
ated with the accumulation of pDCs in lymphoid 
and peripheral tissues and had a strict correlation 
with the reduction of these cells in the peripheral 
blood [24]. For many of these diseases, compel-
ling evidence supports a pathogenic role of pDCs, 
mainly related to either the increase or reduction 
of proinflammatory or anti-inflammatory func-
tions of pDCs. Alternatively, pDC accumulation 
might exert an adjuvant immune function, as in 
viral infection and in imiquimod-treated cancers, 
where they seem to encounter an antiviral and 
antitumor activity. In many other pathologies, 
available information is still limited, and pDC 
biology is largely unknown.

10.6.1  Role of pDCs in Human 
Infections

pDCs have been most extensively studied dur-
ing HIV and chronic viral hepatitis, particularly 
hepatitis C virus (HCV) infections. The emerging 
picture suggests an important role for pDCs in 

M. Terlizzi et al.



157

these infections; however, the exact mechanism 
and consequences of pDC activity are controver-
sial at present [81]. pDCs can respond to HCV 
and particularly to HCV-infected hepatocytes 
which induce pDCs to signal via an endocytosis- 
and IRF7-dependent mechanism, but not via the 
NF-κB pathway, implying a non-full functional 
response of pDCs that contribute to the evasion 
of immune responses by HCV [82]. In contrast, 
other studies demonstrated normal pDC func-
tionality in chronic HCV infection [83]. The 
resolution of this controversy would establish 
pDCs either as a weak link of anti-HCV immune 
response or as a potentially powerful effector 
type that can be harnessed for immunotherapy of 
chronic HCV.

Similarly, pDC dichotomy is observed in HIV 
infection, in which some authors assume that 
pDCs can be infected with HIV and/or respond 
to it with robust IFN secretion [84], while oth-
ers reported impaired activity of pDCs in HIV- 
infected patients [85, 86]. Interestingly, pDCs are 
progressively depleted from the blood of infected 
patients, either through infection-induced death 
or due to redistribution to lymphoid organs. The 
key unresolved question is whether HIV-induced 
pDC activation is beneficial or harmful for the 
host. On one hand, IFN secretion by pDCs was 
shown to inhibit viral replication in T-cells and 
promote pDC and cDC maturation, leading to 
the killing of infected T-cells. In this context, 
it is likely that HIV may have evolved mecha-
nisms to suppress pDC activation, e.g., through 
BDCA-2 ligation [87], which disables pDC func-
tions as APCs and type I IFN-producing cells. 
On the other hand, the same functions of pDCs 
may exacerbate T-cell depletion, e.g., by dis-
seminating HIV to uninfected CD4+ T-cells or 
by bystander T-cell killing. Most importantly, 
elevated IFN response by pDCs may contribute 
to chronic immune activation and faster T-cell 
depletion [88]. It is plausible that the function 
of pDCs in HIV infection changes from protec-
tive to pathogenic as the disease progresses. In 
the early stages of infection, IFN production 
and virus cross-presentation by pDCs may help 
limit virus spread and mount cytotoxic T lym-
phocyte responses, whereas as virus replication 

escapes control, IFN secretion may drive poly-
clonal T-cell hyperactivation and depletion [83]. 
The eventual loss, redistribution, or functional 
impairment of pDCs in the late stages of infec-
tion would contribute to immunodeficiency.

A recent study identified T-cell immunoglobu-
lin (Ig) and mucin domain-containing molecule-3 
(Tim-3) as a novel biomarker of pDC dysfunc-
tion in HIV infection. Tim-3 was upregulated 
on pDCs during HIV infection, a sign of pDC 
abnormalities, even after combined anti-retro-
viral therapy (cART). The frequency of Tim-3-
expressing pDCs inversely correlated with CD4+ 
T-cell counts and positively with HIV viral loads 
and disease progression, implying a favorable 
role of pDCs for HIV-related disease probably 
due to the lower expression of IRF7 [89]. In con-
trast, a lower frequency of Tim-3 on pDCs led to 
higher levels of IFN-α and TNF-α in response to 
imiquimod and Sendai virus, TLR7 agonists, and 
to CpG, a TLR9 agonist. Furthermore, intracellu-
lar Tim-3 colocalized with p85 and IRF7 within 
LAMP1+ lysosomes, suggestive of a role in 
degradation. Thus, the role of pDCs in HIV and 
HCV infections highlights the power and danger 
of pDC activation and reveals another strategy of 
immune system subversion by these viruses.

Another aspect to take into consideration is 
the antifungal activity of pDCs. Indeed, pDCs 
express receptors involved in fungal recognition, 
such as CTL receptors including dectin-1, dec-
tin- 2, dectin-3, and mannose receptor and TLR9 
that are deputed to recognize, signal, and respond 
to a wide variety of fungal pathogens, includ-
ing Aspergillus fumigatus, Cryptococcus neo-
formans, Candida albicans, and Pneumocystis 
jirovecii [90]. The cellular responses of pDCs 
to fungal recognition are still under investiga-
tion, but recent studies found that human pDCs 
directly inhibited the growth of A. fumigatus 
hyphae and were able to produce IFN-α and 
TNF-α in response to in vitro hyphal stimulation 
[91]. The depletion of pDCs in mice subjected to 
A. fumigatus infection led to decreased survival 
rate, implying a role for pDCs in the antifun-
gal immune response. However, further studies 
are needed to better understand and clarify the 
response of pDCs against fungi.
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10.6.2  Role of pDCs in Autoimmune 
Diseases

Several autoimmune diseases are associated 
with elevated levels of type I IFNs, implying a 
potential role for pDCs in cytokine production 
[92]. To date, the strongest evidence for pDC 
involvement has been accumulated from the 
study of two diseases: psoriasis and systemic 
lupus erythematosus (SLE) [93]. In psoria-
sis, early skin lesions are highly infiltrated by 
activated pDCs, corresponding with decreased 
numbers of circulating pDCs [94]. Blocking 
IFN production by pDCs using anti-BDCA-2 Ab 
inhibited the development of skin lesions in a 
xenograft mouse model, providing causal proof 
of pDC function in the disease [94]. Gilliet’s 
group [95] identified the activating stimulus 
for pDCs as complexes of self-DNA with the 
antimicrobial peptide LL-37. This and possibly 
other homologous proteins promote the aggre-
gation of released cellular DNA and RNA into 
large complexes that efficiently activate pDCs 
[95, 96]. Although the origin of these immuno-
stimulatory complexes and the consequences 
of pDC activation remain to be elucidated, the 
major role of pDCs in psoriasis is well estab-
lished. Interestingly, recently a role for pDCs 
has been described in “paradoxical psoriasis,” 
a condition characterized by inflammatory skin 
lesions observed in 2–5% of patients receiving 
anti-TNF therapy. Anti-TNFs directly prolong 
the ability of pDCs to produce type I IFN. The 
resulting overexpression of type I IFNs is suf-
ficient to drive the development of the psori-
atic skin phenotype. Unlike classical psoriasis, 
which is a T-cell-mediated autoimmune disease, 
development of “paradoxical psoriasis” is inde-
pendent of T-cells, and it is likely that it is due 
to a pDC-driven innate immune response [97].

Similarly to psoriasis, lupus patients show 
a decrease in circulating pDCs and the accu-
mulation of activated, IFN-producing pDCs in 
affected tissues such as the skin [98]. The hall-
mark of lupus is the production of antinuclear 
Abs and immune complexes of such Abs with 
endogenous nucleic acids, which were shown to 

activate pDCs through TLR7/TLR9 [99, 100]. 
These complexes may be delivered into the 
endosomal compartment of pDCs via Fc recep-
tor II (FcγRII) [99, 101], and their stimulatory 
capacity can be augmented by the nuclear DNA-
binding protein HMGB1 [102]. In addition, self-
DNA forms complexes with LL-37 and other 
antimicrobial peptides released by neutrophils, 
and the resulting complexes induce IFN secre-
tion in pDCs through TLR9 [102]. Notably, 
TLR-activated pDCs become resistant to glu-
cocorticoids, which could underlie the limited 
efficacy of these drugs in lupus [103, 104]. The 
direct causal relationship between pDC-derived 
IFN and lupus progression/severity is hard to 
establish in the human system and should await 
elucidation in animal models.

An important study carried on lupus-prone 
BXSB.DTR mice showed that pDCs con-
trol the early threshold activation of adaptive 
immune cells accelerating lupus progression. 
In this mouse model, the depletion of pDCs led 
to reduced autoimmunity, in that lower auto-
antibody production and less severe glomeru-
lonephritis were found during the early stage 
of the disease, implying not only the crucial 
role of pDCs in this autoimmune disease but 
also that even a transient depletion of these 
cells was able/sufficient to ameliorate disease 
symptoms [105].

Nevertheless, the likely connection between 
the formation of nucleic acid-containing immune 
complexes, pDC activation, and IFN secretion 
and the pronounced IFN signature of the disease 
makes a strong case for pDC as a major player 
in lupus pathogenesis [83]. Overall, the aberrant 
conversion of self-nucleic acids into ligands for 
TLR7/TLR9 on pDCs (via immune complex for-
mation, antimicrobial peptide binding, and other 
mechanisms to be discovered) may represent a 
common pathogenesis step in psoriasis, lupus, 
and possibly other autoimmune diseases such as 
Sjögren’s syndrome [106].

The activity of pDCs in viral and autoimmune 
diseases may teach us how and why pDCs highly 
populate cancerous masses, playing a pivotal role 
for the tumor immune microenvironment.
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10.6.3  Role of pDCs in Cancer

Recent studies have shown that the density and 
location of immune cells in primary tumors can 
predict patient survival [107], supporting the 
notion that monitoring local immune responses 
may represent a critical step in predicting patient 
prognosis and likely response to antitumor strat-
egies [108]. pDCs have been found in a variety 
of neoplasms; nonetheless their function is still 
unknown. Solid tumors, such as head and neck, 
breast, ovarian, lung, and skin, are populated by 
non-active pDCs [108]. Clinical studies have 
suggested a direct correlation between reduced 
numbers of circulating pDCs and higher pres-
ence of these cells in malignant masses [1, 108]. 
Although the causal relationship is still under 
investigation, recent results from mouse models 
are starting to define the specific role(s) of pDCs 
in tumor masses. The mechanism that induces 
the recruitment of pDCs to the tumor site is not 
clear. Circulating pDCs express multiple chemo-
tactic receptors such as CXCR4 and ChemR23, 
being the only biological active receptors in 
healthy donors [31]. CXCR4 binds CXCL12, 
widely expressed in tissues and which most 
likely represents the main axis for pDC accumu-
lation in human tumors [28]. CXCL9, CXCL10, 
and CXCL11, which bind CXCR3, present on 
pDCs, are all IFN-inducible proteins and might 
be involved in pDC infiltration [109]. In addi-
tion, cytokines, such as CXCL10 and CXCL12, 
and chemokines, such as CCL2, are released 
by tumor and stromal tumor-associated cells, 
such as cancer-associated fibroblasts (CAFs), 
allowing pDCs to migrate from the circulation 
to the injured tissue [26]. Accordingly, Drobits 
et  al. demonstrated that CCL2 produced in the 
inflamed skin of tumor-bearing mice facilitated 
pDC recruitment [61].

Once recruited, pDCs seem to be important 
players in cancer immunoediting due to their 
capacity to bring together the innate and the adap-
tive immunity. In particular, it seems that a criti-
cal role is played by type I IFNs. Endogenously 
produced IFN-α/IFN-β was required for the 
prevention of the growth of primary carcinogen-

induced sarcoma [110]. In this study, host hema-
topoietic cells were critical targets of IFN-α/
IFN-β during the development of protective anti-
tumor responses [110]. pDCs have been widely 
described as professional type I IFN-producing 
cells; therefore, the higher presence of pDCs in 
the tumor mass might directly link pDCs to can-
cer immunoediting in that pDCs may behave as 
antitumor cells. However, other reports showed 
opposite activities of pDCs in cancer. Animal 
studies demonstrated that tumor- associated pDCs 
(TApDCs) are defective in type I IFN production 
but instead secrete immunosuppressive factors 
responsible for tumor progression [111, 112]. 
In support, we found that lung tumor masses are 
highly populated by pDCs [113, 114]. We found 
that tumor masses presented a higher percentage 
of pDCs than healthy tissues. In particular, pDCs 
were in their immunosuppressive phenotype, as 
determined by higher levels of CD33 and PD-L1. 
Despite higher HLA-A and HLA-D expression, 
cancerous pDCs did not exert cytotoxic activity 
against tumor cells but instead promoted their 
proliferation. In this scenario, cancerous pDCs 
were able to produce high levels of IL-1α, which 
was strictly correlated to the activation of the 
inflammasome absent in melanoma 2 (AIM2), 
which led to higher cytoplasmic calcium release 
responsible for calpain activation. The blockade 
of type I interferon receptors and of AIM2 via 
the addition of LL-37 significantly reduced the 
release of IL-1α. Our data demonstrated for the 
first time that lung tumor-associated pDCs are 
responsive to the activation of AIM2 inflamma-
some, facilitating tumor cell proliferation in the 
lung.

It is clear that similar to viral infections and 
autoimmune diseases, the dichotomy of pDCs in 
cancer might underlie their phenotype and matu-
ration state and might teach us how to provide 
personalized therapy for patients.

10.6.3.1  Antitumor Activity of pDCs
Type I IFNs are pleiotropic cytokines with a dem-
onstrated clinical benefit to cancer patients and 
have recently emerged as the connection bridge 
between tumor cells and the immune system 
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[115]. pDCs produce large amounts of type I 
IFNs upon TLR7 and TLR9 stimulation. Drobits 
et al. showed that the intratumoral stimulation of 
pDCs with imiquimod renders these cells cyto-
toxic and contributes to tumor regression inde-
pendently from conventional adaptive immune 
mechanisms, via the production of TRAIL and 
granzyme B secretion by pDCs via IFNAR1 sig-
naling [61]. A recent study showed that activated 
pDCs can kill HER2-/Neu-positive breast can-
cer cells, obtained from BALB/c mice, through 
the release of TRAIL and granzyme B, which 
are known to activate NK and CD8+ T-cells. In 
this study the authors showed that CpG activates 
the TLR9 signaling pathway and inhibits tumor 
growth in breast cancer mouse models [116].

However, the role of TApDC-derived gran-
zyme B in the absence of perforins not produced 
by pDCs still remains to be elucidated.

Another mechanism that may underlie the 
antitumor activity of TApDCs is their antigen- 
presenting activity. Although in their immature 
state, TApDCs are still capable to internalize Ags 
in vivo and to activate CD4+ T-cells [117]. The 
immature state of pDCs is reflected in that they 
have altered cytokine production in response to 
TLR9 ligands in vitro while preserving unaltered 
response to TLR7 ligands [118], which instead 
seem to have potential antitumor activity. To date, 
imiquimod is in phase III clinical trial against 
melanoma. In contrast to these results, systemic 
administration of CpG favored pDC-induced 
lung tumor progression [119], as also observed 
in a mouse model of breast cancer [118]. Similar 
to the data shown by Drobits et al., Le Mercier 
et  al. proved that, although CpG did not alter 
TApDC activity, the intratumoral administra-
tion of a TLR7 ligand led to TApDC activation 
and displayed a potent curative effect in a type I 
IFN- dependent manner [61, 118], which seems 
to underlie the subsequent inhibition of tumor 
metastasis [120]. In addition, Liu et  al. [121] 
demonstrated that the intratumoral activation of 
pDCs via CpG could induce NK cell-dependent 
tumor regression in a melanoma animal model. It 
is remarkable that TLR9 expression and respon-
siveness is impaired by tumor-derived compo-
nents [122]. Similarly, in  vitro differentiated 

pDCs exhibit an increased capacity to induce NK 
cells to kill acute lymphoblastic leukemia cells 
due to the production of higher amounts of IFN- 
λ2, known to play a critical role in the induction 
of antitumoral NK cells [123].

ILT7 on pDCs binds BST-2 expressed by 
tumor cells, and their interaction inhibits type 
I IFN production by pDCs, disabling TLR9- 
dependent signaling pathways [124]. Moreover, 
tumor-derived TGF-β and TNF-α have been iden-
tified as the main in vivo mechanisms blocking 
type I IFN production by pDC in tumors through 
inhibition of the IRF7 signaling complex, leading 
to a negative impact of defective pDCs in breast 
cancer through Treg expansion [125].

Taken together, these data supported the ratio-
nale to use TLR7 ligands to restore TApDC acti-
vation in both breast and skin cancer. However, 
it still remains to be determined how the acti-
vation of TLR7 and TLR9, which are MyD88- 
dependent, on pDCs, can differ based on tissue 
specificity and on the route of administration.

10.6.3.2  Pro-tumor Activity of pDCs
Several evidences have shown the prevailing 
immunosuppressive activity of pDCs due to both 
the impairment in type I IFN production and the 
release of pro-tumor factors [1]. Stimulation of 
lung tumor-bearing mice with systemic CpG, a 
TLR9 ligand, did not lead to the same results as 
observed by Liu et al. [121]. Activation of pDCs 
through CpG had the opposite effect in that pDC 
activation increased the recruitment of Tregs 
and limited the inflammatory cell influx to the 
lung, thereby establishing an immunosuppres-
sive environment enabling tumor growth [1, 119, 
125]. The same was observed in another mouse 
model of breast cancer in which in  vivo deple-
tion of pDCs delayed tumor growth showing that 
TApDC provides an immune-subversive environ-
ment, most likely through Treg activation, thus 
favoring breast tumor progression [126]. The dis-
crepancy in these data and the one from Liu et al. 
[121] could be a result of tissue specificity and 
route of CpG administration which is very impor-
tant in determining the tumor microenvironment, 
which in turn strongly influences immune cell 
phenotype. Moreover, in the absence of a spe-
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cific stimulus, pDCs in the tumor mass have been 
associated with the development and mainte-
nance of the immunosuppressive microenviron-
ment [127]. Similar to mice, human pDCs in 
tumor masses are in their immature phenotype; 
nonetheless, a thorough study has never been 
conducted on the role of these cells in human 
tumor microenvironment. Nevertheless, it is 
clear that pDCs play a fundamental role in the 
tumor microenvironment. The specific depletion 
of pDCs induced lung tumor regression with a 
concomitant Th1 polarization that arrested tumor 
progression [119]. On the other hand, stimula-
tion of TLR7, rather than TLR9, can subvert 
the immunosuppressive activity of TApDCs. 
TLR7- dependent pathway induced melanoma 
regression in mice [61] through the transfor-
mation of pDCs into tumor-killing cells able 
to produce granzyme B and TRAIL.  Likewise, 
another group revealed that human pDCs can 
kill melanoma cells in  vitro under imiquimod 
and IFN-α stimulation [128]. While pDCs can 
produce high levels of granzyme B, their role as 
cytotoxic immune cells remains to be determined 
as they lack the pore-forming perforin [128]. On 
the other hand, it has been proposed that under 
IL-3 and IL-10 exposure, pDCs release abundant 
granzyme B, which in turn is capable of blocking 
T-cell proliferation, thus suggesting a new poten-
tial mechanism for tumor-immune evasion [128]. 
Moreover, recent studies have demonstrated that 
peripheral pDCs from patients with hepatocellu-
lar carcinoma (HCC) exposed to tumor-derived 
factors would enhance IL-10 production by CD4+ 
Tregs, through upregulation of ICOSL, favoring 
tumor cells to escape the immune system [129].

Several mechanisms have been postulated 
for the immunosuppressive nature of tumor- 
associated pDCs: (1) release of tolerogenic fac-
tors, (2) ILT-7 expression, (3) PD-L1 expression, 
(4) Siglec-H activity, and (5) induction of a Th2- 
like environment. Tolerogenic factors produced 
by tumor cells, such as PGE2 [130] and TGF-β 
[125], can alter type I IFN signaling pathway. 
Tumor-derived PGE2 and TGF-β act synergis-
tically to block IFN-α and TNF-α secretion by 
pDCs [19, 125]. Opposite to IFN-α and TNF-α, 
IL-6 and IL-8 production are enhanced in PGE2- 

and TGF-β-treated pDCs [131]. Both IL-6 and 
IL-8 promote immune cell survival and chemo-
taxis but also enhance tumor cell proliferation and 
angiogenesis [132, 133]. Moreover, PGE2 is cru-
cial for the secretion of other immunomodulatory 
factors such as SDF-1, the ligand for CXCR4, 
which is upregulated on both human pDCs and 
tumor environment [134]. Thus, pDCs can be 
retained in the tumor tissue via PGE2- induced 
sensitization for SDF-1 [32]. In further support, 
PGE2- and TGF-β-mediated retention of pDCs in 
the tumor tissue is accompanied by the suppres-
sion of the lymph node-homing receptor, CCR7 
[130]. PGE2-exposed pDCs are unlikely to pres-
ent Ags and to prime T-cells in the regional LNs. 
Concomitantly, suppression of CD40 expression 
and the overexpression of CD80/CD86 on pDCs 
enhance and even promote Treg activation via the 
negative regulatory receptor cytotoxic T lympho-
cyte antigen-4 (CTLA-4) [135, 136] (Fig. 10.2c).

Another potential mechanism for pDCs 
favoring tumor immune escape is the release of 
IDO- derived metabolites [136] from both pDCs 
(Fig. 10.2c) and tumor cells, inducing Treg dif-
ferentiation and Th1 cell apoptosis [60, 79]. Most 
human tumors overexpress IDO [137], explain-
ing the elevated tryptophan catabolism in can-
cer patients. Interestingly, the activation of IDO 
in either cancerous cells or regulatory DCs can 
be sufficient to promote tumor immune escape 
[138]. Some cancer cells, such as lung cancer- 
derived cells, highly express ILT7L, which can 
bind to the ILT7 that is on pDCs [139]. ILT7L is 
induced by IFN-γ and inhibits IFN-α production 
by human pDCs, indicating that the ILT7L-ILT7 
interaction between cancer cells and pDCs may 
cause impairment of pDCs in the tumor micro-
environment, possibly leading to immunosup-
pression and poor prognosis of cancer patients as 
observed in preclinical studies [136]. Moreover, 
under tumoral conditions, pDCs can also direct 
mDC phenotype toward a more immature state, 
as already reported for human lung cancer [19, 
76, 119]. However, the underlying mechanism is 
still not defined.

To date, pDCs can directly interact with Treg 
via the PD-1/PD-L1 axis [60] (Fig. 10.2c), pav-
ing the road to another mechanism of action 
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of the newly approved monoclonal Ab, anti-
PD-1 for cancer immunotherapy. In addition, 
IDO inhibitors have been added to the actual 
immune checkpoint inhibitors (ICI) [140]. IDO 
and PD-L1 are highly expressed by pDCs, and 
the current success of the ICIs allows us to sup-
pose that the putative inhibition of PD-L1/IDO 
signaling from pDCs underlies the multifaceted 
mechanisms of the therapeutical successes of 
ICIs in melanoma, prostate, and breast cancer 
(NCT01560923; NCT01042535-phase II part).

Moreover, Ag targeting to pDCs via Siglec-H 
inhibits Th1 cell-dependent immunity [117]. 
The administration of CpG increased Siglec-H 
expression on pDCs recruited to the lung of 
tumor-bearing mice, further supporting their 
implication in the inhibition of Th1 cell expan-
sion [119].

pDCs activated by IL-3 and CD40 ligand 
(CD40L) promote the differentiation of naïve 
CD4+ and CD8+ T-cells into Th2 cells and aner-
gic IL-10-producing CD8+ regulatory T-cells, 
respectively [141]. This state of anergy is medi-
ated by IL-10, either directly (by interaction 
with cytotoxic T lymphocytes, CTLs) or indi-
rectly (by inhibition of DCs) [131]. Since the 
tumor microenvironment is Th2-like, pDCs par-
ticipate in this scenario by further augmenting 
immunosuppression.

Another important result is demonstrated in 
our study published on human lung cancer sam-
ples. The higher presence of pDCs in the tumor 
masses was associated with AIM2 and IL-1α 
production, implying that the therapeutic modu-
lation of AIM2 activity in TApDC in the tumor 
site might prove to be novel and effective to limit 
tumor cell proliferation in lung cancer, which 
represents a big killer [113].

Overall, these effects may allow pDCs to 
establish a reduced inflammatory pattern but, 
at the same time, to favor tumor progression/
establishment, as observed in asthma [142], 
virus infection [143], and cigarette smoke expo-
sure [76]. To note, the aforementioned studies 
describe the role of pDCs which are not activated 
by a specific stimulus; then, it seems obvious 
that the activation of pDCs at the tumor site is 
a limiting step in tumor regression. Therefore, 

the dichotomy of pDCs in cancer may rely on 
the stimulation/activation of pDCs with specific 
stimuli as in the case of imiquimod.

10.7  Potential Therapies: Clinical 
Significance

Secreted factors by tumor cells, such as TGF-β, 
VEGF, and IL-10, may inhibit pDC functions, 
with the resulting suppressive immune response 
dictated by the same pDCs and adaptive immune 
cells. On the contrary, other studies reported 
tumor-infiltrating pDCs as functional and fully 
competent APCs. Production of IFN-α renders 
TApDCs as antitumor cells. In this context, the 
activation of intratumoral pDCs by means of 
imiquimod (TLR7 ligand) and/or CpG (TLR9 
ligand) has been successfully used in the clinic 
to treat basal cell carcinoma and melanoma [1]. 
TLR signaling on pDCs can be used to induce 
type I IFNs and possibly protect pDCs from 
tumor-derived inhibitory factors (such as TGF-β 
and IL-10), as well as to support T-cell-mediated 
antitumor immune response. However, this prac-
tice can only refer to the activation of TApDCs 
in  loco, as mouse models showed that systemic 
administration of CpG rendered pDCs immuno-
suppressive, favoring lung and breast tumor pro-
gression [1, 112, 119, 125, 126].

Many therapeutic trials have been designed to 
potentiate CTL responses. Myeloid-derived den-
dritic cell-based vaccines succeeded in inducing 
specific T-cells in patients, but without sufficient 
clinical efficacy [144]. A potential explanation 
of this failure may underlie the role of pDCs in 
modulating tumor immune-environment and, 
more specifically, mDC activity [119]. Animal 
studies on several diseases, such as asthma, virus 
infection, and cigarette-exposed and lung cancer 
models, revealed that pDCs can hamper the activ-
ity of mDCs [119]. In particular, the presence of 
high levels of pDCs in tumor masses was associ-
ated with immature mDCs incapable of mounting 
an effective adaptive immune response against 
cancer. Specific ablation of pDCs rendered mDCs 
active and prone to induction of a CTL response 
against tumor cell proliferation [119]. Therefore, 
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we speculate that pharmacological manipula-
tion of pDC phenotype could result in success-
ful antitumor therapy together with conventional 
strategies. In support, our published data showed 
that doxorubicin or oxaliplatin—drugs that are 
highly used in the clinical antitumor practice—
had a much effective activity against lung tumor 
progression due to the induction of proinflamma-
tory pDCs, activated by tumor cell death [114]. 
This latter study was conducted on mouse models. 
Therefore, clinical correspondence could prove the 
potential antitumor activity of proinflammatory 
pDCs resulting in tumor regression. In addition, 
previous studies on the role of pDCs as antitumor 
cells only after intratumoral activation of these 
cells by means of imiquimod and CpG could 
underlie the same mechanism of action. In other 
words, several endogenous molecules (DAMPs) 
that participate in sterile inflammation have been 
described as potential TLR ligands. Similarly, we 
could speculate that tumor cell death can induce 
the release of DAMPs which activate pDCs in a 
TLR7- or TLR9-dependent manner leading to 
type I IFN production by pDCs. This prevails 
and allows the gap between the innate and the 
adaptive immunity to overcome tumor-mediated 
immunosuppression. In this scenario, Aspord et al. 
demonstrated that stimulation of PBMCs from 
HLA-A∗0201+ donors by HLA-A∗0201 matched 
allogeneic pDCs pulsed with tumor-derived pep-
tides triggered high levels of antigen-specific and 
functional cytotoxic T lymphocyte responses; this 
resulted in melanoma regression in a humanized 
mouse model [145]. This semi-allogeneic pDC 
vaccine was more effective than conventional 
mDC-based vaccines, endowing a strong potential 
for clinical application in cancer treatment [145].

10.8  Concluding Remarks

In the last decade, several studies have pro-
vided evidence that pDCs actively participate 
in a wide spectrum of human diseases including 
infection, autoimmunity, and cancer. In particu-
lar, human neoplasms are populated by pDCs, 
whose presence is related to a poor prognosis. 
However, the role of tumor-associated pDCs 

(TApDCs) remains controversial. Various stud-
ies indicate that pDCs play an immunosuppres-
sive role and facilitate tumor progression in both 
animal models and humans. In contrast, oth-
ers found that the presence of activated pDCs 
results in tumor regression in mice. Given these 
findings, it is clear that pDC function plays a 
critical role in tumor biology. However, due to 
the great therapeutical success of anti-PD-1/
PD-L1 inhibitors in melanoma, breast, and lung 
cancer, it is likely that the interference with pDC 
activity in the tumor microenvironment could be 
targeted in a more specific manner with a bet-
ter clinical outcome. Nevertheless, pDC biology 
in cancer still needs further elucidation, espe-
cially to understand the controversial data in the 
literature.

We believe that understanding pDC biology 
represents an important necessity and will pave 
the road to novel therapeutic strategies to fight 
malignancies.
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11.1  Introduction

Apoptosis, or programmed cell death, plays a 
pivotal role in development, organ homeostasis, 
and immunosurveillance. The term apoptosis was 
coined by Kerr et al. in 1972 [1] to describe the 
process of cell death associated with morphologi-
cal changes, including nucleus and cytoplasm 
condensation and protuberances from the plasma 
membrane producing apoptotic bodies, so-called 
blebs, which are rapidly phagocytosed [1, 2]. 
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Inhibition of this cellular process is observed in 
different pathologies, such as cancer and autoim-
munity, while amplification of the apoptotic sig-
nal was reported in neurodegenerative disorders 
including Alzheimer’s and Parkinson’s diseases 
[3, 4], as well as infection by human immunode-
ficiency virus (HIV).

The origin of the apoptotic signal has been 
used to distinguish two main signaling path-
ways. The intrinsic pathway stems from accu-
mulation of DNA damage, deregulation of 
mitochondrial function, or virus infection and 
induces the release of proapoptotic factors from 
the mitochondria, whereas extrinsic signals are 
transmitted by the binding of apoptotic ligands 
to death receptors present at the cell surface. 
Interconnections exist between these two signal-
ing pathways: both leading to the activation of a 
family of cysteine proteases specific for aspartic 
acid residues, called caspases [5]. The apoptotic 
role of mitochondria is associated with reduction 
in its transmembrane potential and the loss of its 
extracellular membrane integrity, leading to the 
release of different apoptogenic factors in the 
cytosol. Among them, cytochrome c associates 
with the caspase-9/APAF-1 complex to form the 
apoptosome and trigger apoptosis [6].

These two signaling pathways share common 
features, and both require the aggregation of initi-
ator caspases as their preliminary events. During 
interactions with respective ligands, members 
of the death receptor superfamily recruit adap-
tor proteins such as Fas-associated protein with 
a death domain (FADD) [7, 8] or tumor necrosis 
factor (TNF) receptor 1-associated death domain 
protein (TRADD) [9], resulting in the aggrega-
tion and activation of the initiators caspase-8 and 
caspase-10 to form the death-inducing signal-
ing complex (DISC) [10]. In a similar manner, 
release of cytochrome c and ATP by mitochon-
dria promotes the formation of the apoptosome 
with the cytosolic APAF-1, thereby aggregating 
and activating the initiator caspase-9, which in 
turn cleaves caspase-3 [11].

It should be kept in mind that death recep-
tors CD95 [12], TNFR1 [13], DR4 [14], DR5 
[15], and DR6 [16] have been cloned based on 
their ability to elicit apoptosis. Although studies 

have revealed the ability of Fas/CD95, DR4, and 
DR5 in triggering non-apoptotic signaling path-
ways even immediately after their cloning [17, 
18], most, if not all, studies have been focused 
on characterizing the molecular events leading to 
cell death. Accordingly, several agonistic mole-
cules were developed in order to kill cancer cells, 
neglecting the impact of non-apoptotic signals in 
pathophysiological contexts. More recent data 
changed this vision by evaluating the biological 
role of death receptor-mediated non-apoptotic 
signaling pathways in chronic inflammatory dis-
orders and carcinogenesis.

In this chapter, apoptotic signaling path-
ways induced by death receptors are discussed. 
Moreover, recent evidences pointing to the 
non- apoptotic signals transmitted by the same 
receptors are brought up, which may imply their 
tremendous impact on tumor progression and the 
design of therapeutic tools.

11.2  TNF Receptor Family

Death receptors TNFR1, Fas, DR3, DR4, DR5, 
and DR6 belong to the tumor necrosis factor 
receptor (TNFR) superfamily. These type I trans-
membrane proteins share common features, such 
as extracellular amino-terminal cysteine-rich 
domains (CRDs) [19, 20], which contribute to 
ligand specificity [21], and pre-association of the 
receptor at the plasma membrane [22–24] and 
a conserved 80-amino acid sequence located in 
their cytoplasmic tail called death domain (DD), 
which is necessary for DISC formation and ini-
tiation of the apoptotic signal [25, 26].

11.2.1  TNFR1 Signaling Pathways

TNF-α exerts its effects by binding to two recep-
tors, TNFR1 and TNFR2 [20]. Recently, pro-
granulin was identified as a ligand of TNFR with 
a higher affinity than TNF-α. Progranulin antago-
nizes TNF-α signaling and plays a critical role 
in the pathogenesis of inflammatory arthritis in 
mice [27]. TNFR1, a 55 kDa protein expressed 
in almost all cell types, presents a DD in its 
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intracellular region, whereas TNFR2, a 75  kDa 
protein, is mainly detected in oligodendrocytes, 
astrocytes, T-cells, myocytes, thymocytes, endo-
thelial cells, and human mesenchymal stem cells 
[28]. Uncertainty remains on the TNFR2 signal-
ing pathway, which has been previously reviewed 
[28]. The CRD1 of CD95, TNFR1, and TNFR2 
is involved in homotypic interactions, leading to 
pre-association of the receptor as a homotrimer 
in the absence of ligand [23, 24, 29]. This domain 
has been designated as the pre-ligand binding 
assembly domain (PLAD) [29]. Receptors of the 
TNFR superfamily do not possess any enzymatic 
activity on their own and rely on the recruitment 
of adaptor proteins for signaling. Among these 
adaptor proteins, TRADD or FADD is instru-
mental in the implementation of cell death pro-
cesses [7–10].

TNF is synthesized as a 26  kDa transmem-
brane type II protein (m-TNF) of 233 amino acids 
[30] which can be cleaved by the metalloprotease 
TACE [31, 32] to release the 17 kDa soluble form 
of the cytokine (cl-TNF). In contrast to cl-TNF, 
which only activates TNFR1, m-TNF can bind 
and activate both TNFR1 and TNFR2 [33].

Activation of TNFR1 leads to the induction 
of cellular processes ranging from cell death 
(apoptosis or necroptosis) to cell proliferation, 
migration, and differentiation; the implementa-
tion of such different cellular responses reflects 
the formation of different molecular complexes 
after receptor activation [28]. Binding of TNF 
to TNFR1 causes the formation of two consecu-
tive complexes. While the plasma membrane 
complex (complex I) elicits a non-apoptotic sig-
naling pathway, a second, internalized complex 
(complex II or DISC) triggers cell death [2]. In 
the presence of TNF, the adaptor protein TRADD 
interacts with TNFR1 and recruits other proteins 
involved in the signaling of the receptor, such as 
TRAF2, cIAP1, cIAP2, and RIP1, to form com-
plex I.  At the plasma membrane, this complex 
activates the NF-κB signaling pathway, which 
in turn promotes the transcription of antiapop-
totic genes such as cIAP1, cIAP2, and c-FLIP 
[34]. The linear ubiquitin chain assembly com-
plex (LUBAC) is also recruited to complex I via 
cIAP- generated ubiquitin chains [35]. HOIL-1, 

HOIP, and sharpin constitute the LUBAC com-
plex. HOIL-1 and HOIP add a linear ubiquitin 
chain by catalyzing the head-to-tail ligation of 
ubiquitin [36] to RIP1 and NEMO (IKK-γ) in 
complex I [37], thereby activating NF-κB.

TNF-induced caspase activation is medi-
ated by a second, intracellular complex II, 
which is formed when complex I dissociates 
from the receptor, along with FADD and cas-
pase-8 recruitment [2]. NF-κB activation leads 
to c-FLIP overexpression, preventing formation 
of complex II. Contrariwise, when NF-κB activa-
tion is blocked, c-FLIP, whose protein half-life is 
short [38], is absent, and cells experience death 
[2]. RIP1 is deubiquitinated by enzymes such as 
Cezanne [39] and CYLD [40], and the complex 
composed of TRADD and RIP1 moves to the 
cytosol to form complex II.  FADD is recruited 
to TRADD by DD-DD interaction and binds 
caspase- 8 [2]. Noteworthy, when caspase-8 activ-
ity is inhibited or its expression is extinguished, 
DISC is unable to trigger the apoptotic signal-
ing pathway; but TNFR1 or CD95 stimulation 
leads to the activation of another cell death sig-
nal, namely, necroptosis [41, 42]. To prevent the 
induction of the necroptotic signal, caspase-8 
cleaves and inactivates RIP1 and RIP3 [43]. The 
fine-tuned control of necroptosis by members of 
the apoptotic signaling pathway in the organism 
has been elegantly confirmed by experiments 
showing that the embryonic lethality of mice har-
boring the single KO of caspase-8 or FADD is 
rescued by an additional KO of the RIP3 gene 
[44–46].

11.2.2  TNF/TNFR: A Gold Mine 
for Therapeutic Tools

Many studies on TNF demonstrated its pivotal 
role in fueling inflammation, a multistep process 
that promotes autoimmunity (e.g., rheumatoid 
arthritis, ankylosing spondylitis, Crohn’s disease, 
psoriasis, and refractory asthma) and cancer. 
Many TNF inhibitors, such as neutralizing mono-
clonal antibodies (mAbs) (e.g., infliximab, adali-
mumab, and golimumab), have been developed 
to treat these chronic inflammatory disorders, 
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demonstrating that altering ligand/receptor inter-
actions with neutralizing mAbs is an invaluable 
opportunity to treat certain chronic inflamma-
tory disorders. Other TNF-α antagonists, such as 
etanercept, a TNFR2-immunoglobulin Fc fusion 
protein, can improve the clinical course of rheu-
matoid arthritis [47].

While findings accumulate to decipher the 
molecular mechanisms involved in the induction 
of apoptotic and non-apoptotic signaling path-
ways by TNFR1 and to elucidate how the recep-
tor can switch from one signal to the other, the 
mechanistic links involved in the implementation 
of non-apoptotic signaling pathways by CD95 
remain elusive. However, recent findings have 
revealed its proinflammatory effects [48–54].

11.3  CD95: A Death Receptor?

In 1989, identification of the mAb APO-1 by 
Peter Krammer et  al. revealed the existence of 
a 52 kDa protein whose aggregation was able to 
transmit an apoptotic signal in cancer cells [55]. 
This receptor was identified in 1991 by Nagata 
and colleagues and called Fas (CD95 or APO-1) 
[12]. Its ligand, FasL, was cloned in 1993 by the 
same group and was found to be mainly expressed 
at the surface of activated T-lymphocytes [56] 
and natural killer (NK) cells [57]; however, its 
expression was also detected in different tis-
sues in which the presence of acute or chronic 
inflammation is undesirable including the eyes 
[58] and testes [59]. In addition, two mouse mod-
els, in which either the level of CD95 expres-
sion was downregulated (due to an insertion of a 
retrotransposon in intron 2 of the receptor gene, 
these mice are called lymphoproliferation (Lpr) 

[60–62]) or the CD95L affinity for CD95 was 
reduced (due to the germ line mutation F273L in 
CD95L, called generalized lymphoproliferative 
disease (gld), which decreases CD95L binding 
to CD95 [63, 64]), have provided some insight 
into the pivotal role played by this interaction in 
immunosurveillance and immune tolerance [65].

11.3.1  Structure/Function

The CD95 gene (APT-1) consists of nine exons, 
with exon 6 encoding the transmembrane domain 
[66] (Fig.  11.1). CD95 can be resolved under 
denaturing conditions between 40 and 50 kDa by 
SDS-PAGE. The receptor is a type I transmem-
brane protein harboring three CRDs. Similar to 
the TNF receptor [29], CD95 is pre-associated at 
the plasma membrane as a homotrimer, and this 
quaternary structure is mandatory for transmis-
sion of the apoptotic signals in the presence of 
CD95L [23, 24]. Homotrimerization of CD95 
occurs mainly through homotypic interactions of 
the CD95-CRD1 [22–24]. Binding of CD95L or 
agonistic anti-CD95 mAbs to CD95 alters both 
the conformation and the extent to which the 
receptor is multimerized at the plasma membrane. 
The intracellular region of CD95  encompasses 
an 80-amino acid stretch designated as the DD 
(Fig.  11.1), which consists of six antiparallel 
α-helices [67]. Upon addition of CD95L, CD95 
undergoes conformational modification of its 
DD, which induces a shift of helix 6 and fusion 
with helix 5, promoting both oligomerization of 
the receptor and recruitment of the adaptor pro-
tein FADD [68]. A consequence of the opening of 
the globular structure of CD95 is that the receptor 
becomes connected through this bridge, which 
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increases the magnitude of its homo-aggrega-
tion. This long helix allows the stabilization of 
the complex by recruiting FADD.  Overall, the 
CD95-DD/FADD-DD crystal structure provides 
some insights into the formation of the large CD95 
clusters observed using imaging or biochemical 
methods in cells stimulated with CD95L. In addi-
tion, it also confirms that alteration in the CD95 
conformation plays an instrumental role during 
signal induction [68]. However, this elongated 
C-terminal α-helix favoring the cis-dimerization 
of CD95-DD was challenged by Driscoll et  al. 
who did not observe the fusion of the last two 
helices at a more neutral pH (pH 6.2), compared 
to the acidic condition (pH 4) used in the initial 
study to resolve the CD95-DD/FADD-DD struc-
ture [68]. Consequently, at pH 6.2, association of 
CD95 with FADD predominantly consisted of a 
5:5 complex, which occurred via a polymeriza-
tion mechanism involving three types of asym-
metric interactions but without major alteration 

of the DD globular structure [69, 70]. It is likely 
that the low pH condition used in the study per-
formed by Scott et al. altered CD95 conformation 
and resulted in the formation of nonphysiologi-
cal CD95/FADD oligomers [68]. Nonetheless, it 
cannot be excluded that a local decrease in the 
intracellular pH affects the initial steps of the 
CD95 signaling pathway in  vivo, through pro-
moting the opening of the CD95-DD and eventu-
ally contributing to the formation of a complex 
eliciting a sequence of events different from the 
one occurring at physiologic pH.

Once docked on CD95-DD, FADD self- 
associates [71] and binds procaspase-8 and 
procaspase- 10, which are auto-processed and 
released in the cytosol as active caspases, 
which cleave many substrates leading to the 
execution of the apoptotic program and cell 
death. The complex CD95/FADD/caspase-8/
caspase-10 is called DISC (Fig.  11.2) [10]. 
Due to the importance of DISC formation in 
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Fig. 11.2 Type I/II cells. Binding of transmembrane 
CD95L to CD95 leads to DISC formation. DISC consists 
of FADD and procaspase-8. c-FLIP and PEA-15 bind to 
FADD and prevent caspase-8 recruitment. At the DISC 
level, aggregation of procaspase-8 promotes its auto- 
cleavage and activation. Cleaved caspase-8 is then 
released in the cytosol where it promotes the cascade of 

caspase activation leading to apoptosis. Type I cells are 
characterized by an efficient DISC formation, which 
releases sufficient caspase-8 to directly activate caspase-3. 
By contrast, type II cells present a weak DISC formation, 
and the low amount of released caspase-8 activates the 
mitochondrion-dependent apoptotic pathway to amplify 
death signal
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the fate of cells, it is not surprising that numer-
ous cellular and viral proteins were reported to 
hamper the formation of this structure, such as 
FLIP [72, 73] and PED/PEA-15 [74], which 
interfere with the recruitment of caspase-8/
caspase-10 (Fig. 11.2).

11.3.2  Type I/II Signaling Pathways

Following the discovery of CD95 and the first 
steps of its signaling pathway, Peter and col-
leagues described that cells can be divided in two 
groups with regard to the kinetics through which 
they respond to CD95-mediated apoptotic sig-
nals, the magnitude of DISC formation, and the 
role played by the mitochondrion in this pathway 
[75]. DISC formation occurs rapidly and effi-
ciently in type I cells releasing a large amount 
of activated caspase-8 in the cytosol, while type 
II cells have difficulty forming this complex, and 
the amount of active caspase-8 is insufficient to 
directly activate the effectors caspase-3 and cas-
pase- 7 [75]. Nonetheless, type II cells experience 
cell death upon CD95 engagement and are even 
more sensitive to the CD95-mediated apoptotic 
signal compared to type I cells [75–77]. This dis-
crepancy can be partly explained by the fact that 
the low amount of activated caspase-8  in type 
II cells is sufficient to cleave BID, a BH3-only 
protein, which constitutes the molecular link 
between caspase-8 activation and the apoptotic 
activity of mitochondria. Indeed, after cleav-
age by caspase-8, truncated BID (tBID) trans-
locates to mitochondria, where it triggers the 
release of proapoptotic factors (Fig.  11.2) [78, 
79]. Although CD95 stimulation activates the 
mitochondrion- dependent apoptotic signal in 
type I and type II cells, it seems that only type II 
cells are addicted to this signal as they display a 
higher amount of the caspase-3 inhibitor XIAP 
compared to type I cells [80]. Among the inhibi-
tor of apoptosis protein (IAP) family, XIAP, 
cIAP1, and cIAP2 inhibit caspase-3, caspase-7 
[81, 82], and procaspase-9 [83] activity by direct 
binding, thereby preventing access to substrates. 

Furthermore, XIAP can function as an E3 ligase 
whose activity is involved in the ubiquitination of 
active caspase-3 and its subsequent degradation 
through the proteasome [84]. To detach XIAP 
from caspase-3 and restore the apoptotic signal, 
cells require the release of SMAC/DIABLO (sec-
ond mitochondria-derived activator of caspase/
direct IAP-binding protein with low PI) by the 
mitochondrion [85, 86], explaining why type II 
cells are more addicted to this organelle com-
pared to type I cells (Fig. 11.2).

To summarize, DISC formation and IAP 
amount are two cellular markers allowing a clear 
discrimination between type I and type II cells. 
Even though IAP overexpression can account for 
the mitochondrion dependency observed in type 
II cells, it remains unclear why DISC formation 
is hampered in type II cells and/or enhanced in 
their type I counterparts. Recently, high activ-
ity of the lipid kinase phosphoinositide 3-kinase 
(PI3K) or downregulation of its neutralizing 
phosphatase, phosphatase and tensin homologue 
on chromosome 10 (PTEN), was found in type 
II cells, while this signal is blocked in type I cell 
lines [87, 88]. The PI3K signaling pathway was 
reported to prevent the aggregation of CD95 [89], 
probably by retaining the receptor outside of 
lipid rafts [87, 90]. PEA-15, also known as PED, 
is a protein containing a death effector domain 
(DED) that has been shown to inhibit the CD95 
and TNFR1 apoptotic signals (Fig.  11.2) [74]. 
Activation of PI3K and its downstream effector, 
serine-threonine kinase Akt, leads to phosphor-
ylation of PEA-15 at serine 116 [87, 90]; this 
posttranslational modification promotes its inter-
action with FADD, ultimately inhibiting DISC 
formation [91, 92].

Notably, the existence of type I and type II 
cells is not only an in vitro observation, but has 
been identified physiologically in the human 
body. CD95-mediated apoptotic signal cannot be 
altered in thymocytes or activated T-cells express-
ing a Bcl-2 transgene, conferring to their type I 
nature [93], whereas hepatocytes expressing the 
same transgene resist CD95-induced apoptosis 
and thus behave as type II cells [94, 95].
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11.3.3  What Can We Learn from CD95 
Mutations?

Germinal mutations in APT-1 have been reported 
in patients developing a syndrome termed auto-
immune lymphoproliferative syndrome type Ia 
(ALPS, also called Canale-Smith syndrome) 
[96–98]. ALPS patients show chronic lymph-
adenopathy and splenomegaly, expanded popu-
lations of double-negative α/β-Τ-lymphocytes 
(CD3+CD4−CD8−), and often develop autoim-
munity [96, 97, 99, 100]. In agreement with the 
notion that CD95 behaves as a tumor suppres-
sor, ALPS patients display an increased risk of 
Hodgkin and non-Hodgkin lymphoma [101]. 
Predominance of post-germinal center (GC) lym-
phomas in patients exhibiting either germ line or 
somatic CD95 mutations can be explained by the 
fact that, inside germinal centers of the secondary 

lymphoid follicles, the CD95 signal plays a piv-
otal role in the deletion of self-reactive maturating 
B-lymphocytes [102], in addition to the fact that 
APT-1 belongs to a set of rare genes (i.e., PIM1, 
c-myc, PAX5, RhoH/TTF, and Bcl-6) subject to 
somatic hypermutation [103, 104], which may 
affect biological function. In addition to post-GC 
lymphomas, significant amounts of mutations in 
the CD95 gene were found in tumors of various 
histological origins (reviewed in [54]). Extensive 
analysis of CD95 mutations and their distribu-
tion in APT-1 reveals that, with some exceptions, 
most are gathered in exons 8 and 9 encoding 
the CD95 intracellular region (Fig. 11.3) [105]. 
Remarkably, most of these mutations are hetero-
zygous, mainly localized in CD95-DD, and lead 
to inhibition of the CD95- mediated apoptotic 
signal. Indeed, in agreement with the notion that 
CD95 is expressed at the plasma membrane as 
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a pre-associated homotrimer [23, 24], formation 
of heterocomplexes containing wild-type and 
mutated CD95 prevents FADD recruitment and 
abrogates the ignition of the apoptotic signal in a 
dominant manner.

Extensive analysis and positioning of vari-
ous CD95 mutations described in the literature 
seem to highlight mutation “hot spots” in the 
CD95 sequence (Fig.  11.3). Among these hot 
spots, arginine 234, aspartic acid 244, and valine 
251 account for a significant amount of the 
documented CD95 mutations. Indeed, among 
the 189 mutations annotated in the 335 amino 
acids of CD95, 30 (~16%) are localized on 
these three amino acids (Fig. 11.3). Strikingly, 
the pivotal role played by these amino acids in 
stabilization or formation of intra- and inter-
bridges between CD95 and FADD may explain 
these hot spots. For instance, both R234 and 
D244 contribute to the homotypic aggregation 
of the receptor and FADD recruitment [67]. 
Nevertheless, the observation of death domain 
hot spots is in contradiction with the study of 
Scott and colleagues demonstrating that the 
region of the CD95-DD interacting with the 
FADD-DD extends over a disperse surface 
through weak binding affinity [68].

Most ALPS type Ia patients affected by 
malignancies do not undergo loss of heterozy-
gosity (LOH), which formed the hypothesis that 
preservation of a wild-type allele may contribute 
to carcinogenesis [106, 107]. In the same line, 
it was demonstrated that expression of a unique 
mutated CD95 allele blocks the induction of 
apoptotic signals, while it fails to prevent non-
apoptotic signals such as NF-κB and MAPK 
[106, 107], whose induction promotes invasive-
ness in tumor cells [105, 108]. In addition, muta-
tions found in the intracellular CD95-DD exhibit 
a higher penetrance of ALPS phenotype features 
in mutation- bearing relatives compared to extra-
cellular mutations. These results suggest that 
unlike DD mutations, CD95 mutations localized 
outside the DD somehow prevent the apoptotic 
signal but may fail to promote non-apoptotic 
pathways, which may contribute to disease 
aggressiveness.

11.3.4  Regulation of the Initial Steps 
of CD95-Mediated Signaling

11.3.4.1  Lipid Rafts
In addition to CD95 downregulation or expres-
sion of the mutated allele of the receptor, the 
plasma membrane distribution of CD95 repre-
sents an additional pathway for tumor cells to 
develop resistance to CD95L-expressing immune 
cells. Indeed, the plasma membrane is a hetero-
geneous lipid bilayer comprising compacted or 
liquid-ordered domains, called microdomains, 
lipid rafts, or detergent-resistant microdomains 
(DRMs). These domains are described as float-
ing in a more fluid or liquid-disordered 2D lipid 
bilayer and are enriched in ceramides [109]. 
It has been elegantly shown that while CD95 
is mostly excluded from lipid rafts in activated 
T-lymphocytes, TCR-dependent reactivation 
of these cells leads to rapid distribution of the 
death receptor into lipid rafts [110]. This CD95 
compartmentalization contributes to reducing 
the apoptotic threshold leading to the clonotypic 
elimination of activated T-lymphocytes through 
activation of the CD95-mediated apoptotic sig-
nal [110]. Similarly, the reorganization of CD95 
into DRMs can occur independent from ligand 
upon addition of certain chemotherapeutic drugs 
(e.g., rituximab [111], resveratrol [112, 113], 
edelfosine [87, 114, 115], aplidin [116], perifo-
sine [115], cisplatin [117]). The molecular cas-
cades that underlie this process remain elusive. 
Nevertheless, a growing body of evidence leads 
us to postulate that alteration of intracellular sig-
naling pathway(s), such as the aforementioned 
PI3K signal [87, 90], may change biophysi-
cal properties of the plasma membrane, such as 
membrane fluidity, which in turn may facilitate 
CD95 clustering into large lipid raft-enriched 
platforms, favoring DISC formation and induc-
tion of the apoptotic program [118].

11.3.4.2  Posttranslational 
Modifications

Accumulation of CD95 mutations is not the only 
mechanism by which malignant cells inhibit the 
extrinsic signaling pathway. Posttranslational 
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modifications in the intracellular tail of CD95, 
such as reversible oxidation or covalent attach-
ment of a palmitic acid, were reported to alter 
the plasma membrane distribution of CD95 and 
thereby its subsequent signaling pathway. For 
instance, S-glutathionylation of mouse CD95 at 
cysteine 294 promotes clustering of CD95 and 
its distribution into lipid rafts [119]. This amino 
acid is conserved in the human CD95 sequence 
and corresponds to cysteine 304 (or C288 when 
subtraction of the 16-amino acid signal peptide is 
taken into consideration [12, 120]). Interestingly, 
Janssen-Heininger and colleagues emphasize 
that death receptor glutathionylation occurs 
downstream of caspase-8 and caspase-3 activa-
tion whose catalytic activity damages the thiol-
transferase glutaredoxin 1 (Grx1), an enzyme 
implicated in the denitrosylation of proteins 
[119]. The consequence of Grx1 inactivation 
is the accumulation of glutathionylated CD95, 
which clusters into lipid rafts, sensitizing cells to 
the CD95-mediated apoptotic signal. Based on 
these findings, caspase-8 activation occurs prior 
to aggregation of CD95 and redistribution into 
lipid rafts, both of which are requisite to form the 
DISC and subsequently activate larger amounts 
of caspase-8. In agreement with these observa-
tions, activation of caspase-8 was reported to 
occur in a two-step process. That is, an immediate 
and small amount of activated caspase-8 (<1%) is 
generated when CD95L interacts with CD95 that 
orchestrates acid sphingomyelinase (ASM) acti-
vation, ceramide production, and CD95 cluster-
ing, which in turn promote DISC formation and 
the outburst of caspase-8 processing essential to 
mount the apoptotic signal [121].

S-Glutathionylation consists in a bond 
between a reactive Cys-thiol and reduced glu-
tathione (GSH), a tripeptide consisting of gly-
cine, cysteine, and glutamate; its attachment to 
the protein will alter its structure and function in 
a manner similar to the addition of a phosphate 
[122]. S-Glutathionylation is not the only post-
translational modification of CD95 on a cysteine. 
S-Nitrosylation of cysteine 199 (correspond-
ing to C183 after subtraction of signal peptide 
sequence) and 304 (C288) in colon and breast 
tumor cells also promotes the redistribution of 

CD95 into DRMs, the formation of the DISC, and 
the transmission of the apoptotic signal [123].

Two reports have brought into light that cova-
lent coupling of a 16-carbon fatty acid (palmitic 
acid) to cysteine 199 (C183) elicits the redis-
tribution of CD95 into DRMs, the formation 
of SDS- stable CD95 microaggregates resis-
tant to denaturing and reducing treatments, and 
the internalization of the receptor [124, 125]. 
Although their order remains to be fine-tuned, 
these molecular steps play a critical role in the 
implementation of apoptotic signals.

Of note, similar to S-nitrosylation, both the 
aforementioned S-glutathionylation at C304 
(C288) and palmitoylation at C199 (C183) 
 promote the partition of CD95 into lipid rafts and 
enhance the subsequent apoptotic signal. Further 
investigation is required to address whether these 
posttranslational modifications are redundant and 
occur simultaneously in dying cells or are elicited 
in a cell-specific and/or in a microenvironment- 
specific manner. Understanding the molecular 
mechanisms controlling these posttranslational 
modifications would be of great interest in order 
to identify the mechanism by which tumor cells 
block them, leading to their resistance to the 
extrinsic signaling pathway.

11.3.4.3  CD95 Internalization
Using a powerful magnetic method to isolate 
receptor-containing endocytic vesicles, it has 
been shown that CD95 promptly associates with 
endosomal and lysosomal markers when incu-
bated with an agonistic anti-CD95 mAb [126]. 
In addition, expression of a CD95 mutant in 
which the DD-located tyrosine 291 (Y275) is 
changed to phenylalanine does not seem to alter 
the capacity to bind FADD but compromises 
CD95L- mediated CD95 internalization occur-
ring through an AP2/clathrin-driven endocytic 
pathway [126]. More strikingly, expression of the 
internalization- defective CD95 mutant Y291F 
abrogates the transmission of apoptotic signals, 
but fails to alter the non-apoptotic signaling path-
ways (i.e., NF-κB and ERK), and even promotes 
them (Fig. 11.3). These findings provide insight 
into the presence of a region in the DD, interact-
ing with AP2 and promoting a clathrin-dependent 
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endocytic pathway in a FADD-independent man-
ner. Regarding the role of palmitoylation in recep-
tor internalization, the interplay between lipid 
alteration and the AP2/clathrin-driven internaliza-
tion of CD95 remains to be elucidated.

11.3.4.4  Ca2+ Response
It has been recently demonstrated that CD95 
engagement evokes a rapid and transient Ca2+ 
signaling, which stimulates the recruitment of 
protein kinase C-β2 (PKC-β2) from the cytosol 
to the DISC [127]. This kinase transiently brakes 
DISC formation, providing a checkpoint before 
the irreversible commitment to cell death [128]. 
These findings raised the following questions: 
what are the Ca2+-dependent molecular mecha-
nisms transiently inhibiting DISC formation, 
and do tumor cells use this signal to escape the 
immune response and/or resist chemotherapy?

11.3.5  Programmed Necrosis also 
known as Necroptosis

In 1998, inhibition of caspase activity was shown 
to sensitize fibroblastic L929 cell line to TNF- 
mediated necrotic cell death [42]. With respect to 
CD95 signal, Tschopp et al. showed that FADD 
and RIP1 participate in the implementation of a 
non-apoptotic signaling pathway, which leads to a 
necrotic morphology without chromatin conden-
sation and with loss of plasma membrane integ-
rity [41]. Of note, BID cleavage was not observed 
in this necrotic signal. While FADD plays a cru-
cial role in both apoptotic and necrotic pathways, 
RIP1 recruitment to CD95 occurs independently 
of this adaptor protein. Indeed, yeast two-hybrid 
experiments showed that RIP1 can bind directly 
to the CD95-DD, while this interaction is lost 
when a bait corresponding to mutated CD95-DD 
(replacement of Val 238 to Asn) is used [129]. 
In addition, RIP3 (RIPK3, a member of the RIP 
kinase family) is an indispensable factor for 
the induction of the necrotic signaling pathway 
[78–80]. A growing body of evidence supports 
the existence of necroptosis (programmed necro-
sis). In addition, identification of necrostatin, a 
chemical inhibitor of necroptosis [130], which 

specifically inhibits RIP1 kinase activity [131], 
has accelerated the pace of discovery in this field 
of cell death. Interplays exist between apopto-
sis and necroptosis; for instance, caspase-8, a 
potent inhibitor of necroptosis for both CD95 and 
TNFR1 [132], plays a critical role in necroptosis 
by its ability to process and inactivate RIP1 and 
RIP3 [133, 134]. At least for TNF signaling, the 
necrotic signal relies on the activity of CYLD, a 
deubiquitinating enzyme that is also cleaved and 
inactivated by caspase-8 [135].

Overall, these findings suggest that the apop-
totic machinery controls the necrotic one. This 
concept has been recently established in vivo by 
double-KO experiments [44–46, 136]. The KO of 
FADD or caspase-8 is deleterious in mice mainly 
by the fact that these two apoptotic factors are 
beneficial in inhibiting a RIP1-/RIP3-dependent 
necrotic signal; thus, their loss unleashes the 
necroptotic program and leads to embryonic 
lethality. Yet, most studies on necroptosis have 
focused on the TNF signaling pathway, whereas 
the mechanism by which CD95 can elicit this cell 
death pathway, and how the switch in this recep-
tor occurs between non-apoptotic, apoptotic, and 
necroptotic signals remains unclear. Importantly, 
the impact of each cell death on antigen presenta-
tion, and on the efficiency of immune response 
after elimination of infected or transformed cells, 
remains unclear.

11.3.6  CD95L, an Inflammatory/
Oncogenic Cytokine?

11.3.6.1  A Ligand to Create Immune 
Privileges

The transmembrane CD95L (CD178/FasL) is 
present at the surface of activated lymphocytes 
[64] and NK cells [137] where it orchestrates the 
elimination of transformed and infected cells. In 
addition, CD95L is expressed on the surface of 
neurons [138], corneal epithelia and endothelia 
[58, 139], and Sertoli cells [59] to prevent the 
infiltration of immune cells and thus to prohibit 
the spread of inflammation in these sensitive 
organs (i.e., brain, eyes, and testis, respectively), 
commonly called “immune-privileged” sites. 
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The description of physiological immune privi-
lege was followed by tumor-mediated immune 
privilege, since two groups reported that the 
ectopic expression of CD95L by malignant 
cells participated in the elimination of infiltrat-
ing T-lymphocytes and thus could play a role in 
the establishment of a tumor site whose access 
was denied to immune cells [140, 141]. However, 
these observations are controversial since ectopic 
expression of CD95L in allogenic transplant of 
β-islets [142, 143] and in tumor cell lines [144] 
led to a more rapid elimination of these cells than 
control cells, due to increased infiltration of neu-
trophils and macrophages endowed with antitu-
mor activity.

11.3.6.2  At Least Two Different 
Ligands and Two Different 
Signals

Among the weapons at the disposal of immune 
cells, transmembrane CD95L contributes to the 
elimination of pre-tumor cells. Therefore, pre- 
tumor cells that escape the immunosurveillance 
will be shaped to develop resistance to CD95, a 
process termed immunoediting [145]. In other 
words, imprinting of the immune system on 
pre- tumor cells will select malignant cells with 
increased resistance toward the CD95L-induced 
signal. As previously mentioned, these alterations 
of the CD95 signal not only block the CD95-
mediated apoptotic signal but also promote the 
transmission of non-apoptotic signals by CD95L, 
which may play a critical role in carcinogenesis 
[106–108, 146]. In agreement with this hypoth-
esis, a complete loss of CD95 expression is rarely 
observed in malignant cells [147].

Accumulating evidence indicates that the 
apoptotic ligand CD95L behaves as a chemoat-
tractant for neutrophils, macrophages [50, 143, 
144], T-lymphocytes [53], and malignant cells 
in which the CD95-mediated apoptotic signal is 
nonproductive [108, 148]. Nonetheless, the bio-
logical role of CD95L has to be clarified due to 
the fact that pathophysiologically the ligand is 
present in at least two forms with different stoi-
chiometries. Indeed, CD95L is a transmembrane 
cytokine whose ectodomain can be cleaved by 
metalloproteases such as MMP3 [149], MMP7 

[150], MMP9 [151], and ADAM-10 (a disinte-
grin and metalloproteinase 10) [152, 153] and 
released as a soluble ligand in the bloodstream. 
Based on the data demonstrating that a hexameric 
CD95L represents the minimal level of self- 
association required to signal apoptosis [154] 
and that cleavage by metalloproteases releases 
an homotrimeric ligand [154, 155], this soluble 
ligand has long been considered as an inert ligand 
competing with its membrane-bound counterpart 
for CD95 binding, thus acting as an antagonist of 
the death signal [155, 156]. It has been recently 
demonstrated that this metalloprotease-cleaved 
CD95L (cl-CD95L) actively participates in the 
aggravation of inflammation and autoimmunity in 
patients affected by systemic lupus erythemato-
sus (SLE) by inducing the non-apoptotic NF-κB 
and PI3K [51, 53] signaling pathways (Fig. 11.4). 
Unlike transmembrane CD95L, induction of the 
PI3K signaling pathway by its metalloprotease-
cleaved counterpart occurs through the forma-
tion of a complex devoid of FADD and caspase-8 
which recruits the src kinase c-yes instead [53, 
148]; this unconventional receptosome was 
designated motility- inducing signaling com-
plex (MISC) [53, 157] (Fig. 11.4). Even though 
experiments by the authors did not detect any 
trace of caspase-8 in the MISC, this enzyme has 
been shown to participate in cell migration. The 
protease activity of caspase-8 can be abolished 
by its phosphorylation at tyrosine 380 by src 
kinase [158]. This posttranslational modification 
was observed in cells stimulated with EGF and 
in colon cancer cells exhibiting constitutive acti-
vation of src; from a molecular standpoint, this 
modification does not alter caspase homodimer-
ization or recruitment in DISC [158]. Moreover, 
the EGFR- driven phosphorylation of caspase-8 
at Y380 turns out to be a potent inducer of the 
PI3K signaling pathway by recruiting the PI3K 
adaptor p85 alpha subunit [159]. Ultimately, cas-
pase-8 phosphorylation triggers cell migration. 
Nonetheless, it is noteworthy that CD95-induced 
migration and invasion do not appear to require 
an intact DD (reviewed in [160]), suggesting 
that either the caspase-8-dependent mode of cell 
migration occurs as an alternative signal for death 
receptors or that it only participates in non-death 
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receptor-induced cell motility. It would be inter-
esting to address this question in the future. To 
date, it can only be surmised that phosphorylation 
of caspase-8 at Y380 upon EGFR stimulation may 
prime certain cancer cells to become unrespon-
sive to the apoptotic signal triggered by cytotoxic 
CD95L and meanwhile promote cell migration, 
an essential event in the course of cancer cell 
metastasis (Fig. 11.4).

It is noteworthy that in a similar manner, a 
decrease in the plasma membrane level of CD95 
or expression of a mutated CD95 allele, as 
observed in ALPS patients and malignant cells, 
inhibits the implementation of the apoptotic 
signal but does not affect the transmission of 
non- apoptotic signals, such as NF-κB, MAPK, 
and PI3K [106, 107, 147], suggesting that these 
signals may stem from a different domain than 
CD95-DD or rely on different thresholds to 
be elicited. In summary, although the CD95/
CD95L interaction can eliminate malignant 
cells by implementation of the DISC or can pro-

mote carcinogenesis by sustaining inflammation 
and/or by inducing metastatic dissemination 
[50, 51, 53, 108, 147, 148, 161], the molecu-
lar mechanisms underlying the switch between 
these different signaling pathways remain enig-
matic. An important question to be addressed is 
how the magnitude of CD95 aggregation con-
trols the formation of “death”- vs. “motility”-
ISCs. Addressing these questions will lead to 
the development of new therapeutic agents with 
the ability to contain the spread of inflammation 
or impede carcinogenesis at least in pathologies 
involving increased soluble CD95L such as can-
cers (e.g., pancreatic cancer [162], large granu-
lar lymphocytic leukemia, breast cancer [157], 
and NK cell lymphoma [163]) or autoimmune 
disorders (e.g., rheumatoid arthritis and osteoar-
thritis [164], graft- versus- host-disease (GVHD) 
[165, 166], or SLE [53, 167]). Altogether, these 
studies support the notion that the death func-
tion of CD95 may correspond to its “day job,” 
while the receptor may act as “a night killer” 
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Fig. 11.4 CD95 triggers an unconventional PI3K signal-
ing pathway. Left panel: In the presence of cl-CD95L, 
CD95 triggers MISC formation. This complex is devoid 
of FADD and caspase-8, but, instead, recruits the src 
kinase c-yes that implements the PI3K signaling pathway. 
CD95 engagement is also capable of NF-κB and MAPK 
activations through a yet unknown mechanism. Right 

panel: It was reported that procaspase-8 can be phosphor-
ylated by the tyrosine kinase src upon EGFR stimulation. 
This posttranslational modification not only blocks the 
catalytic activity of caspase-8 but also promotes the 
recruitment of the p85 subunit of PI3K. We surmise that 
this caspase-8 phosphorylation may favor the non- 
apoptotic signals induced by CD95
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by fueling inflammation in certain pathophysi-
ological contexts.

Strikingly, while the soluble form of CD95L 
generated by MMP7 (cleavage site inside the 
113ELR115 sequence, Fig.  11.5) induces apopto-
sis [150], its counterpart processed between ser-
ine 126 and leucine 127 does not [51, 53, 155]. 
To explain this discrepancy, one may speculate 
that the different quaternary structures of the 
naturally processed CD95L underlie the imple-
mentation of “death”- vs. “non-death”-inducing 
signaling complexes and downstream signals. 
In agreement with this notion, soluble CD95L 
bathed in the bronchoalveolar lavage (BALs) of 
patients suffering from acute respiratory distress 
syndrome (ARDS) undergoes oxidation at methi-
onines 224 and 225 (Fig. 11.5), which enhances 
the aggregation level of the soluble ligand fol-
lowed by its cytotoxic activity [168]. The same 
authors observed that the stalk region of CD95L, 
corresponding to amino acids 103–136 and 
encompassing the metalloprotease cleavage 
sites (Fig. 11.5), participates in the multimeriza-
tion of CD95L, which accounts for the damage 
of the lung epithelium in ARDS [168]. Of note, 
in ARDS BALs, additional oxidation occurs at 
methionine 121 (Fig.  11.5), which in turn pre-
vents the processing of CD95L by MMP7, and 
explains why this cytotoxic ligand keeps its 
stalk region [168]. Nonetheless, preservation of 
this region in soluble CD95L raises the question 

that whether an unidentified MMP7-independent 
cleavage site exists in the juxtamembrane region 
of CD95L, near the plasma membrane, or the 
ligand detected in ARDS patients corresponds 
to the full-length CD95L embedded in exosomes 
[169, 170]. Indeed, this peculiar exosome-bound 
CD95L can be expressed by human prostate can-
cer cells (i.e., LNCaP) and evokes apoptosis in 
activated T-lymphocytes [171].

Overall, these findings emphasize that it will 
be of great interest in the future to finely char-
acterize the quaternary structure of the natu-
rally processed CD95L from the sera of patients 
affected by cancers or chronic/acute inflamma-
tory disorders, to better understand the molecular 
mechanisms implemented by this ligand and thus 
predict its subsequent biological functions.

11.4  Concluding Remarks

Apoptosis is a fundamental process contributing to 
tissue homeostasis, immune response, and devel-
opment. CD95, also called Fas, is a member of the 
tumor necrosis factor receptor (TNFR) superfam-
ily. Its ligand, CD95L, was initially detected at the 
plasma membrane of activated T-lymphocytes and 
natural killer (NK) cells where it contributes to 
the elimination of transformed and infected cells. 
Given its implication in immune homeostasis and 
immune surveillance combined with the fact that 
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various lineages of malignant cells exhibit loss-
of-function mutations, CD95 was initially clas-
sified as a tumor suppressor gene. Nonetheless, 
in different pathophysiological contexts, this 
receptor is able to transmit non-apoptotic signals 
and promote inflammation and carcinogenesis. 
Although the different non-apoptotic signal-
ing pathways (NF- κB, MAPK, and PI3K) trig-
gered by CD95 are known, the initial molecular 
events leading to these signals, the mechanisms 
by which the receptor switches from an apop-
totic function to an inflammatory role, and, more 
importantly, the biological functions of these sig-
nals remain elusive.

References

 1. Kerr JF, Wyllie AH, Currie AR.  Apoptosis: a 
basic biological phenomenon with wide- ranging 
implications in tissue kinetics. Br J Cancer. 
1972;26(4):239–57.

 2. Micheau O, Tschopp J.  Induction of TNF receptor 
I-mediated apoptosis via two sequential signaling 
complexes. Cell. 2003;114(2):181–90.

 3. Shimohama S.  Apoptosis in Alzheimer’s disease  – 
an update. Apoptosis. 2000;5(1):9–16.

 4. Tatton WG.  Apoptosis in Parkinson’s disease: sig-
nals for neuronal degradation. Ann Neurol. 2003;53 
Suppl 3:S61–70. discussion S70–2

 5. Alnemri ES, et  al. Human ICE/CED-3 protease 
nomenclature. Cell. 1996;87(2):171.

 6. Hengartner MO.  The biochemistry of apoptosis. 
Nature. 2000;407(6805):770–6.

 7. Boldin MP, et al. A novel protein that interacts with 
the death domain of Fas/APO1 contains a sequence 
motif related to the death domain. J Biol Chem. 
1995;270(14):7795–8.

 8. Chinnaiyan AM, et  al. FADD, a novel death 
domain- containing protein, interacts with the 
death domain of Fas and initiates apoptosis. Cell. 
1995;81(4):505–12.

 9. Hsu H, Xiong J, Goeddel DV.  The TNF receptor 
1-associated protein TRADD signals cell death and 
NF-kappa B activation. Cell. 1995;81(4):495–504.

 10. Kischkel FC, et  al. Cytotoxicity-dependent APO-1 
(Fas/CD95)-associated proteins form a death- 
inducing signaling complex (DISC) with the recep-
tor. EMBO J. 1995;14(22):5579–88.

 11. Li P, et al. Cytochrome c and dATP-dependent forma-
tion of Apaf-1/caspase-9 complex initiates an apop-
totic protease cascade. Cell. 1997;91(4):479–89.

 12. Itoh N, et al. The polypeptide encoded by the cDNA 
for human cell surface antigen Fas can mediate 
apoptosis. Cell. 1991;66(2):233–43.

 13. Loetscher H, et al. Molecular cloning and expression 
of the human 55 kd tumor necrosis factor receptor. 
Cell. 1990;61(2):351–9.

 14. Pan G, et  al. The receptor for the cytotoxic ligand 
TRAIL. Science. 1997;276(5309):111–3.

 15. Walczak H, et  al. TRAIL-R2: a novel apoptosis- 
mediating receptor for TRAIL.  EMBO J. 
1997;16(17):5386–97.

 16. Pan G, et  al. Identification and functional charac-
terization of DR6, a novel death domain-containing 
TNF receptor. FEBS Lett. 1998;431(3):351–6.

 17. Alderson MR, et  al. Fas transduces activation sig-
nals in normal human T lymphocytes. J Exp Med. 
1993;178(6):2231–5.

 18. Schulze-Osthoff K, Krammer PH, Droge 
W.  Divergent signalling via APO-1/Fas and 
the TNF receptor, two homologous molecules 
involved in physiological cell death. EMBO J. 
1994;13(19):4587–96.

 19. Smith CA, Farrah T, Goodwin RG. The TNF receptor 
superfamily of cellular and viral proteins: activation, 
costimulation, and death. Cell. 1994;76(6):959–62.

 20. Locksley RM, Killeen N, Lenardo MJ. The TNF and 
TNF receptor superfamilies: integrating mammalian 
biology. Cell. 2001;104(4):487–501.

 21. Bodmer JL, Schneider P, Tschopp J.  The molecu-
lar architecture of the TNF superfamily. Trends 
Biochem Sci. 2002;27(1):19–26.

 22. Edmond V, et  al. Precise mapping of the CD95 
pre-ligand assembly domain. PLoS One. 
2012;7(9):e46236.

 23. Papoff G, et  al. Identification and characterization 
of a ligand-independent oligomerization domain in 
the extracellular region of the CD95 death receptor. 
J Biol Chem. 1999;274(53):38241–50.

 24. Siegel RM, et  al. Fas preassociation required for 
apoptosis signaling and dominant inhibition by patho-
genic mutations. Science. 2000;288(5475):2354–7.

 25. Itoh N, Nagata S. A novel protein domain required 
for apoptosis. Mutational analysis of human Fas 
antigen. J Biol Chem. 1993;268(15):10932–7.

 26. Tartaglia LA, et  al. A novel domain within the 
55 kd TNF receptor signals cell death. Cell. 
1993;74(5):845–53.

 27. Tang W, et  al. The growth factor progranu-
lin binds to TNF receptors and is therapeutic 
against inflammatory arthritis in mice. Science. 
2011;332(6028):478–84.

 28. Cabal-Hierro L, Lazo PS.  Signal transduction 
by tumor necrosis factor receptors. Cell Signal. 
2012;24(6):1297–305.

 29. Chan FK, et  al. A domain in TNF receptors that 
mediates ligand-independent receptor assembly and 
signaling. Science. 2000;288(5475):2351–4.

 30. Pennica D, et al. Human tumour necrosis factor: pre-
cursor structure, expression and homology to lym-
photoxin. Nature. 1984;312(5996):724–9.

 31. Black RA, et al. A metalloproteinase disintegrin that 
releases tumour-necrosis factor-alpha from cells. 
Nature. 1997;385(6618):729–33.

A. Fouqué and P. Legembre



185

 32. Moss ML, et  al. Cloning of a disintegrin metallo-
proteinase that processes precursor tumour-necrosis 
factor-alpha. Nature. 1997;385(6618):733–6.

 33. Grell M, et  al. The transmembrane form of tumor 
necrosis factor is the prime activating ligand of 
the 80 kDa tumor necrosis factor receptor. Cell. 
1995;83(5):793–802.

 34. Wang CY, et  al. NF-kappaB antiapoptosis: induc-
tion of TRAF1 and TRAF2 and c-IAP1 and 
c-IAP2 to suppress caspase-8 activation. Science. 
1998;281(5383):1680–3.

 35. Haas TL, et al. Recruitment of the linear ubiquitin 
chain assembly complex stabilizes the TNF-R1 sig-
naling complex and is required for TNF-mediated 
gene induction. Mol Cell. 2009;36(5):831–44.

 36. Kirisako T, et  al. A ubiquitin ligase complex 
assembles linear polyubiquitin chains. EMBO J. 
2006;25(20):4877–87.

 37. Gerlach B, et  al. Linear ubiquitination prevents 
inflammation and regulates immune signalling. 
Nature. 2011;471(7340):591–6.

 38. Poukkula M, et  al. Rapid turnover of c-FLIPshort 
is determined by its unique C-terminal tail. J Biol 
Chem. 2005;280(29):27345–55.

 39. Enesa K, et al. NF-kappaB suppression by the deu-
biquitinating enzyme Cezanne: a novel negative 
feedback loop in pro-inflammatory signaling. J Biol 
Chem. 2008;283(11):7036–45.

 40. Green DR, et  al. RIPK-dependent necrosis and its 
regulation by caspases: a mystery in five acts. Mol 
Cell. 2011;44(1):9–16.

 41. Holler N, et al. Fas triggers an alternative, caspase- 8- 
independent cell death pathway using the kinase RIP as 
effector molecule. Nat Immunol. 2000;1(6):489–95.

 42. Vercammen D, et al. Inhibition of caspases increases the 
sensitivity of L929 cells to necrosis mediated by tumor 
necrosis factor. J Exp Med. 1998;187(9):1477–85.

 43. Cho YS, et  al. Phosphorylation-driven assembly 
of the RIP1-RIP3 complex regulates programmed 
necrosis and virus-induced inflammation. Cell. 
2009;137(6):1112–23.

 44. Kaiser WJ, et  al. RIP3 mediates the embryonic 
lethality of caspase-8-deficient mice. Nature. 
2011;471(7338):368–72.

 45. Oberst A, et al. Catalytic activity of the caspase- 8- 
FLIP(L) complex inhibits RIPK3-dependent necro-
sis. Nature. 2011;471(7338):363–7.

 46. Welz PS, et al. FADD prevents RIP3-mediated epi-
thelial cell necrosis and chronic intestinal inflamma-
tion. Nature. 2011;477(7364):330–4.

 47. Feldmann M, Maini RN.  Lasker clinical medical 
research award TNF defined as a therapeutic target 
for rheumatoid arthritis and other autoimmune dis-
eases. Nat Med. 2003;9(10):1245–50.

 48. Desbarats J, et  al. Fas engagement induces neurite 
growth through ERK activation and p35 upregula-
tion. Nat Cell Biol. 2003;5(2):118–25.

 49. Desbarats J, Newell MK. Fas engagement acceler-
ates liver regeneration after partial hepatectomy. Nat 
Med. 2000;6(8):920–3.

 50. Letellier E, et al. CD95-ligand on peripheral myeloid 
cells activates Syk kinase to trigger their recruitment to 
the inflammatory site. Immunity. 2010;32(2):240–52.

 51. O’Reilly LA, et  al. Membrane-bound Fas ligand 
only is essential for Fas-induced apoptosis. Nature. 
2009;461(7264):659–63.

 52. Ruan W, Lee CT, Desbarats J. A novel juxtamem-
brane domain in tumor necrosis factor receptor super-
family molecules activates Rac1 and controls neurite 
growth. Mol Biol Cell. 2008;19(8):3192–202.

 53. Tauzin S, et al. The naturally processed CD95L elic-
its a c-yes/calcium/PI3K-driven cell migration path-
way. PLoS Biol. 2011;9(6):e1001090.

 54. Tauzin S, et al. CD95-mediated cell signaling in can-
cer: mutations and post-translational modulations. 
Cell Mol Life Sci. 2012;69(8):1261–77.

 55. Trauth BC, et  al. Monoclonal antibody-mediated 
tumor regression by induction of apoptosis. Science. 
1989;245(4915):301–5.

 56. Suda T, et al. Molecular cloning and expression of 
the Fas ligand, a novel member of the tumor necrosis 
factor family. Cell. 1993;75(6):1169–78.

 57. Oshimi Y, et al. Involvement of Fas ligand and Fas- 
mediated pathway in the cytotoxicity of human natu-
ral killer cells. J Immunol. 1996;157(7):2909–15.

 58. Griffith TS, et  al. Fas ligand-induced apoptosis 
as a mechanism of immune privilege. Science. 
1995;270(5239):1189–92.

 59. Bellgrau D, et al. A role for CD95 ligand in prevent-
ing graft rejection. Nature. 1995;377(6550):630–2.

 60. Watanabe-Fukunaga R, et  al. Lymphoproliferation 
disorder in mice explained by defects in Fas 
antigen that mediates apoptosis. Nature. 
1992;356(6367):314–7.

 61. Adachi M, Watanabe-Fukunaga R, Nagata 
S. Aberrant transcription caused by the insertion of 
an early transposable element in an intron of the Fas 
antigen gene of lpr mice. Proc Natl Acad Sci U S A. 
1993;90(5):1756–60.

 62. Chu JL, et al. The defect in Fas mRNA expression in 
MRL/lpr mice is associated with insertion of the ret-
rotransposon, ETn. J Exp Med. 1993;178(2):723–30.

 63. Kimura M, Matsuzawa A.  Autoimmunity in mice 
bearing lprcg: a novel mutant gene. Int Rev Immunol. 
1994;11(3):193–210.

 64. Takahashi T, et al. Generalized lymphoproliferative 
disease in mice, caused by a point mutation in the 
Fas ligand. Cell. 1994;76(6):969–76.

 65. Strasser A, Jost PJ, Nagata S. The many roles of FAS 
receptor signaling in the immune system. Immunity. 
2009;30(2):180–92.

 66. Behrmann I, Walczak H, Krammer PH.  Structure 
of the human APO-1 gene. Eur J Immunol. 
1994;24(12):3057–62.

 67. Huang B, et  al. NMR structure and mutagenesis 
of the Fas (APO-1/CD95) death domain. Nature. 
1996;384(6610):638–41.

 68. Scott FL, et al. The Fas-FADD death domain com-
plex structure unravels signalling by receptor clus-
tering. Nature. 2009;457(7232):1019–22.

11 The CD95/CD95L Signaling Pathway: A Role in Carcinogenesis



186

 69. Esposito D, et  al. Solution NMR investigation of 
the CD95/FADD homotypic death domain complex 
suggests lack of engagement of the CD95 C termi-
nus. Structure. 2010;18(10):1378–90.

 70. Wang L, et  al. The Fas-FADD death domain com-
plex structure reveals the basis of DISC assem-
bly and disease mutations. Nat Struct Mol Biol. 
2010;17(11):1324–9.

 71. Muppidi JR, et  al. Homotypic FADD interactions 
through a conserved RXDLL motif are required for 
death receptor-induced apoptosis. Cell Death Differ. 
2006;13(10):1641–50.

 72. Irmler M, et al. Inhibition of death receptor signals 
by cellular FLIP. Nature. 1997;388(6638):190–5.

 73. Thome M, et  al. Viral FLICE-inhibitory proteins 
(FLIPs) prevent apoptosis induced by death recep-
tors. Nature. 1997;386(6624):517–21.

 74. Condorelli G, et al. PED/PEA-15: an anti-apoptotic 
molecule that regulates FAS/TNFR1-induced apop-
tosis. Oncogene. 1999;18(31):4409–15.

 75. Scaffidi C, et al. Two CD95 (APO-1/Fas) signaling 
pathways. EMBO J. 1998;17(6):1675–87.

 76. Algeciras-Schimnich A, et  al. Two CD95 tumor 
classes with different sensitivities to antitumor drugs. 
Proc Natl Acad Sci U S A. 2003;100(20):11445–50.

 77. Chaigne-Delalande B, et al. CD95 engagement medi-
ates actin-independent and -dependent apoptotic sig-
nals. Cell Death Differ. 2009;16(12):1654–64.

 78. Yin XM.  Signal transduction mediated by bid, a 
pro-death Bcl-2 family proteins, connects the death 
receptor and mitochondria apoptosis pathways. Cell 
Res. 2000;10(3):161–7.

 79. Yin XM, et  al. Bid-deficient mice are resistant 
to Fas-induced hepatocellular apoptosis. Nature. 
1999;400(6747):886–91.

 80. Jost PJ, et  al. XIAP discriminates between type 
I and type II FAS-induced apoptosis. Nature. 
2009;460(7258):1035–9.

 81. Roy N, et  al. The c-IAP-1 and c-IAP-2 proteins 
are direct inhibitors of specific caspases. EMBO J. 
1997;16(23):6914–25.

 82. Deveraux QL, et  al. X-linked IAP is a direct 
inhibitor of cell-death proteases. Nature. 
1997;388(6639):300–4.

 83. Deveraux QL, et  al. IAPs block apoptotic events 
induced by caspase-8 and cytochrome c by 
direct inhibition of distinct caspases. EMBO J. 
1998;17(8):2215–23.

 84. Suzuki Y, Nakabayashi Y, Takahashi R.  Ubiquitin- 
protein ligase activity of X-linked inhibitor of apop-
tosis protein promotes proteasomal degradation of 
caspase-3 and enhances its anti-apoptotic effect in 
Fas-induced cell death. Proc Natl Acad Sci U S A. 
2001;98(15):8662–7.

 85. Du C, et al. Smac, a mitochondrial protein that pro-
motes cytochrome c-dependent caspase activation by 
eliminating IAP inhibition. Cell. 2000;102(1):33–42.

 86. Sun XM, et  al. Bcl-2 and Bcl-xL inhibit CD95- 
mediated apoptosis by preventing mitochondrial 
release of Smac/DIABLO and subsequent inactiva-

tion of X-linked inhibitor-of-apoptosis protein. J 
Biol Chem. 2002;277(13):11345–51.

 87. Beneteau M, et  al. Localization of Fas/CD95 into 
the lipid rafts on down-modulation of the phosphati-
dylinositol 3-kinase signaling pathway. Mol Cancer 
Res. 2008;6(4):604–13.

 88. Peacock JW, et al. PTEN loss promotes mitochon-
drially dependent type II Fas-induced apoptosis via 
PEA-15. Mol Cell Biol. 2009;29(5):1222–34.

 89. Varadhachary AS, et  al. Phosphatidylinositol 
3′-kinase blocks CD95 aggregation and caspase-8 
cleavage at the death-inducing signaling complex by 
modulating lateral diffusion of CD95. J Immunol. 
2001;166(11):6564–9.

 90. Pizon M, et al. Actin-independent exclusion of CD95 
by PI3K/AKT signalling: implications for apoptosis. 
Eur J Immunol. 2011;41(8):2368–78.

 91. Renganathan H, et  al. Phosphorylation of PEA-15 
switches its binding specificity from ERK/MAPK to 
FADD. Biochem J. 2005;390(Pt 3):729–35.

 92. Trencia A, et  al. Protein kinase B/Akt binds 
and phosphorylates PED/PEA-15, stabiliz-
ing its antiapoptotic action. Mol Cell Biol. 
2003;23(13):4511–21.

 93. Strasser A, et al. Bcl-2 and Fas/APO-1 regulate dis-
tinct pathways to lymphocyte apoptosis. EMBO J. 
1995;14(24):6136–47.

 94. Lacronique V, et  al. Bcl-2 protects from lethal 
hepatic apoptosis induced by an anti-Fas antibody in 
mice. Nat Med. 1996;2(1):80–6.

 95. Rodriguez I, et  al. A bcl-2 transgene expressed in 
hepatocytes protects mice from fulminant liver 
destruction but not from rapid death induced 
by anti-Fas antibody injection. J Exp Med. 
1996;183(3):1031–6.

 96. Drappa J, et  al. Fas gene mutations in the Canale- 
Smith syndrome, an inherited lymphoproliferative 
disorder associated with autoimmunity. N Engl J 
Med. 1996;335(22):1643–9.

 97. Fisher GH, et  al. Dominant interfering Fas gene 
mutations impair apoptosis in a human auto-
immune lymphoproliferative syndrome. Cell. 
1995;81(6):935–46.

 98. Rieux-Laucat F, et  al. Mutations in Fas associated 
with human lymphoproliferative syndrome and 
autoimmunity. Science. 1995;268(5215):1347–9.

 99. Canale VC, Smith CH.  Chronic lymphadenopa-
thy simulating malignant lymphoma. J Pediatr. 
1967;70(6):891–9.

 100. Rieux-Laucat F, et  al. Lymphoproliferative syn-
drome with autoimmunity: a possible genetic basis 
for dominant expression of the clinical manifesta-
tions. Blood. 1999;94(8):2575–82.

 101. Straus SE, et al. The development of lymphomas in 
families with autoimmune lymphoproliferative syn-
drome with germline Fas mutations and defective 
lymphocyte apoptosis. Blood. 2001;98(1):194–200.

 102. Hennino A, et al. FLICE-inhibitory protein is a key 
regulator of germinal center B cell apoptosis. J Exp 
Med. 2001;193(4):447–58.

A. Fouqué and P. Legembre



187

 103. Montesinos-Rongen M, et al. Primary diffuse large 
B-cell lymphomas of the central nervous system are 
targeted by aberrant somatic hypermutation. Blood. 
2004;103(5):1869–75.

 104. Muschen M, et al. The origin of CD95-gene muta-
tions in B-cell lymphoma. Trends Immunol. 
2002;23(2):75–80.

 105. Peter ME, Legembre P, Barnhart BC.  Does CD95 
have tumor promoting activities? Biochim Biophys 
Acta. 2005;1755(1):25–36.

 106. Legembre P, Barnhart BC, Peter ME. The relevance 
of NF-kappaB for CD95 signaling in tumor cells. 
Cell Cycle. 2004;3(10):1235–9.

 107. Legembre P, et al. Induction of apoptosis and activa-
tion of NF-kappaB by CD95 require different signal-
ling thresholds. EMBO Rep. 2004;5(11):1084–9.

 108. Barnhart BC, et  al. CD95 ligand induces motility 
and invasiveness of apoptosis-resistant tumor cells. 
EMBO J. 2004;23(15):3175–85.

 109. Grassme H, et  al. CD95 signaling via 
ceramide-rich membrane rafts. J Biol Chem. 
2001;276(23):20589–96.

 110. Muppidi JR, Siegel RM. Ligand-independent redis-
tribution of Fas (CD95) into lipid rafts mediates clo-
notypic T cell death. Nat Immunol. 2004;5(2):182–9.

 111. Stel AJ, et  al. Fas receptor clustering and involve-
ment of the death receptor pathway in rituximab- 
mediated apoptosis with concomitant sensitization 
of lymphoma B cells to fas-induced apoptosis. J 
Immunol. 2007;178(4):2287–95.

 112. Delmas D, et  al. Resveratrol-induced apoptosis 
is associated with Fas redistribution in the rafts 
and the formation of a death-inducing signal-
ing complex in colon cancer cells. J Biol Chem. 
2003;278(42):41482–90.

 113. Delmas D, et al. Redistribution of CD95, DR4 and 
DR5 in rafts accounts for the synergistic toxicity of 
resveratrol and death receptor ligands in colon carci-
noma cells. Oncogene. 2004;23(55):8979–86.

 114. Gajate C, et al. Intracellular triggering of Fas aggre-
gation and recruitment of apoptotic molecules into 
Fas-enriched rafts in selective tumor cell apoptosis. 
J Exp Med. 2004;200(3):353–65.

 115. Gajate C, Mollinedo F.  Edelfosine and perifosine 
induce selective apoptosis in multiple myeloma 
by recruitment of death receptors and down-
stream signaling molecules into lipid rafts. Blood. 
2007;109(2):711–9.

 116. Gajate C, Mollinedo F. Cytoskeleton-mediated death 
receptor and ligand concentration in lipid rafts forms 
apoptosis-promoting clusters in cancer chemother-
apy. J Biol Chem. 2005;280(12):11641–7.

 117. Lacour S, et al. Cisplatin-induced CD95 redistribu-
tion into membrane lipid rafts of HT29 human colon 
cancer cells. Cancer Res. 2004;64(10):3593–8.

 118. Segui B, Legembre P.  Redistribution of CD95 
into the lipid rafts to treat cancer cells? Recent Pat 
Anticancer Drug Discov. 2010;5(1):22–8.

 119. Anathy V, et  al. Redox amplification of apopto-
sis by caspase-dependent cleavage of glutaredoxin 

1 and S-glutathionylation of Fas. J Cell Biol. 
2009;184(2):241–52.

 120. Oehm A, et  al. Purification and molecular cloning 
of the APO-1 cell surface antigen, a member of the 
tumor necrosis factor/nerve growth factor receptor 
superfamily. Sequence identity with the Fas antigen. 
J Biol Chem. 1992;267(15):10709–15.

 121. Grassme H, et  al. Ceramide-mediated clustering 
is required for CD95-DISC formation. Oncogene. 
2003;22(35):5457–70.

 122. Chen CA, et al. S-glutathionylation uncouples eNOS 
and regulates its cellular and vascular function. 
Nature. 2010;468(7327):1115–8.

 123. Leon-Bollotte L, et  al. S-nitrosylation of the death 
receptor fas promotes fas ligand-mediated apoptosis 
in cancer cells. Gastroenterology. 2011;140(7):2009–
18, 2018 e1–4.

 124. Chakrabandhu K, et  al. Palmitoylation is required 
for efficient Fas cell death signaling. EMBO J. 
2007;26(1):209–20.

 125. Feig C, et al. Palmitoylation of CD95 facilitates for-
mation of SDS-stable receptor aggregates that initiate 
apoptosis signaling. EMBO J. 2007;26(1):221–31.

 126. Lee KH, et al. The role of receptor internalization in 
CD95 signaling. EMBO J. 2006;25(5):1009–23.

 127. Khadra N, et al. CD95 triggers Orai1-mediated local-
ized Ca2+ entry, regulates recruitment of protein 
kinase C (PKC) beta2, and prevents death-inducing 
signaling complex formation. Proc Natl Acad Sci U 
S A. 2011;108(47):19072–7.

 128. Penna A, et al. The CD95 signaling pathway: to not 
die and fly. Commun Integr Biol. 2012;5(2):190–2.

 129. Stanger BZ, et  al. RIP: a novel protein contain-
ing a death domain that interacts with Fas/APO-1 
(CD95) in yeast and causes cell death. Cell. 
1995;81(4):513–23.

 130. Degterev A, et  al. Chemical inhibitor of non-
apoptotic cell death with therapeutic poten-
tial for ischemic brain injury. Nat Chem Biol. 
2005;1(2):112–9.

 131. Degterev A, et  al. Identification of RIP1 kinase as 
a specific cellular target of necrostatins. Nat Chem 
Biol. 2008;4(5):313–21.

 132. Lee EW, et al. The roles of FADD in extrinsic apopto-
sis and necroptosis. BMB Rep. 2012;45(9):496–508.

 133. Lin Y, et  al. Cleavage of the death domain kinase 
RIP by caspase-8 prompts TNF-induced apoptosis. 
Genes Dev. 1999;13(19):2514–26.

 134. Feng S, et  al. Cleavage of RIP3 inactivates 
its caspase- independent apoptosis pathway 
by removal of kinase domain. Cell Signal. 
2007;19(10):2056–67.

 135. O’Donnell MA, et  al. Caspase 8 inhibits pro-
grammed necrosis by processing CYLD.  Nat Cell 
Biol. 2011;13(12):1437–42.

 136. Peter ME. Programmed cell death: apoptosis meets 
necrosis. Nature. 2011;471(7338):310–2.

 137. Montel AH, et  al. Fas involvement in cytotoxic-
ity mediated by human NK cells. Cell Immunol. 
1995;166(2):236–46.

11 The CD95/CD95L Signaling Pathway: A Role in Carcinogenesis



188

 138. Saas P, et al. Fas ligand expression by astrocytoma 
in vivo: maintaining immune privilege in the brain? 
J Clin Invest. 1997;99(6):1173–8.

 139. Stuart PM, et al. CD95 ligand (FasL)-induced apop-
tosis is necessary for corneal allograft survival. J 
Clin Invest. 1997;99(3):396–402.

 140. Hahne M, et  al. Melanoma cell expression of 
Fas(Apo-1/CD95) ligand: implications for tumor 
immune escape. Science. 1996;274(5291):1363–6.

 141. O’Connell J, et  al. The Fas counterattack: Fas- 
mediated T cell killing by colon cancer cells express-
ing Fas ligand. J Exp Med. 1996;184(3):1075–82.

 142. Allison J, et  al. Transgenic expression of CD95 
ligand on islet beta cells induces a granulocytic 
infiltration but does not confer immune privilege 
upon islet allografts. Proc Natl Acad Sci U S A. 
1997;94(8):3943–7.

 143. Kang SM, et  al. Fas ligand expression in islets of 
Langerhans does not confer immune privilege and 
instead targets them for rapid destruction. Nat Med. 
1997;3(7):738–43.

 144. Chen JJ, Sun Y, Nabel GJ. Regulation of the proin-
flammatory effects of Fas ligand (CD95L). Science. 
1998;282(5394):1714–7.

 145. Bui JD, Schreiber RD. Cancer immunosurveillance, 
immunoediting and inflammation: independent or 
interdependent processes? Curr Opin Immunol. 
2007;19(2):203–8.

 146. Beneteau M, et al. Dominant-negative Fas mutation 
is reversed by down-expression of c-FLIP.  Cancer 
Res. 2007;67(1):108–15.

 147. Chen L, et  al. CD95 promotes tumour growth. 
Nature. 2010;465(7297):492–6.

 148. Kleber S, et  al. Yes and PI3K bind CD95 to 
signal invasion of glioblastoma. Cancer Cell. 
2008;13(3):235–48.

 149. Matsuno H, et al. Stromelysin-1 (MMP-3) in syno-
vial fluid of patients with rheumatoid arthritis has 
potential to cleave membrane bound Fas ligand. J 
Rheumatol. 2001;28(1):22–8.

 150. Vargo-Gogola T, et al. Identification of novel matrix 
metalloproteinase-7 (matrilysin) cleavage sites 
in murine and human Fas ligand. Arch Biochem 
Biophys. 2002;408(2):155–61.

 151. Kiaei M, et al. Matrix metalloproteinase-9 regulates 
TNF-alpha and FasL expression in neuronal, glial 
cells and its absence extends life in a transgenic 
mouse model of amyotrophic lateral sclerosis. Exp 
Neurol. 2007;205(1):74–81.

 152. Kirkin V, et al. The Fas ligand intracellular domain 
is released by ADAM10 and SPPL2a cleavage in 
T-cells. Cell Death Differ. 2007;14(9):1678–87.

 153. Schulte M, et  al. ADAM10 regulates FasL cell 
surface expression and modulates FasL-induced 
cytotoxicity and activation-induced cell death. Cell 
Death Differ. 2007;14(5):1040–9.

 154. Holler N, et  al. Two adjacent trimeric Fas ligands 
are required for Fas signaling and formation of a 
death-inducing signaling complex. Mol Cell Biol. 
2003;23(4):1428–40.

 155. Schneider P, et  al. Conversion of membrane- 
bound Fas(CD95) ligand to its soluble form is 
associated with downregulation of its proapop-
totic activity and loss of liver toxicity. J Exp Med. 
1998;187(8):1205–13.

 156. Suda T, et  al. Membrane Fas ligand kills human 
peripheral blood T lymphocytes, and solu-
ble Fas ligand blocks the killing. J Exp Med. 
1997;186(12):2045–50.

 157. Malleter M, et  al. CD95L cell surface cleav-
age triggers a pro-metastatic signaling  pathway 
in triple negative breast cancer. Cancer Res. 
2013;73(22):6711–21.

 158. Cursi S, et al. Src kinase phosphorylates Caspase-8 
on Tyr380: a novel mechanism of apoptosis suppres-
sion. EMBO J. 2006;25(9):1895–905.

 159. Senft J, Helfer B, Frisch SM.  Caspase-8 interacts 
with the p85 subunit of phosphatidylinositol 3-kinase 
to regulate cell adhesion and motility. Cancer Res. 
2007;67(24):11505–9.

 160. Steller EJ, Borel Rinkes IH, Kranenburg 
O.  How CD95 stimulates invasion. Cell Cycle. 
2011;10(22):3857–62.

 161. Bivona TG, et  al. FAS and NF-kappaB signalling 
modulate dependence of lung cancers on mutant 
EGFR. Nature. 2011;471(7339):523–6.

 162. Bellone G, et al. Production and pro-apoptotic activ-
ity of soluble CD95 ligand in pancreatic carcinoma. 
Clin Cancer Res. 2000;6(6):2448–55.

 163. Tanaka M, et  al. Fas ligand in human serum. Nat 
Med. 1996;2(3):317–22.

 164. Hashimoto H, et al. Soluble Fas ligand in the joints 
of patients with rheumatoid arthritis and osteoarthri-
tis. Arthritis Rheum. 1998;41(4):657–62.

 165. Das H, et al. Levels of soluble FasL and FasL gene 
expression during the development of graft-versus- 
host disease in DLT-treated patients. Br J Haematol. 
1999;104(4):795–800.

 166. Kanda Y, et al. Increased soluble Fas-ligand in sera 
of bone marrow transplant recipients with acute 
graft-versus-host disease. Bone Marrow Transplant. 
1998;22(8):751–4.

 167. Tomokuni A, et  al. Serum levels of soluble Fas 
ligand in patients with silicosis. Clin Exp Immunol. 
1999;118(3):441–4.

 168. Herrero R, et  al. The biological activity of FasL 
in human and mouse lungs is determined by 
the structure of its stalk region. J Clin Invest. 
2011;121(3):1174–90.

 169. Alonso R, et  al. Diacylglycerol kinase alpha regu-
lates the formation and polarisation of mature mul-
tivesicular bodies involved in the secretion of Fas 
ligand-containing exosomes in T lymphocytes. Cell 
Death Differ. 2011;18(7):1161–73.

 170. Bianco NR, et  al. Modulation of the immune 
response using dendritic cell-derived exosomes. 
Methods Mol Biol. 2007;380:443–55.

 171. Abusamra AJ, et al. Tumor exosomes expressing Fas 
ligand mediate CD8+ T-cell apoptosis. Blood Cells 
Mol Dis. 2005;35(2):169–73.

A. Fouqué and P. Legembre



189© Springer Nature Switzerland AG 2020 
N. Rezaei (ed.), Cancer Immunology, https://doi.org/10.1007/978-3-030-30845-2_12

MHC Class I Molecules and Cancer 
Progression: Lessons Learned 
from Preclinical Mouse Models

Irene Romero, Ignacio Algarra, 
and Angel M. Garcia-Lora

Contents
12.1  Introduction  189

12.2  MHC-I Cell Surface Expression on Tumor Cells and Primary Tumor 
Growth  190

12.2.1  Studies in GR9 Tumor Model: H-2 Antigen Surface Expression 
and Tumorigenic Capacity  192

12.3  MHC-I Expression and Metastatic Progression  194
12.3.1  MHC Class I Expression on Primary Tumor Cells May Determine 

Spontaneous Metastatic Capacity  194
12.3.2  Different MHC-I Surface Expressions on GR9 Tumor Clones Determine 

Their Spontaneous Metastatic Capacity  195

12.4  Immunotherapy as a Treatment  Against Cancers with Different  
MHC-I Surface Expressions  197

12.4.1  Immunotherapy as a Treatment Against Primary Tumors with Different 
Levels of MHC-I Expression  197

12.4.2  Immunotherapy as a Treatment Against Metastatic Progression Derived 
from Primary Tumors with Different MHC-I Expressions  198

12.5  Concluding Remarks  200

 References  200

12.1  Introduction

The major histocompatibility complex (MHC) is 
composed of a set of molecules that play a piv-
otal role in the immune response against different 
pathogens and tumor cells. These molecules were 
described in mice for the first time by Gorer while 
performing transplantation studies with tumor cell 
lines injected in inbred strains of mice [1]. In the 
middle of the 1950s, Jean Dausset described the 
HLA system in humans which is equivalent to the 
mouse H-2 complex [2]. MHC class I (MHC-I) 
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molecules comprise the classical (class Ia) HLA-
A, HLA-B, and HLA-C antigens in humans and 
H-2 K, H-2 D, and H-2 L in mice and the non-
classical (class Ib) HLA-E, HLA-F, and HLA-G 
in humans and Qa and Tla antigens in mice [3]. 
Their structure is quite similar in humans and 
mice, forming a trimolecular complex consisting 
of a 45 kDa highly polymorphic heavy chain, a 
peptide antigen, and the nonpolymorphic 12 kDa 
β2-microglobulin (β2m) light chain [4]. HLA/H-2 
class I molecules are expressed on the surface of 
nucleated cells [5]. It is estimated that there are up 
to 250,000 of each MHC-I molecule on the sur-
face of a somatic cell [6].

MHC-I molecules bind antigens in the form 
of peptides, generated from endogenous pro-
teins, present on the cell surface to CD8+ T-cells. 
In tumor cells, MHC-I molecules present 
tumor- associated antigens (TAAs) to cytotoxic 
T-lymphocytes (CTLs) activating cell prolifera-
tion, cytokine production, and target cell lysis. 
These TAAs are generated from degraded foreign 
endogenous proteins by the antigen presentation 
machinery (APM). This process is carried out by 
a large number of proteins and accessory mol-
ecules [7–9]. Correct functioning of these APM 
components gives rise to cells with normal sur-
face expression of the MHC-I molecules [10, 11]. 
Any defect in these processes will lead to non- 
expression of MHC-I molecules on the cell sur-
face. These MHC-I-deficient tumor cells might 
be recognized by natural killer (NK) cells [12].

In this chapter, we will focus on analyzing the 
role of MHC-I antigens in cancer immunosur-
veillance in murine tumor models without obviat-
ing the great contributions done in human tumor 
models; the authors’ laboratory is the reference 
to the findings described.

12.2  MHC-I Cell Surface 
Expression on Tumor Cells 
and Primary Tumor Growth

For over 30 years, our group of investigators has 
worked on human and mouse preclinical tumor 
models in an attempt to define the mechanisms 
through which tumor cells evade the immune 

system. We have found that tumor cells develop 
sophisticated molecular and biological mecha-
nisms which allow them to escape immunosur-
veillance. Among the mechanisms studied, MHC 
alteration is one of the most important and fre-
quent mechanisms, possibly playing a relevant 
role in the tumor-host scenario [13–15]. Any 
alteration affecting the surface expression of 
MHC-I molecules, the expression and function of 
APM components, and the expression of MHC-I 
heavy chains or β2m in tumor cells will have a 
profound effect on the recognition and killing of 
those tumor cells by T-lymphocytes [16, 17]. In 
this context, a new phase has been proposed into 
the tumor evolution, called the immunoblindness 
phase, which comes after the three phases of the 
immunoediting process [18]. During this phase, 
CTLs lose control over tumor cells, since losing 
MHC-I surface expression makes them invisible.

Our research group has a long and well- 
established history identifying and defining the 
HLA class I altered phenotypes present in human 
tumors. In fact, the data accumulated indicate 
that alterations in HLA class I expression are 
commonly found in most human tumors [19, 
20]. Seven different altered HLA class I phe-
notypes have been defined in a large variety of 
human tumors, and the molecular mechanisms 
that have been found to underlie these alterations 
in MHC-I expression are multiple [21]. These 
defects can occur at any step required for MHC 
synthesis, assembly, transport, or expression on 
the cell surface. Only some of these defects can 
be recovered by cytokines or other agents, while 
others remain unrecovered. Thus, MHC altera-
tions can be classified into two main groups: 
reversible defects (regulatory or soft) and irre-
versible defects (structural or hard) [22, 23].

Many studies in human and experimen-
tal tumors have reported variations in MHC-I 
 antigen cell surface expression [24–27]. These 
variations have been associated with important 
changes in tumor behavior and metastatic colo-
nization [28, 29]. The crucial role of MHC-I 
in  local tumor growth and metastasis has also 
been demonstrated in many different murine 
tumor models. The first detection of MHC-I lack 
in mouse tumors was described in 1976; loss of 
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one H-2  Kk private specificity was reported in 
Gardener lymphoma derived from a C3H mouse 
[25]. Following these studies, different groups 
reported altered expression of MHC molecules in 
other tumors, i.e., the absence of some H-2d mol-
ecules in a methylcholanthrene-induced sarcoma 
(MCG4) in a BALB/c mouse [30], loss of Kk anti-
gen (Ag) expression in a particular AKR tumor 
cell line designated K36.16 (this tumor cell line 
showed resistance to killing by AKR anti-MuLV 
CTLs in vitro) [31], loss of the products of the 
H-2 Ld locus in a BALB/c fibrosarcoma [32], and 
absence of H-2 Ds Ags in SJL/J lymphomas [33].

Another field in the study of MHC-I Ags in 
murine tumors originates from transfection of 
MHC-I molecules in MHC-I-deficient murine 
tumors. The transfection and cell surface expres-
sion of one H-2k gene product in the AKR 
lymphoma cell line K36.16, a subline of K36 
(H-2 Kk-negative) lymphoma, inhibited the syn-
geneic growth of this tumor [34, 35]. Studies with 
the methylcholanthrene (MCA)-induced T10 
sarcoma demonstrated that the transfection of 
Kk or Kb gene into H-2 K-negative parental cells 
reduced tumorigenicity and abolished the forma-
tion of metastasis in syngeneic mice [36]. Similar 
results were obtained in other experimental mod-
els [37]. In all these studies, absence of MHC-I 
molecules has been interpreted as a factor which 
selects immunodeficient variants and represents 
a major escape mechanism from T-cell recogni-
tion. The reconstitution of H-2 class I expression 
has demonstrated that even MHC-I molecules on 
tumor cells are responsible for regulation of NK 
susceptibility. Restoration of these molecules by 
transfection with β2m gene resulted in a strong 
decrease in susceptibility to NK lysis in the S3 
cell line, a negative variant for H-2 Db and Kb of 
the murine thymoma EL4 [38].

The differential expression of H-2 class I K, 
H-2 class I D, and H-2 class I L molecules is 
another event present in some tumors. Studies 
on AKR-derived B-cell lymphomas (H-2k) have 
shown that Dk molecules are processed slower 
than Kk molecules, with a half-time of 4–5  h 
[39]. Other studies have shown that Ld Ags are 
expressed at levels three to four times lower than 
Dd or Kd Ags [40]. This is in line with the stud-

ies that show that in BALB/c S49 lymphoma 
sublines, there is a locus-specific regulation for 
Kd, Dd, and Ld surface molecules [41]. The dif-
ferential expression of these molecules on the 
cell surface could be a mechanism used by the 
tumor cells to escape from immunosurveillance. 
Therefore, these studies all together could add to 
our knowledge about tumor biology [39]. Some 
examples of this locus-specific regulation have 
been documented in other tumor models. Green 
and coworkers have studied an MuLV-induced 
AKR tumor in which the expressed H-2 K and 
H-2 D Ags are differentially induced by IFN-γ 
[42]. In the spontaneous BALB/c line 1 murine 
carcinoma, it has been shown that the induc-
tions of MHC-I antigen expression by IFN-γ 
and DMSO differ at the molecular level. A point 
mutation in the D1 region of the Dd promoter 
diminished IFN-γ responsiveness, but did not 
alter induction of Dd molecule by DMSO. Thus, 
DMSO appears to regulate MHC-I transcription 
through multiple regions of the MHC-I heavy- 
chain promoter by mechanisms distinct from 
IFN-γ [43]. Studies with mutant phenotypes have 
led to the description of factors controlling the 
folding, the intracellular transport, and the sur-
face expression of class I molecules [44].

Components of APM are important elements 
in the MHC-I cell surface expression. Alteration 
in the Ag presentation pathway may serve as 
an evasive mechanism rendering tumors unrec-
ognizable by host immunosurveillance mecha-
nisms. Certain murine tumor cell lines, such as 
the chemical-induced CMS-5, EL4, MCA102, 
and MCA205 cells, with deficient expression 
and/or function of multiple APM components, 
in particular the peptide transporters (TAPs) and 
tapasin, show reduced levels of MHC-I surface 
expression accompanied by low immunoge-
nicity, hence evading T-cell-mediated immune 
recognition in vivo [45]. In the B16 melanoma, 
MHC-I- deficient phenotype has been attributed 
to the downregulation or loss of the expression 
and function of multiple APM components [46]. 
In other studies, it has been shown that inocula-
tion of C57BL/6 mice with a mixture of TAP-
1- positive and TAP-1-negative tumor cell lines, 
generated from a transformed murine fibroblast 
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line, produced tumors exclusively composed of 
TAP-1-negative cells, indicating an in vivo selec-
tion for TAP-deficient cells. Thus, loss of TAP 
function can allow tumor cells to avoid T-cell 
immunity producing tumor cells with increased 
tumorigenicity [16]. In the APM-deficient mouse 
lung carcinoma cell line CMT.64, reexpression 
of TAP-1 after infection with TAP-1 adenovirus 
vector led to an increase of MHC-I cell surface 
expression and increased susceptibility to spe-
cific CTLs [47].

In addition, there are examples of tumor pro-
gression associated with increased expression of 
MHC Ags. For instance, one H-2 class I-deficient 
cell line from RBL-5 lymphoma (RMA-S), iso-
lated after mutagenization and several cycles of 
selection by lysis of MHC-I-positive cells, was 
rejected in syngeneic C57BL/6 mice. In contrast, 
the H-2-positive wild-type cell line (RMA) was 
highly tumorigenic [48]. The transfection of this 
H-2 class I-deficient mutant (RMA-S) with TAP- 
2 gene led to a marked increase in tumor out-
growth potential in  vivo. This occurred despite 
restored antigen presentation and sensitivity to 
CTLs and was found to be due to escape from 
NK cell-mediated rejection. These data suggest 
that a defect in the machinery responsible for 
processing and loading of peptides into MHC-I 
molecules is sufficient to render cells sensitive to 
elimination by NK cells [49]. These data are in 
accordance with the missing self-hypothesis [12] 
in which NK cells are able to distinguish class 
I-expressing and class I-deficient tumor cells. 
These cells are able to kill TAP-deficient RMA-S 
cells (H-2 class I negative) more efficiently com-
pared to RMA cells (MHC-I positive). NK cells 
refrain from killing when target cells express 
self-MHC-I molecules [50]. Similar results have 
been obtained after IFN-γ treatment in murine 
H-2-negative YAC-1 lymphoma cell line. In this 
case, reexpression of H-2 antigens abrogated NK 
lysis of the cells [51]. In other tumors including 
EL4 lymphoma [12, 48] and murine tumor cell 
lines expressing human papilloma virus (HPV) 
16-derived E6/E7 oncoproteins TC-1 (MHC-I- 
positive) and MK16 (MHC-I-negative) variants, 
NK cells appear to be an effective tool against 
MHC-I-deficient cells [52, 53]. In this case, 

immunization with the MHC-I-negative (MK16), 
but not with TC-1 (MHC-I-positive), cell line 
inhibits the growth of MHC-I-negative tumors. 
NK cells are responsible for this immunity, 
although IFN-γ production by CD4+ and CD8+ 
T-cells cannot be excluded [54]. The heterogene-
ity of MHC-I expression in tumor cell popula-
tion and the balance of the MHC-restricted CTL 
and MHC-unrestricted NK cell immune mecha-
nisms determine the final outcome of the MHC-I 
expression in the primary tumor [55].

12.2.1  Studies in GR9 Tumor Model: 
H-2 Antigen Surface 
Expression and Tumorigenic 
Capacity

Since the generation of the GR9 tumor model 
in the 1980s, our knowledge about the role 
of MHC-I molecules in the tumor scene has 
increased dramatically [28, 29, 56, 57, 58]. GR9 
tumor model is a subcutaneously induced meth-
ylcholanthrene (MCA) fibrosarcoma in BALB/c. 
The original tumor mass was directly adapted 
to tissue culture without any in vivo passage in 
syngeneic or allogeneic mice to avoid immunose-
lection [56]. Forty-three cell lines were obtained 
after cloning using a phase-contrast microscope 
and limiting dilution, adapted to tissue culture 
and cryopreserved. The GR9 fibrosarcoma tumor 
and the GR9-derived clones have been exten-
sively studied and characterized by our group. 
The H-2 class I phenotype of the different cell 
lines was analyzed (Fig. 12.1) [13, 56, 59]. GR9 
cell line presents surface expression of the three 
H-2 class I molecules (Kd, Dd, and Ld), and it is 
composed of tumor clones with a great hetero-
geneity in H-2 phenotype which could be clas-
sified in four groups: highly positive clones (D8, 
A7, G2), middle positive clones (B10, B7, B3), 
low positive clones (B6, C11, C5, G10), and 
very low/negative clones (B9, B11) (Fig.  12.1) 
[13, 56, 59]. Transcriptional analysis of the H-2 
class I heavy chain, β2m, and APM component 
genes showed a correlation between the expres-
sion of these genes and the surface expression of 
MHC-I molecules [59]. A coordinated transcrip-
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tional downregulation of H-2  Ld heavy chain, 
calreticulin, LMP-2, and TAP-1 has been found 
in B11, B7, and C5 clones in comparison with 
A7 clone. In all instances, H-2 class I Kd, Dd, 
and Ld molecules of all tumor cell lines could be 
recovered after IFN-γ treatment [59]. This data 
indicates that tumor cells have reversible (soft) 
defects underlying MHC alterations [23, 60]. 
More recently, we have shown that the tumor 
suppressor gene Fhit is involved in the coordi-
nated transcriptional regulation of various APM 
components and/or MHC-I heavy chains [58]. 
Transcriptional levels of Fhit are significantly 
lower in tumor clones with low expression of 
MHC-I molecules. Results have shown that the 
transcriptional level of Fhit in A7 clone is 1.4 
higher than those found in B7 clones and 3.6 and 
3.2 times higher than those expressed in C5 and 
B11 clones [59].

The intratumoral heterogeneity in H-2 class I 
expression presented in GR9 cell lines is not an 

unusual case since other MCA-induced tumors 
obtained in our laboratory (GRB7.1, GRB7.2, 
and GRIR5) presented similar levels of H-2 class 
I heterogeneity. These differences have a strong 
influence on in  vivo tumor behavior in immu-
nocompetent mice [13]. Local tumor growth of 
different clones of GR9  in syngeneic immuno-
competent BALB/c mice showed an inverse cor-
relation between the MHC-I phenotype of tumor 
clones and their local tumorigenic capacity [59, 
61]. Comparing local tumor growth after subcu-
taneous injection of 6.25 × 105 cells of A7, B7, 
C5, and B11, we found that all cell lines grew 
in vivo locally. A7 and B7 showed similar growth 
rate, but different from C5 and B11. Thus, local 
tumors of mice injected with C5 and B11 cell 
clones began to grow at day 8 and were removed 
at days 23 and 28, respectively. In contrast, the 
other two clones, A7 and B7 cells, began to grow 
later at days 14 and 16 postinjection, respec-
tively; the primary tumor was removed at day 

MHC-I positive

G2

A7

B7 B10

Primary tumor

GR9
Fibrosarcoma

MHC-I

+++ –

G10

MHC-I intermediate

C5 C11

B11

B9

MHC-I negative

Fig. 12.1 GR9 fibrosarcoma tumor model. Cell clones are adapted to tissue culture from the primary tumor and clas-
sified according to MHC-I surface expression
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39. Clones with high MHC-I expression are very 
immunogenic in local tumor growth experiments; 
in contrast, clones with decreased MHC-I expres-
sion grew rapidly in vivo when injected subcu-
taneously. The behavior is totally opposite in 
spontaneous metastatic capacity (see the follow-
ing section). In brief, results clearly show that in 
this tumor model, an inverse correlation between 
MHC-I surface expression on tumor clones and 
local tumorigenic capacity exists. Moreover, 
these differences in  local tumor growth were 
associated with an immune response, since the 
clones progressed similarly in irradiated synge-
neic BALB/c mice [61].

12.3  MHC-I Expression 
and Metastatic Progression

Metastatic progression is a complex process dur-
ing which cancer cells leave the heterogeneous 
primary tumor to spread to secondary sites. Thus, 
pathogenesis of cancer metastases involves a set 
of sequential events initiated when tumor cells 
acquire an invasive phenotype [62–64]. These 
invasive tumor cells detach from the matrix, 
invade the tissue, and migrate toward the blood 
or lymphatic vessels to finally get access to the 
systemic circulation. However, most tumor cells 
are destroyed after extravasation into circula-
tion by the immune system or hemodynamic 
forces, and only a small proportion eventually 
extravasate and arrive at the new site [65, 66]. 
This last step requires complex interactions 
between tumor cells and distant tissue microen-
vironment [67, 68]. Some in vitro model systems 
have contributed to the study of individual steps 
of the metastatic cascade [69, 70]. However, the 
major limitation of these models is that they do 
not incorporate the complex interplay between 
the host and tumor cells; therefore, it is neces-
sary to work with in  vivo models. One of the 
most common problems about cancer research 
and treatment is difficulty reproducing metastatic 
human disease using in vivo models. Preclinical 
tumor models must mimic the fundamental steps 
associated with the metastatic cascade [71, 72]. 
Three main types of models in  vivo have been 

employed to approximate the situation observed 
in patients with advanced metastatic disease: 
genetically engineered mouse models (GEMM), 
transplantable tumor model systems (GRAFT) or 
spontaneous metastasis assays, and experimental 
metastasis assays. At first, an oncogenic altera-
tion is introduced (deletion or overexpression) 
in a specific tissue [63, 73–75]. The other alter-
native extensively used, GRAFTs, recapitulates 
all steps of secondary colonization by spontane-
ous visceral metastasis. In these models, tumors 
or tumor cell lines are transplanted into mouse, 
generating a primary tumor that will be excised 
to prolong survival of the host, thus increasing 
the possibility of distant spontaneous metastases 
[76–79]. Experimental metastasis assay also is 
the other common test to investigate biological 
behavior of tumor cells in  vivo. In experimen-
tal metastasis assays, tumor cells are directly 
injected into blood circulation to spread to 
organs. We considered that spontaneous metasta-
sis assay resembles all sequential steps associated 
with the metastatic cascade, from primary local 
tumor to secondary colonization. In contrast, 
experimental metastasis assay is a bypass in the 
metastatic cascade, evading the first steps: local 
primary tumor growth, migration, and extrava-
sation into the blood and/or lymphatic vessels. 
Our research group has compared the behavior 
of different tumor cell lines in experimental and 
spontaneous metastasis assays, finding that it is 
opposite. Tumor cell lines with high spontaneous 
metastatic ability showed very low experimen-
tal metastatic capacity [59]. In consequence, we 
think that experimental metastasis assays should 
not be used as a model for studying metastatic 
advanced disease.

12.3.1  MHC Class I Expression 
on Primary Tumor Cells May 
Determine Spontaneous 
Metastatic Capacity

During the late 1970s, heterogeneity in meta-
static potential of tumor populations was dem-
onstrated by Fidler and Kripke, using a mouse 
malignant melanoma [80]. Great difference 
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between the abilities of clones from the B16 cell 
line was observed in terms of developing meta-
static colonies in vivo. This fact suggests that a 
heterogeneous population composed the primary 
tumor where there were nonmetastatic and meta-
static tumor cells. Later research on various cell 
lines including clones with different metastatic 
potentials isolated in tumor cell populations of 
BALB/cfC3H mammary adenocarcinoma or [81] 
methylcholanthrene- [82] or ultraviolet light- 
induced fibrosarcomas [83, 84] supported these 
findings. However, Haywood and McKhann were 
the first to suggest the possible influence of the 
MHC-I genes on metastatic capacities of tumor 
cell populations [85]. They compared metastatic 
capacity of five methylcholanthrene-induced 
sarcomas, finding that more metastatic tumors 
had quantitatively more H-2 surface expression. 
These results, as well as later evidences observed 
by other groups, showed that the level of MHC-I 
expression was implicated in the metastatic 
capacity of the tumor cells. Three different spon-
taneous tumors originated in mouse, Lewis lung 
carcinoma (3LL), B16 melanoma, and BW T lym-
phoma, have been used by Eisenbach’s research 
group to show whether metastasis disease is 
influenced by MHC-associated mechanisms. 
They worked with different tumor cell variants 
of these tumors, finding that metastatic ability 
directly correlated with surface expression levels 
of the H-2 D Ags and inversely of the H-2 K Ags 
[86–89]. Moreover, H-2 K-negative/D-positive 
clones with high metastatic ability reverted their 
metastatic phenotype, inducing H-2 K-restricted 
CTLs when transfected with the H-2 K gene [87, 
90, 91, 92]. In brief, these results support that 
the metastatic phenotype is associated with H-2 
D surface expression and loss of H-2 K surface 
expression in primary tumor cells. In this context, 
Kazav et al. using T10 sarcoma (H-2 b × H-2 k) 
[induced by methylcholanthrene in a (C57BL/6J 
X C3HeB/-FeJ) mouse] reported that expression 
of MHC-I increased the metastatic capacity of 
tumor cells [93, 94]. Several clones of T10 sar-
coma presented differential expression of H-2b 
and H-2k haplotypes: H-2b × H-2k positive and 
only H-2b positive. Metastatic clones charac-
terized to express both parental haplotypes and 

nonmetastatic clones only showed expression 
of H-2b haplotype [95]. Furthermore, metastatic 
potential in this tumor system was only acquired 
when H-2 Dk-Ags were expressed on the surface 
of tumor clones. Moreover, T10 clones express-
ing only H-2 Dk-Ags were more metastatic than 
clones expressing both H-2 Db and H-2 Dk-Ags, 
while clones merely expressing H-2 Db Ag were 
nonmetastatic [95, 96].

12.3.2  Different MHC-I Surface 
Expressions on GR9 Tumor 
Clones Determine Their 
Spontaneous Metastatic 
Capacity

In our laboratory, the GR9 fibrosarcoma murine 
model was used to assess whether levels of 
MHC-I surface expression on primary tumor 
cells exert influence on their spontaneous meta-
static capacity. Four cell clones (A7, B7, C5, and 
B11) with different MHC-I surface expressions 
were chosen for spontaneous metastasis assays 
(Fig. 12.1). Results showed significant differences 
in metastatic capacity between these clones [59]. 
For example, A7 clone with a strong H-2 class I 
surface expression was highly metastatic, gener-
ating metastases in 90% of the hosts and resulting 
in 1–50 metastases per animal. Clones with inter-
mediate or low H-2 class I expression, as B7 or 
C5, presented lower metastatic capacity, 50 and 
20%, respectively. In contrast, MHC-I- negative 
B11 clone did not present spontaneous meta-
static capacity, and the B11 tumor-bearing mice 
remained free of overt metastasis at the end of the 
assays for more than 24 months. However, when 
these immunocompetent hosts were immunode-
pleted of T- or NK lymphocytes, overt  pulmonary 
metastases appeared in the immunodepleted 
hosts. These data show that hosts injected with 
B11 clone presented micrometastases in perma-
nent immunodormancy [97]. In brief, cell clones 
with high surface expression of H-2 class I mol-
ecules were also highly metastatic, but those 
clones with low or negative H-2 class I expres-
sion were weakly metastatic or nonmetastatic 
(Fig. 12.2). Our experimental evidences support 
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Fig. 12.2 Schematic representation of the dissemination 
and invasion of GR9 primary tumor cells. MHC-I-positive 
tumor cells from GR9 primary tumor presented a high 

spontaneous metastatic capacity, whereas MHC-I- 
negative tumor cells presented a weak spontaneous meta-
static capacity
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the idea that levels of MHC-I surface expres-
sion of primary tumor cells directly correlated 
with spontaneous metastasis ability and inversely 
with local oncogenicity, as it was shown above 
[59] (Fig.  12.2). Consequently, extrapolation of 
oncogenic and metastatic behavior of tumor cells 
in vivo is not always possible, because they may 
be completely opposite.

Analysis of MHC-I cell surface expression on 
spontaneous metastases derived from these fibro-
sarcoma clones displayed that in all cases the 
metastases presented the same or lower MHC-I 
surface expression than the original clone [59]. 
In consequence, metastatic progression promoted 
a downregulation in MHC-I surface expression. 
Analysis of leukocyte subpopulations in tumor- 
bearing mice revealed a distinct behavior among 
different clones. A7 and B7 produced immu-
nosuppression characterized by decrease in 
T-lymphocytes and increase in Treg cells [29]. 
In contrast, B11 tumor-bearing mice developed 
a strong immunostimulation characterized by 
an increase in T-lymphocytes, dendritic cells, 
and macrophages cells [97]. In brief, A7 and B7 
cells progressed to metastatic disease suppress-
ing the immune response, whereas the B11 clone 
promoted an immune response which avoided 
metastatic progression. The other GR9 tumor 
clone studied was B9, with H-2-negative surface 
expression and with weak spontaneous metastatic 
capacity (zero to one metastasis per mouse). In 
contrast, this clone is highly metastatic using nu/
nu BALB/c mice, ranging from five to seven per 
mouse [28, 98]. Moreover, metastases were H-2 
class I negative in immunocompetent hosts and 
H-2 positive in immunodeficient hosts. Thus, 
we observed that H-2 phenotype of spontaneous 
metastases was influenced by the immunological 
state of the hosts.

The GR9 fibrosarcoma cell line, composed 
of different cell clones, presented interme-
diate levels of H-2  Kd, H-2 Dd, and H-2  Ld 
molecules. Analysis of spontaneous metasta-
sis assay with GR9 tumor cells revealed that 
GR9 cells have high spontaneous metastatic 
capacity; 90% of tumor-bearing mice develop 
metastases, ranging from one to nine per ani-
mal. GR9 produced strong immunosuppres-

sion in tumor-bearing mice. Interestingly, 96% 
of metastases derived from GR9 clone showed 
downregulation of MHC-I surface expression. 
These results suggest that MHC-I-positive 
clones, as A7 or B7, produced immunosup-
pression, favoring the growth of MHC-I low 
or negative clones.

Other experimental evidences from our tumor 
model also support the idea that in GR9 fibro-
sarcoma tumor, the amount of MHC-I Ags also 
affects NK cell cytotoxicity [99]. Since NK cells 
have been recognized as one of the main host 
immunological mechanisms against metastasis 
disease, this notion seems imperative [100]. In 
our system, tumor clones with no or low expres-
sion of MHC-I molecules were found to be sen-
sitive to NK-mediated lysis, while clones with 
high levels of MHC-I expression were relatively 
resistant [99].

12.4  Immunotherapy 
as a Treatment Against 
Cancers with Different MHC-I 
Surface Expressions

12.4.1  Immunotherapy 
as a Treatment Against 
Primary Tumors with Different 
Levels of MHC-I Expression

As mentioned above, MHC-I molecules pres-
ent TAAs to CTLs; therefore, MHC-I surface 
expression on tumor cells may play an important 
role in the outcome of immunotherapies as anti-
cancer treatments. During treatment with vac-
cines containing peptides derived from TAAs, 
MHC-I- positive surface expression on tumor 
cells presenting these TAAs is crucial to make 
this immunotherapy effective. As a consequence, 
before the application of immunotherapies, 
MHC-I surface expression on tumor cells must 
be analyzed. Furthermore, two immunosuppres-
sive mechanisms have been described recently 
showing evasion of tumor cells from CTL attack, 
mediated by expression of noncognate MHC-I 
molecules or by myeloid-derived suppressor 
cells (MDSCs) [101, 102].
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Several murine tumor models have been used 
to evaluate the application of different immu-
notherapies to recover MHC-I surface expres-
sion in MHC-I-deficient tumor cells, in order 
to promote an antitumor immune response. In 
MHC-I- negative B16 melanoma cells, intratu-
moral electroporation of IL-12 cDNA promoted 
an increase in their MHC-I surface expression, 
mediated by IFN-γ, leading to the eradication 
of established melanomas by activation of CTLs 
[103]. In cervical carcinoma cells, administra-
tion of synthetic oligodeoxynucleotide-bearing 
CpG motifs (CpG- ODNs) upregulated MHC-I 
surface expression causing tumor regression 
mediated by CTLs [104]. Other studies also 
have reported that CpG- ODN immunotherapies 
delayed the growth or inhibited minimal resid-
ual tumor disease of both MHC-deficient and 
MHC-positive tumors [105, 106]. Moreover, 
combination of dendritic cell- based vaccines 
with CpG generated inhibition of tumor growth 
in MHC-positive and MHC- negative tumors 
[107]. CpG-ODN 1585 only produced regres-
sion of MHC-deficient tumors, principally acti-
vating NK cells [106]. In other assays, depletion 
of T(reg) cells avoided the growth of recur-
rent tumors after surgery of MHC-negative 
and MHC-positive tumors [108]. In all these 
assays, the action against MHC-I- deficient 
tumors was mediated by NK or NK1.1+ cells 
[109]. Previous to the application of immuno-
therapy, MHC-I-deficient tumor cells may be 
treated with agents to upregulate MHC-I sur-
face expression. Epigenetic mechanisms are 
frequently implicated in MHC-I downregula-
tion of tumor cells; as a result, application of 
agents as 5-azacytidine (5AC) or trichostatin A 
could increase MHC-I surface expression [110, 
111]. Treatment of 5AC with CpG-ODN or with 
IL-12 showed additive effect against MHC-I-
deficient tumors, being the immune response 
mediated by CD8+ T-cells [112]. Other chemo- 
immunotherapies, based on ifosfamide deriva-
tive CBM-4A together with IL-12, also led to 
significant inhibition in the growth of MHC-I-
deficient tumors [113].

12.4.2  Immunotherapy 
as a Treatment Against 
Metastatic Progression 
Derived from Primary Tumors 
with Different MHC-I 
Expressions

Immunotherapy has also been used as an anti-
metastatic treatment against spontaneous metas-
tasis derived from primary tumors with different 
MHC-I expressions. As mentioned above, studies 
performed by Eisenbach et al. showed an inverse 
correlation between H-2  K tumor cell surface 
expression and spontaneous metastatic capacity 
[86, 89, 90, 114]. Tumor cell lines derived from 
H-2 K-low or H-2 K-deficient primary tumors 
presented high spontaneous metastatic capac-
ity, which was reverted by transfection of tumor 
cells with H-2 K gene [86, 115, 116]. Moreover, 
injection of the H-2 K-transfected tumor cells 
that protect against metastatic disease originated 
from H-2 K-low or H-2 K-deficient tumors. 
Furthermore, therapy with IFN-γ-treated tumor 
cells or with H-2 K-transfected tumor cells pro-
moted upregulation of H-2 K surface expression 
and protected against metastatic dissemination 
from parental tumor cells [114, 116]. An addi-
tional effect was reached when tumor cells were 
jointly transfected with IFN-γ and allogeneic 
MHC class I genes [117].

In GR9 murine tumor model, the influence 
of MHC-I cell surface expression on primary 
tumors has been investigated with respect to 
the success of immunotherapy as antimetastatic 
treatment. A7 is a fibrosarcoma clone with strong 
spontaneous metastatic capacity. Four treatments 
were used: two immunotherapies (CpG + irradi-
ated autologous A7 cells and PSK) [118], one 
chemotherapy (docetaxel), and one chemo- 
immunotherapy (PSK  +  docetaxel). A7 tumor 
clone was injected subcutaneously in BALB/c 
mice, and the primary tumor was excised when 
the large tumor diameter reached 10  mm. 
Treatment began 1  week after tumor removal, 
on a weekly basis during 6 weeks; 1 week after 
the last dose, mice were euthanized, and autopsy 
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was performed. Interestingly, all mice treated 
with each immunotherapy or chemo-immuno-
therapy appeared metastasis-free (Fig.  12.3) 
[29]. In contrast, partial reduction in the num-
ber of metastases occurred in the mice treated 
with chemotherapy. In the control group, mice 
injected with A7 tumor cells and treated with 
saline solution, a high number of spontaneous 
metastases in all mice were observed (Fig. 12.3) 
[29]. In brief, the two immunotherapy protocols 
and the one chemo-immunotherapy protocol 
eradicated metastasis completely and cured the 
mice, whereas chemotherapy treatment reduced 
the number of metastases partially. When the 
same four treatment protocols were applied 
against spontaneous metastases generated from 
B7 fibrosarcoma clone (intermediate MHC-I 
expression level and with lower spontaneous 
metastatic capacity than A7 clone), the anti-

metastatic effect was not as effective (Fig. 12.3). 
PSK, PSK + docetaxel, and docetaxel promoted 
partial reduction in the number of metastases, 
whereas that CpG  +  irradiated autologous B7 
cell treatment did not produce any antimetastatic 
effect [119]. In the case of spontaneous metas-
tases derived from GR9 fibrosarcoma, neither 
treatment had any antimetastatic effect [119]. 
Analysis of lymphocyte subpopulations in dif-
ferent assays showed that growth of local tumors 
promotes strong immunosuppression in the three 
cases. However, this immunosuppression was 
completely reverted by immunotherapies in the 
case of A7-injected mice, was partially reverted 
for B7-injected mice, and remained unchanged 
in GR9-injected mice [29, 119]. All these results 
suggest that immunotherapies may be potential 
antimetastatic treatments against primary tumors 
with high MHC-I cell surface expression.

MHC-I +++ MHC-I +++

A7

MHC-I

Control Immunotherapy Immunotherapy Immunotherapy

Spontanteous metastases

Local primary tumor

Metastasis progression
and

Immunotherapy
treatments

Control Control

+++ –

B7 GR9

Fig. 12.3 Immunotherapy as an antimetastatic treatment 
against tumors with different MHC-I expressions. 
Immunotherapy was completely effective in inhibiting 
spontaneous metastatic progression in A7 tumor clone 
(MHC-I highly positive). For B7 tumor clone (intermedi-

ate level of MHC-I expression), immunotherapy accom-
plished partial reduction in the number of spontaneous 
metastases. In the case of GR9 fibrosarcoma, immuno-
therapy had no antimetastatic effect
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12.5  Concluding Remarks

In tumor cells, MHC-I molecules may present 
peptides derived from tumor-associated antigens, 
which are new proteins expressed or overex-
pressed in tumor cells. Presentation of these new 
peptides may allow recognition and destruction 
of tumor cells by CD8+ T-lymphocytes. Loss 
of MHC-I expression on tumor cells is a wide-
spread and frequent mechanism developed to 
escape from immunosurveillance. Alteration in 
MHC-I in both human and murine experimental 
tumors has been widely reported. Results show 
an inverse correlation between MHC-I expres-
sion on tumor cells and primary tumor growth, 
i.e., MHC-I-negative tumors grew more rapidly 
compared to MHC-I-positive tumors. In contrast, 
a direct correlation was found between MHC-I 
expression on primary tumors and spontaneous 
metastatic capacity. Immunotherapy as an anti-
metastatic treatment was completely effective 
against MHC-I highly positive tumors and was 
partially effective on tumors with an intermediate 
level of MHC-I expression.
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13.1  Introduction

Strong evidence has been accumulated demon-
strating that cancer cells in humans and animals 
are recognized in general as “non-self” by the 
immune system [1, 2]; both innate and adaptive 
immune reactions to cancer have been described. 
In cancer patients, many cases of spontaneous 
tumor have been reported following infection. 
Moreover, immunosuppressed patients are at 
increased risk for virally-induced tumors [3]. In 
fact, the presence of highly adaptive immune cell 
infiltrates within the tumors can be a positive 
prognostic indicator of patient survival [4]. 
Murine models of spontaneous and chemically-
induced tumors have also been useful in demon-
strating that the immune system naturally surveys 
for aberrant cells and has an important role in 
preventing tumor formation [2].

An antitumor immune response is initiated 
when innate immune cells are alerted to the pres-
ence of a growing tumor, at least in part owing to 
local tissue damage from stromal remodeling 
processes integral to basic solid tumor develop-
ment [2, 5]. Once solid tumors reach a critical 
mass, they grow invasively and require an 
enhanced blood supply, which they induce via 
production of angiogenic proteins [6]. Invasive 
growth causes minor disruptions in surrounding 
tissues that induces inflammatory cytokines and 
chemokines, leading to the recruitment of innate 
immune cells. The innate response includes sev-
eral cellular factors, such as natural killer (NK) 
cells, natural killer T (NKT) cells, γδ T-cells, 
macrophages, dendritic cells (DCs), and neutro-
phils [7]. These cells can reject tumors, either by 
directly killing tumor cells or by inhibiting angio-
genesis. Innate immunity relies on pattern recog-

nition receptors and other cell surface molecules 
to detect tumor cells. Cancer cells express fami-
lies of stress-related genes, such as MHC class 
I-related stress-inducible surface glycoprotein A 
and B (MICA and MICB), which function as 
ligands for NKG2D receptors expressed on NK 
cells [8]. In addition, NK cells can be triggered 
for cytolytic activity by DCs depending on direct 
cell contact through their expression of cell sur-
face molecules, such as CD48 and CD70, which 
are ligands for the NK cell-activating receptors, 
2B4 and CD27, respectively [8]. DCs recruited to 
the tumor site become activated either by expo-
sure to the cytokine milieu created during the 
ongoing attack by the innate immune system or 
by interacting with NK cells. Once activated, 
DCs can acquire tumor antigens directly by 
ingestion of tumor cell debris, or potentially 
through indirect mechanisms involving the trans-
fer of tumor cell- derived heat shock protein/
tumor antigen complexes [9]. Activated antigen-
bearing DCs can then migrate to the draining 
lymph nodes, where they trigger the activation of 
tumor antigen- specific CD4+ Th1 cells. In addi-
tion, DCs activate CD8+ cytotoxic T lymphocytes 
(CTLs) via cross- presentation of tumor antigenic 
peptides on MHC class I molecules [10]. 
Activated tumor-specific CD4+ and CD8+ T-cells 
home to the tumor site where they kill tumor 
cells. Accordingly, mice lacking adaptive immu-
nity (RAG-2 gene- deficient mice lacking T-cells) 
are more susceptible to carcinogen-induced and 
spontaneous primary tumor formation [2]. It 
appears adaptive immunity could possibly pro-
vide the host with the capacity to completely 
eliminate developing tumors. However, clinically 
evident cancers  indicate that these innate and 
adaptive immune responses are not always suffi-
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cient to prevent disease progression in patients, 
as cancer cells clearly manage to escape host-
tumor immunity.

Tumors use several mechanisms to facilitate 
immune escape and avoid elimination, including 
impairment of antigen presentation, activation of 
negative co-stimulatory signals, and elaboration 
of immunosuppressive factors [11]. In addition, 
tumor cells may promote the expansion and/or 
recruitment of regulatory immune cell popula-
tions which can contribute to the immunosup-
pressive network; these populations include 
regulatory T-cells (Tregs), myeloid-derived sup-
pressor cells (MDSCs), and distinct subsets of 
immature and mature regulatory DCs [12]. All of 
these host-derived immune cell populations can 
impair antitumor effector cell responses, both 
locally in the tumor microenvironment and sys-
temically in the lymphoid organs [11]. In fact, 
both tumor-promoting and inhibiting immune 
cell populations can be seen in cancer patients 
[2]. Several recent studies have found correla-
tions between particular immune cell infiltrates 
in tumors and patient prognoses. For example, 
infiltration of CD8+ T-cells and mature DCs is 
associated with favorable outcomes [13, 14]. 
However, extensive macrophage infiltration cor-
relates with poor patient prognoses in most can-
cers [15, 16]. The complexity of these tumor 
infiltrates, with both synergistic and oppositional 
effects, may influence tumor growth differen-
tially, depending on their cytokine secretion. A 
number of immune-modulating cytokines have 
been shown to promote or inhibit antitumor 
immunity in multiple experimental models and in 
cancer patients. This chapter reviews the role of 
the antitumor cytokines (IL-12 and IL-27) in 
tumor immunity and immunotherapy while dis-
cussing the role of pro-tumor cytokines (TGF-β, 
IL-17, IL-23, IL-35, and IL-10) with pathogenic 
contributions to cancer progression.

13.2  Cytokine Regulation 
of Antitumor Immunity

Cytokines comprise a large family of intercellular 
communicating molecules that play important 
roles in immunity, inflammation, and repair, as 

well as general tissue homeostasis [17]. Cytokine 
functions also extend to many other aspects of 
biology, including cancer [17, 18]. In the tumor 
microenvironment, cytokines are produced by 
host stromal and immune cells, in response to 
molecules secreted by cancer cells [17]. In addi-
tion, cancer cells themselves can produce cyto-
kines [18]. Increased levels of circulating 
cytokines and their receptors have been found in 
patients with various types of cancer, both at diag-
nosis of the primary disease and in metastases 
[17, 19, 20]. The cytokine repertoire present at the 
tumor site determines the type of host immune 
response directed against the tumor [18, 21]. 
Immunosuppressive cytokines secreted by tumor 
cells or tolerogenic tumor-infiltrating immune 
cells can impair the host antitumor response, 
whereas cytokines promoting T-cell- mediated 
immunity can induce or enhance antitumor 
responses [17, 21]. Studies using cytokine-defi-
cient mice have revealed the dual role for the 
immune system in modulating tumor growth [17].

13.2.1  IL-12

13.2.1.1  Overview
IL-12 is a heterodimeric cytokine containing a 
35 kD and a 40 kD subunit that signals through a 
receptor of the type I family of cytokine receptors 
[22]. The principal source of IL-12 are APCs, 
such as DCs and macrophages [22]. Secretion of 
IL-12 is generally activated via the physiological 
stimuli of CD40 along with toll-like receptors 
(TLRs), which recognize structurally conserved 
molecules derived from microbes [22]. IL-12 
plays a major role in the development of antitu-
mor immune responses [23]. Numerous studies 
report that IL-12 promotes effective destruction 
of cancer cells via induction of innate and adap-
tive arms of antitumor immunity [23–25]. In 
addition, IL-12 has potent antiangiogenic activity 
[23, 24]. Due to these features, IL-12 has been 
tried as a systemic cancer therapeutic agent, but 
clinical development has been hindered by its 
significant toxicity and disappointing antitumor 
effects observed in cancer patients [25]. However, 
emerging studies suggest that IL-12, in combina-
tion with other cytokines and checkpoint inhibi-
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tors, could boost antitumor immunity and 
promote NK cells and CTLs with minimal toxic 
side effects [25, 26].

13.2.1.2  IL-12: Linking Innate 
and Adaptive Antitumor 
Immunity

IL-12 plays an essential role in the interaction 
between the innate and adaptive arms of antitu-
mor immunity (Fig.  13.1). For example, it 
induces IFN-γ production by NK cells and 
T-cells. In fact, NK cells and T-cells were the first 

cells shown to express high-affinity receptors for 
IL-12 [27]. Tumor eradication via vaccination 
supported by IL-12 is dependent on NK cells in 
several animal models [28–30]. IL-12 enhances 
in  vitro lysis of both NK cell-sensitive and NK 
cell-resistant tumor cells [31]. Consistent with 
animal studies, in patients with cancer, IL-12 
enhances the cytolytic activity of NK cells and 
increases the expression of CD2, lymphocyte 
function-associated antigen-1 (LFA-1), and 
CD56, molecules which mediate NK cell migra-
tion [32]. Moreover, IL-12 has been shown to 
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Fig. 13.1 IL-12 links innate and adaptive antitumor 
immunity. IL-12 utilizes several mechanisms to induce 
antitumor effects. IL-12 activates innate effectors, such as 
NK cells, NKT cells, and γδ T-cells, promoting their cyto-
lytic activity and cytokine production. In macrophages, 
IL-12 induces IFN-γ production that can have cytotoxic 
effects on tumor cells. In endothelial cells, IL-12 induces 
the production of antiangiogenic molecules. In addition, 

IL-12 has a direct toxic effect on some tumor cells. 
Furthermore, IL-12 secretion by DCs can induce adaptive 
arms of antitumor immunity. For example, IL-12 can aug-
ment Th1 responses necessary for cellular immune 
responses. Il-12 also stimulates the differentiation and 
lytic capacity of CTLs and promotes immune memory. 
Finally, IL-12 can mediate antibody-mediated tumor 
clearance via B-cell activation
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enhance the cytotoxicity mediated by NK cells 
from healthy donors against cancer cells derived 
from cancer patients [32].

In addition to its effect on NK cell cytotoxic-
ity, IL-12 enhances CD8+ T-cell-mediated cyto-
toxicity [33]. Crucial to this process are DCs, 
which facilitate the interaction between CD4+ 
T-cells and antigen-specific CD8+ T-cells. 
Priming of CTLs is enabled by the ligation of 
CD40 on DC and its ligand, CD154 or CD40L, 
on activated CD4+ T-cells [34, 35]. The induction 
of IL-12 synthesis that occurs as a result of CD40 
ligation suggests an important role for IL-12  in 
the molecular mechanisms responsible for CTL 
priming [36]. Indeed, it has been shown that 
IL-12, in the presence of antigen, acts directly on 
naive CD8+ T-cells to promote clonal expansion 
and differentiation [37]. In fact, priming CD8+ 
T-cells in the absence of IL-12 renders them 
unresponsive to the same antigen [38]. In murine 
models of T-cell-mediated immunity, agonistic 
CD40 antibodies (Abs) have been shown to sub-
stitute the function of CD4+ T-cells, resulting in 
the rapid expansion of CTLs that can clear estab-
lished lymphomas and provide long-term protec-
tion against tumor rechallenge [39, 40]. These 
observations provide an explanation for impaired 
tumor antigen-specific CTL activation in CD40- 
deficient mice and confirm a key role of the 
CD40-IL-12 pathway in the regulation of antitu-
mor immunity. Moreover, a series of experi-
ments, conducted by different groups, including 
ours, have indicated that injection of IL-12 sys-
temically or directly into subcutaneous tumors 
results in CTL responses against the tumors in 
mice [41–43]. IL-12 also plays an important role 
in the establishment of memory CD8+ T-cells 
[44]. After administration of IL-12, a strong 
antigen- specific CTL response has been observed 
in patients with advanced melanoma, including 
increased tumor-specific CTLs in circulation, 
and an influx of specific memory CD8+ T-cells 
into metastasized lesions [45].

Tumor rejection requires CD8+ T-cells, whose 
activation and maintenance depends on IL-12- 
mediated CD4+ T-cells [35]. Upon stimulation, 
naïve CD4+ T-cells differentiate into different lin-
eages of T helper subsets, including Th1, Th2, 

Th17, and Tregs [46]. In the presence of IL-12, 
naïve CD4+ T-cells differentiate into IFN-γ- 
secreting Th1 cells [22]. In contrast, IL-12 exhib-
its a strong inhibitory effect on Th2 differentiation 
[47]. These distinct CD4+ T-cell subsets have var-
ied impacts on tumor growth. While Th1 cells 
promote CD8+ T-cell-mediated immunity to 
tumors, Th2 cells and Tregs negatively regulate 
CD8+ T-cell function. Th1 cytokines, IL-2 and 
IFN-γ, stimulate the cytolytic activity of NK cells 
to clear tumor cells [8]. (Interestingly, autocrine 
IL-12 has been shown to promote DC activation 
and induce IFN-γ from DCs.) Th2 cytokines have 
been shown to accelerate tumor growth in multi-
ple experimental models [48]. In fact, a shift 
from Th1 to Th2 cytokine production has been 
reported in progressive cancer patients, and a 
vaccine-inducing Th2 to Th1 shift in a murine 
tumor model has been shown to induce tumor 
rejection [49]. By altering the balance between 
Th1 and Th2 cytokines, IL-12 plays a critically 
important role in antitumor immune responses. 
Enhanced production of IFN-γ by CD8+ T-cells, 
along with a Th2 to Th1 shift in the cytokine 
secretion profile of CD4+ T-cells, has been 
observed in IL-12-treated mice [50]. Although 
IL-12 has been shown to inhibit Th2 differentia-
tion, a major activator of B-cell responses, IL-12 
also directly triggers a cascade of events that are 
known to activate B-cells and stimulate humoral 
immunity [51]. In a model of colon carcinoma, 
vaccination with IL-12-transduced tumor cells 
cures 40% of tumor-bearing mice. Favorable 
antitumor responses are related to the synthesis 
of Abs against tumor antigens, inducing tumor 
cell lysis in a complement-dependent cytotoxic-
ity assay [52].

As discussed above, the ability of IL-12 to 
facilitate cell-mediated immune responses, 
including enhancement of NK cytotoxicity, 
 generation of CTLs, and activation of DCs, sug-
gests its role in both the innate and adaptive 
immunity resistance mechanisms against tumors 
[24, 23]. Experimental studies of systemic 
administration of the cytokine have indicated that 
IL-12 exerts potent antitumor activity against a 
variety of metastatic tumors, and can even pre-
vent spontaneous tumor development in HER-2/
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neu transgenic mice [53]. In addition, models 
based on intra- tumor cytokine delivery or in vivo 
transfer of cytokine-secreting tumors have indi-
cated that IL-12 has significant dose-dependent 
antitumor activity against a wide spectrum of 
murine tumors, including melanoma, breast, 
ovarian, and bladder tumors [24, 54, 25]. All of 
these studies have demonstrated that IL-12 can 
inhibit tumor growth and improve survival of 
tumor-bearing animals, which are dependent on 
its ability to activate the innate and adaptive arms 
of antitumor immunity.

13.2.1.3  IL-12 in Angiogenesis 
Inhibition

Accumulating evidence indicates that the antitu-
mor effects of IL-12 are mediated, at least in part, 
through mechanisms involving angiogenesis and 
its direct effects on tumors. Angiogenesis is an 
essential process for tumor growth and metasta-
ses; the balance between angiogenic and angio-
static molecules in the tumor microenvironment 
can determine tumor growth and progression. The 
antiangiogenic properties of IL-12 were first 
observed by Voest et al., who demonstrated that 
IL-12 treatment almost completely inhibits neo-
vascularization in immunocompetent mice, severe 
combined immunodeficient mice, and T-cell-
deficient nude mice [55]. This suppression of 
angiogenesis by IL-12 is dependent on its ability 
to induce IFN-γ expression. Accordingly, admin-
istration of IFN-γ reproduces the antiangiogenic 
effects of IL-12. Moreover, it has been shown that 
inhibition of tumor growth by IL-12 or IFN-γ 
requires intact signaling from IFN-γ receptors 
expressed by cancer cells [55]. This indicates that 
IL-12 can inhibit tumor growth by inducing can-
cer cells to produce antiangiogenic factors. Two 
of the most relevant factors identified are the IFN-
γ-inducible chemokine genes, IFN-inducible pro-
tein 10 (IP-10) and monokine induced by 
interferon-γ [56]. Local and systemic treatment 
with IL-12 is associated with intratumoral expres-
sion of IFN-γ, IP-10, and MIG [57, 58]. In addi-
tion, subcutaneous intratumoral delivery of MIG 
in nude mice leads to tumor necrosis, associated 
with vascular damage [59]. Administration of 
neutralizing Abs to IP-10 and MIG substantially 
reduces the antitumor effects of IL-12 [59]. IP-10 

and MIG interact with their receptor CXCR3 to 
mediate their angiostatic activity [59]. Together, 
these findings support that these CXCR3 ligands 
contribute to the antitumor effects of IL-12 via 
inhibition of tumor vasculature. In addition to 
IFN-γ stimulation, IL-12 promotes the expression 
of interferon regulatory factors 1 (IRF-1) and 4 
(IRF-4), which are necessary for Th1 cell differ-
entiation [60]. IRF-1 has tumor suppressor activi-
ties in cancer cells in  vitro and decreases the 
tumorigenicity of cells inoculated into athymic 
nude mice [61, 62]. Similarly, IRF-4 suppresses 
c-Myc-induced leukemia in animal models and 
inhibits BCR/ABL- induced B-cell acute lympho-
blastic leukemia [63, 64].

Emerging evidence indicates the involvement 
of lymphocyte-endothelial cell crosstalk at the 
beginning of angiogenesis inhibition by IL-12. It 
has been shown that neutralization of NK cell 
function reverses IL-12 inhibition of angiogene-
sis in athymic nude mice [65]. Neovascularization 
inhibited by IL-12 displays accumulation of NK 
cells and IP-10-positive cells. In addition, experi-
mental Burkitt lymphomas treated locally with 
IL-12 present with tumor necrosis, vascular dam-
age, and NK cell infiltration surrounding small 
vessels [65]. These studies document that NK 
cell cytotoxicity of endothelial cells is a potential 
mechanism by which IL-12 can suppress neovas-
cularization. The antiangiogenic program acti-
vated in lymphocytes by IL-12 can also directly 
affect gene expression in neoplastic cells. In fact, 
upregulation of signal transducers and activators 
of transcription-1 (STAT-1) and angiopoietin 2, 
together with downmodulation of vascular endo-
thelial growth factor (VEGF), has been observed 
in neoplastic cells exposed to soluble factors 
released by IL-12-stimulated lymphocytes [66]. 
In addition, IL-12 treatment reduces the produc-
tion of metalloproteases, which play a role in 
matrix remodeling required for neoangiogenesis 
[67]. Moreover, the activation of integrin αVβ3 
on endothelial cells is limited by IL-2-induced 
IFN-γ, which leads to decreased endothelial cell 
adhesion and survival [68]. IL-12-induced secre-
tion of IFN-γ causes an increase in p53 activity, 
which subsequently results in tumor suppression 
due to apoptosis induction in cancer cells [69]. 
Furthermore, IL-12 dramatically decreases the 
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tumor-supportive activities of tumor-associated 
macrophages (TAMs), which are involved in 
tumor angiogenesis and metastasis [70]. The 
antiangiogenic mechanisms modulated by IL-12 
are complex; they depend not only on direct 
effects on endothelial cells by the cytokines/che-
mokines induced by IL-12, but are also mediated 
via the recruitment of immune effector cells, 
such as NK and T-cells.

13.2.1.4  Regulation of IL-12 
in the Tumor 
Microenvironment

Although controlled Th1 and CTL responses can 
exert significant antitumor immunity, the same 
responses, if exaggerated, may result in host- 
tissue destruction and autoimmunity. To maintain 
immune homeostasis, IL-12-mediated inflamma-
tory responses need to be counter-regulated. 
Cancer manipulates these counter-regulatory 
mechanisms to limit the availability of IL-12 in 
the tumor microenvironment. In general, Tregs 
play a major role in controlling unwanted immune 
responses to self-antigens [71]. Treg functions 
are mediated in part through secretion of the 
immunosuppressive cytokines IL-10 and TGF-β. 
Both TGF-β and IL-10 can inhibit DC antigen 
presentation, IL-12 secretion, and effector func-
tions in CD4+ and CD8+ T-cells [11]. Studies 
have revealed a significant role for Treg induction 
by cancer cells in immune tolerance to tumor 
antigens [72]. As an immunosuppressive tumor 
microenvironment develops, IL-12-secreting 
DCs may become scarce due to a variety of fac-
tors, including absence of DC activation signals, 
CD40, and inhibition of activated CD4+ T-cells 
which could themselves activate DCs [73]. 
Consistent with the idea, we have shown that the 
CD40-CD40L interactions between DCs and 
T-cells lead to the induction of not only IL-12, 
but also IL-10, a pro-tumor cytokine that may act 
in an autocrine or a paracrine manner to down-
regulate IL-12 secretion from DCs [74, 75]. 
Indeed, reduced CD40 expression on DCs or 
CD40L on T-cells from tumor-bearing hosts may 
explain the reduced levels of IL-12 observed in 
cancer patients [73]. Other factors present in the 
tumor microenvironment can also downregulate 
IL-12 production; for example, prostaglandin E2 

(PGE2), produced by tumor cells or tumor- 
associated host cells (e.g., macrophages, endo-
thelial cells, and stromal cells), is known to 
inhibit IL-12 [76]. Reduced expression of IL-12 
has been observed in patients with advanced can-
cer types including glioblastoma, renal cell carci-
noma, head and neck squamous cell carcinoma, 
gastric cancer, melanoma, colorectal cancer 
(CRC), hepatocellular carcinoma, and gastric 
cancer [20]. Moreover, IL-12 production by stim-
ulated peripheral blood mononuclear cells 
decreases significantly in patients with advanced 
gastric or colorectal cancer [20].

13.2.1.5  IL-12 in Clinical Studies
Following provocative preclinical studies, IL-12 
has been evaluated in patients with different 
malignancies. To date, more than 58 clinical tri-
als testing IL-12-based therapies in various types 
of cancer have been reported, reviewed in [26]. 
Here, we outline some of the earliest and most 
recent studies. Early work with IL-12 administra-
tion in patients with advanced CRC, melanoma, 
and renal cell carcinoma resulted in only one par-
tial response (renal cell carcinoma) and one tran-
sient complete response (melanoma), among 40 
enrolled patients. Common signs and symptoms 
of toxicity such as fever/chills, nausea, vomiting, 
fatigue, and headache were also observed [77]. In 
another study, IL-12 resulted in stabilization of 
disease in several renal cancer patients, and par-
tial regression of a metastatic lesion, but did not 
proceed in clinical development again due to tox-
icity [78]. In patients with B-cell non-Hodgkin’s 
lymphoma (NHL), initial trials of IL-12 treat-
ment in combination with rituximab did not 
result in a clinical response [79]. However, sub-
sequent clinical studies have revealed positive 
results with IL-12 treatment. In one study, 21% 
of NHL patients had a partial or complete 
response without major side effects [80]. 
Similarly, subcutaneous IL-12 treatment resulted 
in complete response in 56% of patients with 
T-cell lymphoma with minor toxicity [81]. 
Furthermore, clinical trials on metastatic mela-
noma revealed that IL-12 administration induced 
tumor shrinkage, accompanied with increased 
frequency of circulating antitumor CTLs [45]. 
The poor efficacy of IL-12  in the abovemen-
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tioned early clinical trials may be due to several 
factors, including an immunosuppressive micro-
environment in advanced tumors. IL-12 may also 
self-limit its own therapeutic efficacy by induc-
ing IL-10 and other suppressive factors. For 
example, IFN-γ induced by IL-12 can activate 
immunoregulatory molecules, such as pro-
grammed death ligand-1 (PD-L1) and indole-
amine 2,3 dioxygenase (IDO), in a variety of 
cells (e.g., DCs, T-cells, and endothelial cells) 
[82]. Both PD-L1 and IDO can abrogate antitu-
mor immunity through various mechanisms. 
Other factors, such as environment and diet, may 
also alter the effectiveness of IL-12-mediated 
antitumor immunity.

Multiple IL-12 treatment strategies are being 
pursued to overcome these limitations. Although 
systemic administration of IL-12  in patients is 
limited due to toxicity, emerging studies in animal 
models indicate that IL-12, in combination with 
other cytokines, can boost antitumor immunity 
without toxic side effects. Most recently, IL-12 
and anti-PDL1 combination has been shown to be 
more effective to either monotherapy in preclini-
cal tumor models [83]. Combining IL-12 with 
PD-1-blocking antibody is currently being tested 
in a phase II study in patients with melanoma 
(NCT03132675). To overcome toxic side effects, 
recent clinical trials have been performed with 
local intratumoral delivery of IL-12 [26]. Along 
this line, intratumoral injections of adenovirus 
expressing IL-12 have been tested in patients with 
advanced stage III and IV melanoma. Clinical 
responses were observed in 5 out of 7 patients 
(NCT01397708). Thus, selective targeted delivery 
of IL-12 to tumors, and/or reducing the dose of 
IL-12 while combining it with other therapeutics, 
may yield improved outcomes.

13.2.2  IL-27

13.2.2.1  Overview
IL-27 is a member of the IL-12 cytokine family 
that exhibits potent antitumor activity via differ-
ent mechanisms, depending on the tumor [84]. 
Unlike IL-12, IL-27-mediated antitumor func-
tions are more independent of IFN-γ, and IL-27- 

treated mice do not manifest potent toxic side 
effects. IL-27 is mainly produced by activated 
APCs, including DCs and macrophages. DCs 
secrete IL-27 upon exposure to physiological 
stimuli, such as type I and type II interferons 
(INF) and CD40 [85–87]. In addition, IL-27 
expression is induced in APCs via stimulation by 
various TLR ligands, such as poly(I:C), lipopoly-
saccharide (LPS), and CpG-DNA, which are ago-
nists of toll-like receptor (TLR)3, TLR4, and 
TLR9, respectively [88–90].

13.2.2.2  IL-27 in Antitumor Immunity
IL-27 performs a wide array of functions neces-
sary for antitumor immune responses. For exam-
ple, IL-27 has been shown to act on NK cells to 
enhance their cytotoxic activity both in vitro and 
in vivo as described below. Therapeutic adminis-
tration of IL-27 increases NK cell susceptibility 
of tumors [91]. By activating NK cells, IL-27 
might also enhance adaptive immunity to tumors. 
The killing of tumor targets by NK cells could in 
turn provide DCs with increased access to tumor 
antigens, thereby promoting T-cell responses. In 
addition to NK cell activation, IL-27 acts on 
CD8+ T-cells and induces CTLs by enhancing the 
expression of cytotoxic effector molecules, such 
as granzyme B and perforin [92]. Similar to mice, 
IL-27 promotes IFN-γ and granzyme B produc-
tion from human CD8+ T-cells [93]. In highly 
immunogenic murine tumor cells, the overex-
pression of IL-27 facilitates CTL development 
with enhanced IFN-γ production [94, 95]. In line 
with these observations, IL-27R−/− mice fail to 
regulate tumor growth in  vivo, reiterating the 
importance of IL-27 signaling in the generation 
of antitumor immunity [96]. Recently, 
DC-derived IL-27 has been shown to induce NK 
and NKT-cell-dependent antitumor immunity 
against methylcholanthrene-induced fibrosar-
coma and transplanted B16 melanoma [97]. 
Moreover, IL-27 in combination with other cyto-
kines, such as IL-2 and IL-12, further boosts anti-
tumor immunity by contributing to the 
development of CTLs and NK cells [98].

In addition to the direct effect of IL-27 on 
CD8+ T-cell activation, the influence of IL-27 on 
CD4+ T-cell responses might provide further ther-
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apeutic opportunities. Initial studies on IL-27 
have indicated that it leads to the differentiation of 
Th1 cells [99]. IL-27 synergizes with IL-12 to 
enhance IFN-γ production [100]. Moreover, it has 
been shown that IL-27 inhibits Th2 polarization 
of naïve CD4+ T-cells and suppresses Th2 cyto-
kine production in  vitro [101–103]. By altering 
the balance between Th1 and Th2 cytokines, 
IL-27 plays a critical role in antitumor immunity. 
Accordingly, a recent study has confirmed IL-27’s 
ability to reverse Th2 polarization of in  vivo-
primed lymphocytes from pancreatic cancer 
patients [104]. IL-27-dependent enhancement of 
preexisting antigen-specific Th1 responses has 
also been demonstrated [101]. Furthermore, IL-27 
may promote tumor regression through the inhibi-
tion of Tregs. IL-27 inhibits the generation of 
Foxp3+ Tregs both in vitro and in vivo, possibly by 
inhibiting IL-2, a cytokine necessary for Treg 
development [105–107]. Correspondingly, in a 
murine model of neuroblastoma, IL-27 has been 
shown to limit IL-2- induced intratumoral Treg 
expansion, promoting antitumor immunity [95]. 
IL-27 also induces tumor-specific Ab responses 
which cooperatively elicit antibody-dependent 
cell-mediated cytotoxicity (ADCC) activity [108].

13.2.2.3  IL-27 in Angiogenesis 
Inhibition and Regulation 
of IL-27 in the Tumor 
Microenvironment

Similar to IL-12, IL-27 possesses multiple antitu-
mor effects mediated by mechanisms involving 
angiogenesis and its direct effects on tumors. For 
example, IL-27 has been found to have antiprolif-
erative activities which inhibit tumor growth and 
metastasis in murine melanoma [109]. A major 
antitumor role for IL-27 relies on its antiangio-
genic effects in surrounding endothelial cells and 
fibroblasts. IL-27 significantly inhibits tumor 
growth in SCID mice through the induction of 
antiangiogenic factors, such as IP-10 and MIG, 
from endothelial cells [110]. Similarly, IL-27 has 
been shown to directly act on human umbilical 
cord endothelial cells and induce production of 
these antiangiogenic chemokines [111]. IL-27 also 
strongly inhibits tumor growth of primary multiple 
myeloma (MM) [112] cells through angiogenesis 

inhibition [113]. Along with a concomitant upreg-
ulation of the angiostatic chemokines, IP-10 and 
MIG, IL-27 has been shown to downregulate a 
wide panel of proangiogenic genes, including 
matrix metalloproteinase-9 (MMP-9), TGF-β, and 
VEGF [113]. IL-27 may further promote tumor 
regression through the inhibition of the proangio-
genic cytokine, IL-17. IL-27 suppresses the Th17 
key transcription factor, RAR-related orphan 
receptor gamma (RORγt), inhibiting expression of 
IL-17 by T-cells in both humans and mice [114]. 
Accordingly, mice which are deficient in either the 
IL-27 subunit, EBI3, or deficient in IL-27R, have 
increased levels of IL-17 [115]. Among the Th17-
suppressive molecules found in the tumor micro-
environment, IL-27 is one of the most potent 
inhibitors.

IL-27 can be induced in tumor-infiltrating 
DCs by galactin-1, IFN-γ, and apoptotic tumor 
cells in the tumor microenvironment [85, 116, 
117]. However, the proangiogenic molecules 
which dominate the microenvironment in 
advanced tumors can limit the availability of 
IL-27. Osteopontin (OPN), a proinflammatory 
cytokine, inhibits the expression of IL-27 in DCs 
while inducing Th17 differentiation [85]. OPN 
promotes tumor growth through mechanisms 
involving angiogenesis and tumor metastasis 
[118], suggesting that OPN may release the brake 
on Th17 cell responses by suppressing IL-27 in 
DCs. Both OPN and IL-27 are expressed in DCs 
and macrophages; thus, Th17 accumulation in 
the tumor microenvironment may depend on the 
balance of these and other myeloid cell 
populations.

13.2.2.4  Advantages of IL-27 (over 
IL-12) in Antitumor Therapy

IL-27-mediated antitumor mechanisms are com-
plex [84, 119]. Similar to IL-12, IL-27 utilizes 
effector mechanisms of innate and adaptive 
immunity to mediate antitumor immunity [84]. 
Specifically, IL-27 promotes tumor immunity 
through the induction of Th1 and CTL responses 
while inhibiting immunosuppressive Th2 cells 
and Tregs [84]. Unlike IL-12, IL-27-mediated 
antiangiogenic functions are more independent 
of IFN-γ. Therefore, IL-27-treated mice are not 
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observed with any toxic side effects [120]. The 
central role of IL-27 in orchestrating both innate 
and adaptive arms of immunity, together with 
multiple antiangiogenic functions, explains the 
essential contribution of this molecule to the 
development of antitumor immunity against both 
high and poor immunogenic tumors. Considering 
the lack of toxicity observed in vivo in preclinical 
trials with IL-27 treatment, there appears to be 
meaningful therapeutic potential for this 
approach. However, to the best of our knowledge, 
no clinical trials involving IL-27 have yet been 
pursued.

13.3  Cytokine Regulation 
of Immune Tolerance 
to Cancer

Although certain cytokines produced in the tumor 
microenvironment can function to inhibit tumor 
growth, others promote tumor progression [17]. 
Several cytokines have been found to serve as 
growth and survival factors that act on premalig-
nant cells, stimulate angiogenesis and metastasis, 
and maintain tumor-promoting immunosuppres-
sion and inflammation [17].

13.3.1  TGF-β

13.3.1.1  Overview
Transforming growth factor-β (TGF-β) is a pleio-
tropic cytokine with broad tissue distribution that 
plays critical roles during embryonic develop-
ment, normal tissue homeostasis, and cancer 
[121]. Elevated TGF-β serum concentrations 
have been observed in patients with different 
malignancies and associated with poor progno-
sis. TGF-β is released by a variety of cells in the 
tumor microenvironment, including T-cells, mac-
rophages, and DCs, as well as tumor cells them-
selves [122]. Almost all human cell types are 
responsive to TGF-β, which signals through type 
I and type II TGF-β receptors. Upon binding of 
TGF-β to TGF-βRII, TGF-βRI is recruited and 
activated to phosphorylate the downstream medi-
ators, SMAD2 and SMAD3. Phosphorylated 

SMAD2 and SMAD3 combine with SMAD4 to 
enter the nucleus and modulate gene transcrip-
tion [123].

The function of TGF-β in cancer is complex; 
TGF-β can act as a tumor suppressor or promoter 
depending on the stage of tumor development. 
Initially, TGF-β acts as a tumor suppressor, since 
it induces apoptosis and inhibits the growth of 
normal and premalignant tumor cells [124]. At 
later stages of tumor progression, TGF-β acts as a 
tumor promoter. It has been proposed that cancer 
cells may protect themselves and acquire resis-
tance to TGF-β inhibitory growth signals. In fact, 
cancer cells eventually start secreting nonphysi-
ological levels of TGF-β in an autocrine and 
paracrine manner, which may affect the differen-
tiation of tumor cells and the surrounding cellular 
environment, leading to tumor progression [124]. 
Notably, TGF-β induces epithelial–mesenchymal 
transition (EMT), whereby epithelial tumor cells 
acquire an invasive, mesenchymal-like pheno-
type accompanied by changes in the expression 
of cell–cell adhesion molecules and secretion of 
metalloproteinases, leading to metastasis [125, 
126]. In addition to tumor cell-intrinsic growth 
promotion, the potent regulatory activity of 
TGF-β on immune cells represents an important 
mechanism of immune tolerance to tumors. The 
presence of TGF-β in the microenvironment of 
the developing tumor disables effective immuno-
surveillance by multiple mechanisms, most of 
which converge on the impairment of tumor cell- 
killing by innate and adaptive immune cells 
(Fig. 13.2).

13.3.1.2  TGF-β in Innate Immune 
Tolerance to Tumors

TGF-β is known to compromise antitumor immu-
nity mediated by a variety of innate immune 
cells. For example, TGF-β is an important regula-
tor of NK cell function, being a potent antagonist 
of IL-12-induced IFN-γ production by NK cells 
[127]. In addition, TGF-β inhibits NK cell activ-
ity by limiting expression of activating receptors, 
such as NKG2D, NKp30, and DNAM-1 [128]. In 
fact, reduced expression of NKG2D is associated 
with elevated levels of TGF-β in cancer patients 
[128]. Surface-bound TGF-β on MDSCs has also 
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been found to inhibit NK cell cytolytic activity 
against mammary adenocarcinoma [129, 130]. 
Moreover, TGF-β suppresses MHC class I and 
MHC class II expression in a number of cell pop-
ulations [131–133]. Importantly, the TGF-β- 
dependent decrease of MHC-I in tumor cells has 
been shown to result in reduced tumor cell lysis 
by NK cells [133].

Although NK cells are the major innate effec-
tors, they also require activation by DCs. 
Numerous reports demonstrate TGF-β impairs 
DC function both in vitro and in vivo. Specifically, 
TGF-β inhibits upregulation of critical co- 
stimulatory molecules on the surface of DCs, and 
reduces cytokine production and antigen- 
presenting capacity [134, 135]. TGF-β can immo-
bilize DCs, thereby interfering with their 
migration and the transport of antigen to draining 

lymph nodes for presentation to T-cells. TGF-β 
can also induce DC apoptosis [136]. In recent 
years, more correlative clinical data has sup-
ported the role of TGF-β and DCs in immunode-
fects in cancer. Increased serum TGF-β in human 
colorectal cancer correlates with reduced circu-
lating DCs [137]. Moreover, tumor-infiltrating 
DCs both secrete and respond to TGF-β, in either 
an autocrine or a paracrine manner.

In addition to DCs, TGF-β can suppress or 
alter the activation and function of other innate 
immune cells such as NKT cells, neutrophils, and 
macrophages [122]. Macrophages, the predomi-
nant form of leukocytes, are key players in tumor 
growth; however, the role of tumor-associated 
macrophages (TAMs) in tumors is controversial 
[138]. TAMs originate from myeloid cells, such 
as blood monocytes or MDSCs, and are recruited 
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Fig. 13.2 TGF-β-mediated immunosuppression. TGF-β 
affects components of both innate and adaptive immune 
systems. TGF-β inhibits NK cell activation and effector 
functions. In addition, TGF-β inhibits DC maturation and 
antigen presentation while promoting polarization of 
M2-like macrophages. TGF-β inhibits CD8+ T-cell- 

mediated antitumor immune responses. TGF-β also has a 
significant impact on CD4+ T-cell differentiation and 
function; TGF-β induces Treg and Th17 differentiation 
while inhibiting Th1 and Th2 differentiation. Furthermore, 
TGF-β inhibits B-cell proliferation and antibody 
secretion
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by a number of chemoattractants produced by 
tumor and stromal cells. The tumor-derived che-
mokine, CCL2, is particularly critical for this 
recruitment [139]. Macrophages can exhibit vari-
ous phenotypes, characterized by differential 
cytokine production, when polarized under dis-
tinct conditions [140–142]. If stimulated with 
IFN-γ, M1 macrophages secrete high levels of 
IL-12, but low levels of IL-10 [140–142]. In con-
trast, M2 macrophages express high levels of 
IL-10, but low levels of IL-12 [140, 141]. Each 
possesses unique functions. For example, IL-12 
produced by M1 macrophages can promote the 
differentiation of Th1 cells, which improves anti-
gen phagocytosis and contributes to antitumor 
immunity. In M2 macrophages, IL-10 expression 
can promote the production of IL-4 and IL-13 by 
Th2 cells, both of which have been shown to 
impair antitumor T-cell responses [140, 141]. 
TGF-β pushes tumor-associated macrophage 
polarization toward an M2 vs. M1 phenotype, 
which further promotes TGF-β production and 
deepens immunosuppression [140]. In most 
tumors, infiltrating macrophages are considered 
to be of the M2 phenotype. These mostly tumor- 
supportive TAMs orchestrate various aspects of 
cancer, such as tumor progression, angiogenesis, 
metastasis, and immunosuppression. Other innate 
immune subsets, such as NKT cells, can suppress 
CTL responses through mechanisms involving 
TGF-β [122]. Therefore, blockade of TGF-β sig-
naling not only enhances the frequency of antitu-
mor CTLs, but also restores cytolytic machinery 
and prevents NKT-cell-mediated immunosup-
pression [143]. In addition, TGF-β has been 
shown to inhibit effector functions and induce 
regulatory phenotypes in γδ T-cells during cancer 
[122, 144]. Across various cell types, such TGF- 
β- mediated dampened innate immune responses 
lead to poor adaptive immunity, further resulting 
in tumor persistence.

13.3.1.3  TGF-β in Adaptive Immune 
Tolerance to Tumors

The presence of TGF-β in the tumor microenvi-
ronment can have a profound impact upon antitu-
mor activity by T-cells. It has been shown that 
TGF-β can suppress CTL differentiation and 

CTL-mediated lysis of tumor cells [145, 146]. 
Specifically, TGF-β acts on CTLs to repress the 
expression of different cytolytic effector mole-
cules, such as perforin, granzyme A, granzyme 
B, Fas ligand (FasL), and IFN-β, which are col-
lectively responsible for tumor killing [147]. 
Blockade of TGF-β in tumor models has been 
shown to reduce tumor burden by improving 
CD8+ T-cell-mediated tumor immunity [147]. 
Correspondingly, we have shown that anti-LAP 
antibody, which targets the LAP/TGF-β complex 
on a variety of immune cells, including CD8+ 
T-cells, enhances antitumor immune responses 
and reduces tumor growth in multiple preclinical 
models [148]. Furthermore, TGF-β can suppress 
IL-2 production and IL-2-induced T-cell prolif-
eration [149]. Tumor cells transfected with 
TGF-β have been found to attenuate the efficacy 
of DC-based tumor vaccines [134]. In addition, 
TGF-β functionally regulates the differentiation 
of T helper cell subpopulations both in vitro and 
in  vivo. TGF-β inhibits Th1 and Th2 cells, 
whereas it promotes Treg and Th17 cell differen-
tiation [150]. Recently, TGF-β has also been 
shown to play an important role in the develop-
ment of IL-9-secreting Th9 cells [151, 152].

Although there are many sources of TGF-β in 
the tumor microenvironment, Tregs provide a 
significant source of the TGF-β responsible for 
attenuation of tumor antigen-expanded CTLs 
[122]. Tregs hamper the functions of Th1 cells, 
CD8+ T-cells, NK cells, DCs, and other key effec-
tor cells of antitumor immunity [122]. 
Consequently, Treg accumulation and Treg- 
mediated immunosuppression have been pro-
posed as key mechanisms underlying tumor 
immune evasion, and therefore are obstacles to 
successful immunotherapy [71]. The frequency 
of Tregs present in the peripheral blood of 
patients with various cancers is measurably 
higher than that of the normal population [153]. 
These Tregs, isolated from either peripheral 
blood or solid tumors, remain suppressive to 
T-cell activation in  vitro [154]. Accordingly, 
Tregs from tumor-bearing mice inhibit tumor 
rejection, indicating that Treg cells suppress 
tumor-specific immunity and limit antitumor 
resistance. In contrast, depletion of Tregs with 
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anti-CD25 Ab in animal models enhances antitu-
mor immunity and tumor regression. Furthermore, 
when tumor-specific CD8+ T-cells are adoptively 
transferred with either Tregs or non-Tregs 
(CD4+CD25− T-cells) into tumor-bearing hosts, 
CD8+ T-cell-mediated immunity is abolished in 
those receiving Tregs, but not non-Tregs [72, 
155]. Collectively, these studies provide strong 
evidence that the Treg-TGF-β axis can attenuate 
antitumor immunity by downregulating antitu-
mor immune responses, ultimately facilitating 
the development of cancer.

13.3.1.4  TGF-β in Angiogenesis 
and Treg Promotion, 
and Treg Inhibition 
in Clinical Trials

Accumulating evidence suggests that TGF-β pro-
motes tumor growth not only via mechanisms 
involving immunosuppression, but also angio-
genesis. In fact, angiogenesis and tumor- 
associated immunosuppression are hallmarks of 
tumorigenesis [5]. This association is related to 
hypoxia, which induces both angiogenesis and 
immunosuppression via activation of hypoxia- 
induced factor 1 (HIF-1) [156]. HIF-1 induces 
vascular endothelial growth factor (VEGF), 
which then recruits various proangiogenic bone 
marrow-derived cells, including endothelial pro-
genitors and myeloid cells [156]. Tregs also 
migrate to tumors from the periphery following 
hypoxia-induced chemokines in the tumor micro-
environment, specifically chemokine CCL28 
[157]. Consequently, forced expression of 
CCL28 in murine tumor cells results in acceler-
ated tumor growth and Treg accumulation, asso-
ciated with increased VEGF levels and 
angiogenesis. In addition, Tregs have been shown 
to express CCR4, the receptor for CCL22, and 
can therefore migrate to CCL22 present in the 
tumor microenvironment [158, 159]. Beyond 
recruitment of Tregs through chemokines, the 
TGF-β-enriched tumor microenvironment pro-
motes the continued expansion of Tregs [72].

Within the tumor microenvironment, Tregs are 
one of multiple cell types with established roles in 
immunosuppression that have also been shown to 
promote angiogenesis. Treg accumulation in 

tumors has been correlated with VEGF overex-
pression and increased angiogenesis, providing 
evidence for a link between Tregs and angiogen-
esis [160, 161]. In fact, Tregs have been shown to 
contribute to tumor angiogenesis through differ-
ent mechanisms. For example, they can promote 
angiogenesis indirectly by suppressing Th1 cells 
that release the angiostatic cytokine, IFN-γ, as 
well as interferon-induced chemokines, such as 
CXCL9 and CXCL10. Furthermore, Tregs can 
contribute to the direct promotion of tumor angio-
genesis through the induction of VEGF and endo-
thelial cell proliferation [161].

Additional therapeutic opportunities may be 
provided by accounting for these Treg abilities 
using well-planned manipulations, including 
Treg depletion, blocking Treg trafficking into 
tumors, and limiting Treg differentiation and sup-
pressive mechanisms, in combination with cur-
rent therapeutic approaches. For example, in an 
early phase I clinical trial in patients with meta-
static breast cancer, the anti-CD25 Ab, dacli-
zumab, significantly depleted Tregs and enhanced 
the immunogenicity of a cancer vaccine [162]. In 
addition, blocking Treg functions using Abs tar-
geted against glucocorticoid-induced tumor 
necrosis factor receptor-related protein (GITR), 
and cytotoxic T-lymphocyte antigen 4 (CTLA-4), 
are under clinical evaluation in cancer patients 
[163]. In fact, CTLA-4 was one of the first immu-
notherapeutic antibodies to be approved for the 
treatment of cancer. Importantly, blocking PD-1- 
PDL1 interaction with Abs has been shown to 
promote antitumor immunity in part via Treg 
inhibition [164]. PD-1-PDL1 blocking antibodies 
have made great progress in cancer treatment; so 
far, at least five different monoclonal antibodies 
targeting PD-1-PDL1 pathway have been 
approved [165].

13.3.1.5  TGF-β in Clinical Trials
Because of the wide array of effects of TGF-β on 
tumorigenesis, blockade of TGF-β and its signal-
ing pathways could be a potent approach to 
improve tumor immunity. Indeed, mice with fully 
or partially disrupted TGF-β function have severe 
self-reactive immune responses, suggesting such 
responses could be harnessed to promote tumor 
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reactivity [166, 167]. There are numerous TGF-β 
signaling antagonists under development in both 
preclinical and clinical stages, as reviewed in 
[168]. Ongoing clinical trials in cancer patients 
include monoclonal Abs against TGF-β mole-
cules, or small molecule inhibitors that interfere 
with TGF-β receptor signaling. Fresolimumab, a 
monoclonal antibody that neutralizes all isoforms 
of TGF-β, including TGF-β1, TGF-β2, and TGF- 
β3, was one of the first monoclonal antibody 
tested in cancer patients. Fresolimumab was ini-
tially tested in malignant melanoma and subse-
quently in malignant pleural mesothelioma. Of 
the 29 melanoma patients included in the trial, 
one patient achieved a partial response and six 
presented with stable disease [169]. Of the 13 
patients with malignant pleural mesothelioma, 3 
had stable disease for 3 months [170]. In phase I/
II clinical trials, intratumoral administration of 
AP-12009, an antisense oligonucleotide to TGF- 
β, resulted in a significant increase of survival 
time [171]. In addition, a vaccine containing allo-
geneic tumor cells modified to express antisense 
TGF-β has been tested in a phase I/II clinical 
trial. Using this approach, a meaningful response 
rate of 30% was reported in non-small cell lung 
carcinoma (NSCLC), with no serious toxicity 
observed [172]. Galunisertib (LY2157299), a 
small molecule inhibitor selective for the kinase 
domain of the type 1 TGF-β receptor, is currently 
being evaluated in patients with hepatocellular 
carcinoma and metastatic malignancies 
(NCT01246986). In addition, a combination 
therapy combining Galunisertib with anti-PDL1 
is also being tested in metastatic pancreatic can-
cer (NCT02734160).

13.3.2  IL-17

13.3.2.1  Overview
IL-17 is a proinflammatory cytokine produced by 
Th17 cells [173]. In addition, IL-17 can also be 
produced by other populations, such as iNKT, 
CD8+ T, γδ T-cells, and innate lymphoid cells 
(ILCs) [174–177]. Since Th17 cells produce 
large quantities of IL-17A, most Th17-mediated 
effects are attributed to this cytokine. Many fac-

tors are required for the induction and stabiliza-
tion of Th17 cells. TGF-β and IL-6 are the most 
crucial cytokines for initial Th17 differentiation 
[178]. IL-6 induces production of IL-21, which 
subsequently favors Th17 differentiation in an 
autocrine manner [179]. To maintain the Th17 
phenotype in vivo, Th17 cells require CD40 and/
or TLR ligand-induced IL-23 [180]. Importantly, 
the differentiation of Th17 cells into IL-17- 
secreting cells requires the expression of the tran-
scription factor ROR-γt [181]. Many factors 
released by tumor cells, and molecules secreted 
by tumor-infiltrating immune cells, such as TGF- 
β, IL-6, prostaglandin E2 (PGE2), IL-21, IL-23, 
osteopontin, IL-1β, and TNF-α, can play major 
roles in the induction of IL-17 [182–185]. 
Interestingly, Th17 cells are increased in the 
tumor microenvironment and have been found 
across patients with different tumors [180]. The 
association between elevated IL-17 and negative 
prognoses links increased systemic IL-17 con-
centrations with cancer development.

13.3.2.2  Th17 Differentiation 
in the Tumor 
Microenvironment

There are multiple sources of Th17 cells in the 
tumor microenvironment. Preexisting Th17 cells 
can either migrate from the periphery or 
 differentiate from naïve T-cells under the influ-
ence of tumor microenvironmental factors. Th17 
cells that traffic to tumors do so under the influ-
ence of tumor microenvironmental chemokines, 
such as regulated upon activation normal T-cell- 
expressed and secreted (RANTES) and mono-
cyte chemotactic protein-1 (MCP-1) [186]. In 
addition, high levels of the chemokines, CXCL12 
and CCL20, further facilitate Th17 cell migration 
to tumor sites [187]. Once present, Th17 cells can 
clonally expand following appropriate stimula-
tion, including by tumor-associated macrophages 
[188]. Th17 cells can also be induced and differ-
entiate in the tumor microenvironment [180]. It 
has become clear that IL-17-producing Th17 
cells and Tregs have overlapping origins. 
Although TGF-β favors the differentiation of 
naïve T-cells into Tregs, the simultaneous pres-
ence of both TGF-β and IL-6 promotes the dif-
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ferentiation of Th17 cells [178]. Given the tight 
association of TGF-β and IL-6 with tumor inci-
dence and progression, naïve T-cells entering an 
established tumor are more likely to be exposed 
to conditions favoring Th17 differentiation [182–
185]. Interestingly, upon stimulation with TGF-β 
and IL-6, CD8+ T-cells not only lose their cyto-
toxic ability, but are also induced to secrete IL-17 
[189]. In contrast to IL-17, IFN-γ expressed by 
Th1 or CD8+ T-cells inhibits angiogenesis and 
induces MHC-I in tumor cells, favoring immune 
recognition and subsequent arrest of tumor 
growth [190]. Because IL-17 favors angiogenesis 
and tumor growth, replacing IFN-γ with IL-17 in 
the tumor microenvironment may have severe 
consequences for immune recognition and 
surveillance.

13.3.2.3  IL-17 in Tumor Promotion
Multiple functions of IL-17 contribute to tumor 
progression. A major tumorigenic role relies on 
its proangiogenic effects within tumor cells and 
surrounding endothelial cells and fibroblasts. 
IL-17-overexpressing human cervical cancer 
cells and NSCLC cells show greater tumor devel-
opment in immunocompromised mice compared 
to control cells with no IL-17 expression, which 
is thought to be mediated by enhanced angiogen-
esis [191, 192]. IL-17 overexpression in fibrosar-
coma cells also enhances tumorigenic growth in 
syngenic mice, primarily owing to the proangio-
genic activity of IL-17. In fact, Th17 cells levels 
positively correlate with microvessel density in 
tumors [191]. By acting on stromal cells and 
fibroblasts, IL-17 induces a wide range of angio-
genic mediators, including VEGF [193, 194]. 
IL-17 upregulation of VEGF production by fibro-
blasts promotes fibroblast-induced new vessel 
formation in the tumor microenvironment [195]. 
The IL-17-VEGF loop in turn induces TGF-β, 
another angiogenic factor, followed by additional 
VEGF-mediated angiogenesis [196]. TGF-β can 
enhance the VEGF receptivity of endothelial 
cells by increasing VEGF receptor expression 
[197]. IL-17 also induces IL-6 and PGE2, and 
enhances intercellular adhesion molecule 
(ICAM)-1 expression in fibroblasts, all of which 
are known to play a major role in angiogenesis 

and tumor invasion [195]. In addition, IL-17 
appears to stimulate the production of IL-8 [198]. 
IL-8 signaling promotes angiogenic responses in 
endothelial cells, increases proliferation and sur-
vival of endothelial and cancer cells, and potenti-
ates the migration of cancer cells and infiltrating 
neutrophils at the tumor site. Moreover, IL-17 
has been found to induce IL-1β and TNF-α in 
macrophages, cytokines which can further syner-
gize with IL-17 to activate neutrophil-specific 
chemokines, thereby recruiting neutrophils to the 
site of inflammation [199]. Chemokines can 
stimulate or inhibit proliferation and chemotaxis 
of the blood vessel endothelial cells which serve 
the tumor. IL-17 has been shown to selectively 
enhance the production of angiogenic chemo-
kines such as CXCL1, CXCL5, CXCL6, and 
CXCL8 from tumor cells and epithelial cells 
[191, 200]. In addition, IL-17 is also known to 
inhibit angiostatic chemokine secretion by fibro-
blasts [191]. Thus, IL-17 may shift the balance 
between angiogenic and angiostatic chemokines 
toward a predominance of angiogenic chemo-
kines, in order to enhance net angiogenic 
activity.

One of the most important mechanisms under-
lying IL-17 orchestration of inflammation in the 
tumor microenvironment is through NF-κB, the 
master regulator of inflammation [201]. IL-17R 
signaling results in the activation of NF-κB and 
regulates the activity of several mitogen activate 
protein kinases (MAPKs) [202], including 
extracellular- regulated kinase 1 (ERK1), ERK2, 
c-Jun N-terminal kinase, and p38 mitogen- 
activated protein kinases [203]. Within tumor 
cells, IL-17 has been shown to modulate these 
pathways to promote tumor growth and survival. 
For example, IL-17R signaling within trans-
formed colonic epithelial cells promotes colon 
cancer development by inducing NF-κB and 
MAPKs [204]. Accordingly, blocking IL-17 
activity with Abs ameliorates both colitis- 
associated and sporadic colon cancer [205, 206]. 
While IL-17-mediated cytokine expression is 
regulated by NF-κB, the same cytokines can fur-
ther stimulate NF-κB-mediated transcription 
themselves in tumor cells and tumor-associated 
stromal cells, thereby creating a sustained chronic 
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inflammatory state within the tumor microenvi-
ronment. In support of this notion, enhanced cer-
vical cancer growth elicited by IL-17 has 
associated with increased IL-6 and macrophage 
recruitment to tumor sites [192]. Therefore, IL-17 
might also function through IL-6 to promote 
tumor development. Correspondingly, IL-17- 
induced IL-6 has been shown to promote tumor 
growth via STAT-3 activation [207].

13.3.2.4  IL-17 in Antitumor Immunity
Although IL-17 seems to be a potential tumor- 
promoting cytokine, a considerable number of 
reports have described tumor-inhibitory effects 
of IL-17. Th17-polarized cells have been found 
to appear more effective than Th1 cells in elimi-
nating large established tumors [208]. However, 
Th17-mediated antitumor responses are highly 
dependent on IFN-γ-based mechanisms; the 
effects of Th17-polarized cells are completely 
abrogated by the administration of IFN-γ- 
depleting Abs, but not by IL-17- or IL-23- 
depleting Abs. Nonetheless, more clear antitumor 
IL-17 functions have been documented. 
Adoptively transferred IL-17-secreting CD8+ 
T-cells enhance antitumor immunity, resulting in 
regression of B16 melanoma [209]. In addition, 
IL-17 has been shown to inhibit the growth of 
hematopoietic tumors, such as mastocytoma and 
plasmacytoma, by enhancing CTL activity [210]. 
Different mechanisms have been proposed for 
the IL-17 enhancement of tumor-specific CTLs. 
IL-17 has been shown to induce IL-6 from a vari-
ety of cells. Moreover, IL-17 stimulation can 
induce IL-12 production from macrophages 
[211]. Both IL-6 and IL-12 have been associated 
with the induction of tumor-specific CTL [44, 
212]. In addition, IL-17 promotes the maturation 
of DC progenitors, as indicated by increased 
expression of co-stimulatory molecules, MHC-II 
antigens, and allostimulatory capacity [213]. 
This may lead to further improvement in T-cell 
priming by tumor cells producing IL-17. Indeed, 
IL-17-transduced fibrosarcoma cells induce 
tumor-specific antitumor immunity by augment-
ing the expression of MHC class I and class II 
antigens [214]. Another recent demonstration 

studying IL-17-deficient mice, rather than exog-
enous IL-17  in established mouse lines, shows 
tumor growth in subcutaneous and lung tumor 
metastasis is enhanced by IL-17-deficiency 
[215]. This effect is accompanied by reduced 
IFN-γ levels in tumor-infiltrating NK cells and 
T-cells.

The evidence reviewed here demonstrates that 
IL-17-secreting cells can either stimulate or 
inhibit tumor growth and progression. The bene-
ficial effects of IL-17 on upregulating host 
immune responses may be present early in 
inflammation, but appears to be eventually over-
come by increasing tumor burden. This shift from 
beneficial inflammatory functions of IL-17 likely 
depends on the tumor type and inflammatory 
mediators in the tumor microenvironment.

13.3.3  IL-23

13.3.3.1  Overview
IL-23 is a heterodimeric protein composed of two 
subunits: IL-23p19 and IL-12p40 [216]. IL-23 is 
secreted by activated DCs and macrophages. 
Binding of IL-23 to the IL-23R complex, com-
posed of IL-12Rβ1 and IL-23R, marks the begin-
ning of the IL-23 signal-transduction cascade 
[217]. Because IL-23 plays an important role in 
bridging innate and adaptive responses, it has 
been described as a key cytokine promoting 
inflammation in peripheral tissues. The activity 
of IL-23 in the regulation of tumor immunity is 
just beginning to be elucidated [218].

13.3.3.2  IL-23 in Tumor Promotion 
and Inhibition

Despite belonging to the IL-12 family, IL-23 per-
forms both pro- and antitumor functions. IL-23 is 
spontaneously produced by TAMs in several 
murine tumor models. Tumor-secreted PGE2 
enhances the production of IL-23 and IL-1β in 
macrophages and DCs while downregulating 
IL-12 production [56, 219, 220]. Following this 
pattern, IL-12 production is decreased, and IL-23 
increased, in tumors [221]. Together with IL-23, 
PGE2 favors the expansion of human Th17 cells 
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from PBMCs; PGE2 also enhances IL-17 pro-
duction from memory CD4+ cells induced by 
IL-23 [185]. Although IL-23 is not necessary in 
the initial differentiation of Th17 cells, it is cru-
cial for the function, survival, and propagation of 
this T-cell population in the inflamed environ-
ment [173]. In contrast to the antitumor role of 
IL-12, IL-23 promotes inflammatory processes, 
including matrix metalloproteinase expression 
and angiogenesis, and reduces CTL infiltration 
and function, thus contributing to tumor growth 
[222]. Indeed, mice lacking IL-23/p19 are com-
pletely resistant to carcinogen-induced tumors. 
The lack of cancer in these mice correlates with 
the absence of various markers indicative of 
tumor-associated inflammation, including IL-17, 
GR-1+, and CD11b+ myeloid cells [222]. 
Recently, tumor-secreted lactic acid has been 
shown to activate the IL-23/Th17 pathway [183].

In contrast, IL-23-overexpressing tumors show 
reduced growth and metastasis [223–226]. These 
antitumor effects of IL-23 have been found to be 
mediated through enhancement of CD8+ T-cell 
responses. In addition, intratumoral injection of 
IL-23-overexpressing DCs results in a similar phe-
notype [225]. Artificial overexpression of IL-23 
could induce potent antitumor immunity through 
various mechanisms. IL-23 can mediate myeloid 
infiltration, including DCs, macrophages, and 
granulocytes, which instead may contribute to the 
inhibition of tumor growth and boost immune 
reactions to immune-sensitive tumors. In addition, 
overexpression of IL-23 is likely to increase sys-
temic IL-23 levels that could in turn lead to the 
growth and survival of memory CD8+ T-cells.

13.3.4  IL-35

13.3.4.1  Overview
IL-35 is a recently discovered IL-12 family cyto-
kine composed of an IL-12 p35 subunit and an 
IL-12 p40-related protein subunit, EBI3 [216]. 
Not constitutively expressed in tissues, IL-35 is 
produced mainly by Tregs and DCs. IL-35 
induces the transformation of CD4+ effector 
T-cells into Tregs, which in turn express IL-35 

(Treg35 cells) but lack the expression of conven-
tional Treg marker, Foxp3 [227]. Treg35 cells 
generated in vitro can prevent the development of 
autoimmunity in various mouse models [228–
231]. Most recently, it has been shown that 
human Tregs express and require IL-35 for maxi-
mal suppressive function. Substantial upregula-
tion of EBI3 and IL-12A, but not IL-10 and 
TGF-β, has been observed in activated human 
Tregs compared with conventional T-cells [232].

13.3.4.2  IL-35 in Immune Tolerance 
to Tumors

Evidence of the role of IL-35  in immune toler-
ance to tumors is beginning to emerge. The IL-35 
subunit, EBI3, is expressed in Hodgkin’s lym-
phoma cells, acute myeloid leukemia cells, and 
lung cancer cells [233–235]. Small interfering 
RNA silencing of EBI3  in lung cancer cells 
inhibits cancer cell proliferation, whereas stable 
expression of EBI3 confers growth-promoting 
activity in  vitro [235]. Accordingly, high EBI3 
expression in human lung cancer cells is associ-
ated with poor prognosis [235]. Recently, IL-35- 
secreting Ag-specific Tregs have been observed 
in patients with prostate cancer [236]. A number 
of studies have demonstrated the functional role 
of Treg-derived IL-35 in limiting antitumor T-cell 
responses. For example, in  vitro-generated 
Treg35 cells accelerate the development of B16 
melanoma and prevent the generation of 
 antitumor CD8+ T-cell responses [227]. In addi-
tion, T-cells that secrete IL-35 and have suppres-
sive functions can be induced in the tumor beds 
of melanoma and colorectal adenocarcinoma 
[237]. Blockade of this IL-35 relieves suppres-
sion mediated by Tregs [237]. Similarly, forced 
expression of IL-35 leads to significantly 
increased tumorigenesis in mice. This IL-35 
upregulation increases the number of CD11b+Gr1+ 
myeloid cells in tumors, which promotes angio-
genesis, and also renders tumor target cells more 
resistant to CTL destruction [237]. Most recently, 
neutralization with IL-35-specific Abs, or Treg 
restricted production of IL-35, has been shown to 
limit tumor growth in multiple models of human 
cancer [238].
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13.3.5  IL-10

13.3.5.1  Overview
IL-10 is an important immunoregulatory cyto-
kine produced by many cell populations. Due to 
its role in inhibiting the production of IL-2 and 
IFN-γ by murine and human Th1 cells, IL-10 was 
initially named as a cytokine synthesis inhibitory 
factor [239]. The function of IL-10  in cancer is 
enigmatic. Depending on the experimental 
model, IL-10 displays both immunosuppressive 
and immunostimulating activities. On the one 
hand, IL-10 promotes an antitumor CTL response 
leading to tumor regression; however, IL-10 can 
also induce immunosuppression and assist in 
escape from tumor immune surveillance, pro-
moting tumor growth.

13.3.5.2  IL-10 in Immune Tolerance 
to Tumors

The cellular sources of IL-10 include Th2, Treg, 
Tr1, and Th17 cells; however, cytotoxic CD8+ 
T-cells can also produce IL-10, as can some sub-
sets of DCs, macrophages, B-cells, granulocytes, 
mast cells, keratinocytes, and epithelial cells. In 
addition, various cancer cells produce IL-10; 
among those are multiple myeloma, melanoma, 
human colon carcinoma, lung cancer, oral squa-
mous cell carcinoma, renal cell carcinoma, non- 
Hodgkin’s lymphoma, and chronic lymphocytic 
leukemia [240]. Circulating concentrations of 
IL-10 have been found to be raised in patients 
with different cancer types, and associated with 
adverse disease stages or with negative progno-
ses. For example, serum levels of IL-10 posi-
tively correlate with clinical disease progression 
in patients with metastatic melanoma, as well as 
colon cancer [240]. In addition, preoperative 
serum levels of IL-10 predict the likelihood of 
colon cancer recurrence [240, 241]. IL-10 can be 
induced and sustained in the tumor microenvi-
ronment by a variety of cytokines. Macrophage- 
derived IL-6 has been shown to induce production 
of IL-10 by cancer cells. Similarly, IL-6, in asso-
ciation with TGF-β, can induce IL-10 production 
in Th17 cells. However, TGF-β alone can induce 
IL-10, allowing IL-10 to enhance the expression 

of TGF-β in a positive feedback circuit. While 
promoting inflammatory responses in macro-
phages and monocytes, TNF-α also upregulates 
IL-10 as negative feedback, thereby terminating 
the inflammation [242]. In addition, IL-12 and 
IL-27 can induce IL-10 production from T-cells 
[114, 239].

IL-10 can act as a negative regulator in the 
crosstalk between innate and adaptive antitumor 
immunity (Fig. 13.3): One of the major mecha-
nisms by which cancer cells escape immune 
attack is by avoiding detection [243]. IL-10 has 
been shown to prevent NK and CD8+ T-cell 
detection of tumor antigens. IL-10 inhibits 
NKG2D ligand expression on tumor cells and 
suppresses cytotoxicity mediated by NK cells. In 
addition, IL-10 induces HLA-G molecules that 
prevent attack by NK cells [244]. IL-10 pretreat-
ment can also convert tumor cells to a CTL- 
resistant phenotype by decreasing the expression 
of HLA class I molecules on their surface [245]. 
These changes allow tumor cells to survive from 
immunological attack by NK cells and to grow 
exponentially.

IL-10 acts on DCs and macrophages to inhibit 
the differentiation and antigen-presenting proper-
ties of these cells. Specifically, IL-10 inhibits 
essential steps required for immune detection, 
such as the expression of HLA-DR, and the co- 
stimulatory molecules, CD80 and CD86, on DCs. 
IL-10 also prevents the production of the 
 Th1- polarizing cytokines, IL-12 and IFN-γ, from 
DCs [246]. Administration of IL-10 before and 
immediately after DC cancer vaccine results in 
immune suppression and tumor progression, in 
line with the predominantly inhibitory activity of 
IL-10 on DC-mediated antigen presentation [74]. 
Accordingly, we have shown that IL-10-deficient 
DCs are more effective at inducing protective 
antitumor immune response in mice [74]. 
Exposure of DCs to tumor cell lysates results in 
increased IL-10 production and expansion of 
regulatory Tr1 cells. Tr1 cells have been shown to 
downmodulate immune responses through the 
production of IL-10 [247]. In addition, IL-10 has 
been shown to mediate the immunosuppressive 
activity of Tregs. Therefore, DCs that encounter 
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tumor antigens in the presence of IL-10 in vivo 
acquire tolerogenic properties and subsequently 
induce T-cell tolerance to tumor antigens. In 
addition, IL-10 significantly suppresses other 
inflammatory cytokines such as IL-1β, IL-6, and 
TNFα, in DCs. Consistent with these  observations, 
inhibition of IL-10 production by T-cells or 
malignant cells using anti-IL-10-/IL-10R- 
blocking Abs, or anti-IL-10 antisense oligonucle-
otides, improves antitumor immune responses in 
animal models [240].

13.3.5.3  IL-10 in Antitumor Immunity
Data from experimental models suggest that 
IL-10 may also possess some immunostimulating 
and antitumor properties. For example, overex-
pression of IL-10 in tumor cells leads to the loss 
of tumorigenicity, concomitant with increased 
immunogenicity accompanied by a strong antitu-
mor immune response. IL-10 has been shown to 
increase CD8+ T-cell numbers, IFN-γ secretion, 
and cytotoxicity in established tumors. 
Accordingly, overexpression of IL-10  in tumor 
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Fig. 13.3 IL-10-mediated tumor immunosuppression. 
IL-10 can be induced in the tumor microenvironment by 
many cell types, including Th2 cells, Tr1 cells, Tregs, 
DCs, TAMs, and tumor cells. IL-10 has a multitude of 
suppressive effects on the antitumor immune response. 

For example, IL-10 can inhibit the maturation of DCs and 
disrupt the differentiation of CTLs and Th1 cells. IL-10 
can also inhibit the cytolytic activity of NK cells. On the 
other hand, IL-10 can promote tumor growth through the 
promotion of IL-10-producing Tr1 cells
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cells transplanted in mice leads to tumor rejec-
tion [246, 248]. Such observations suggest that 
IL-10 might maintain the number of antigen- 
specific CTLs. Therapeutic administration of 
recombinant IL-10 induces antitumor immunity 
against fibrosarcomas in mice [249]. However, as 
previously mentioned, higher expression of IL-10 
correlates with tumor progression and metastasis 
in patients with cancer, indicating that IL-10 pro-
duction in the clinical setting is detrimental 
[240]. To conclude, the pleiotropic activity of 
IL-10 on different immune cell populations and 
the variability of cancer models used to address 
the role of IL-10  in tumor immunity are likely 
responsible for the controversial findings reported 
in the literature.

13.4  Concluding Remarks

Coordinated, effective development of both 
innate and adaptive antitumor immune responses 
is necessary to keep cancer at bay. While certain 
cytokines produced in the tumor microenviron-
ment can function to limit tumor growth, others 
can promote tumor progression. A more thorough 
understanding of tumor-cytokine and immune 
cell interactions in the tumor microenvironment, 
and thoughtful manipulation of the balance of 
pro- vs. anti-tumor cytokines, may pave the way 
for more effective cancer immunotherapeutic 
strategies.
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14.1  Introduction

Living tissues are highly organized and dynamic 
structures at the cellular level. Tissue renewal, 
remodeling, and repair, immunosurveillance, and 
cell-to-cell interaction and communication are 
examples of physiological processes relying on 
the fine recruitment and displacement of numer-
ous cell types. This equilibrium is strictly depen-
dent on the principle of “recruiting the right cell 
at the right place and the right moment.” One 
major component of this principle is the chemo-
kine and chemokine receptor system. Chemokines 
(CKs) for chemoattractant cytokines are small, 
secreted molecules historically defined on the 
basis of their functional chemotactic activity [1–
3]. They constitute a family of over 50 members 
which interact with about 20 defined correspond-
ing/cognate receptors (CKRs). This discrepancy 
highlights the complexity of this system as sev-
eral CKs can bind to a single receptor. Conversely, 
one receptor can bind several different CKs. This 
redundancy associated with differential avidity of 
the CK for their CKR and the specific expression 
by the different cell population contributes to the 
fine-tuning of cell migration (Fig.  14.1) and 
explains that a modest deregulation of the system 
can lead to severe pathological conditions. In 
addition, there is overwhelming evidence describ-
ing alternative functions of the CK/CKR couple 
in hematopoiesis, reproduction, angiogenesis, 
and immune-associated functions such as cell 
activation, proliferation, effector function, and 

Cell typesa

b

CKR

Mix cells CK gradient

Affinity

Fine recruitment

CK

1 2 3

Fig. 14.1 Fine modulation of cellular recruitment by 
chemokines. The chemokine network is organized around 
several levels of complexity. (a) Most of the cell types (1, 
2, 3) express several chemokine receptors, and a same 
receptor is found on several cell types. Moreover, differ-
ent chemokines can bind to a same receptor, and most of 
the receptors can bind several chemokines with distinct 
affinity (color gradient represents differential affinity). 
This apparent complexity allows for the fine control of 
cell population recruitment. (b) The schematic representa-
tion illustrates the selective recruitment of cell popula-
tions according to the respective colored CK gradient. The 
number of cells recruited is related to the affinity of the 
respective CK for its receptor
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survival [4, 5]. Numerous reports from the past 
two decades have validated the importance of the 
CK/CKR network with its diverse range of physi-
ological properties and its involvement in various 
physiopathological disorders [6–8].

Cancer constitutes a very complex pathology 
in many aspects. Neoplastic cells result from the 
environmental, viral-induced, or inherited dereg-
ulation of genes known as “oncogenes” or 
“tumor suppressor genes.” This primary modifi-
cation often leads to uncontrolled expansion of 
undifferentiated cells for which the transcrip-
tome and the proteome are highly modified in 
comparison with the original cell. Nevertheless, 
it is important to note that tumor development 
does not result from the simple expansion of 
neoplastic cell. Indeed, solid tumors (primary 
tumor as well as metastasis) are also constituted 
by a wide variety of stromal cells. The stroma is 
composed of nonhematopoietic cells, such as 
“healthy” cells of the affected tissue, fibroblasts, 
or endothelial cells, as well as hematopoietic 
cells. Hematopoietic cell populations are mainly 
composed of innate immune cells, such as 
tumor- associated macrophages (TAMs), den-
dritic cells (DCs), natural killer cells (NK cells), 
neutrophils, and partners of the adaptive immune 
response such as T- and B-lymphocytes.

The relative importance of the stroma com-
pared to tumor cells depends on the type of can-
cer [9], but it is now well described that several 
stromal cells are important predictive markers of 
cancer evolution (macrophages, regulatory 
T-cells (Treg cells), and endothelial progenitor 
cells). Even though the stroma cannot be charac-
terized properly in circulating hematological 
tumors, leukocytes will have an important impact 
on the expansion, survival, and potential homing 
of tumor cells to the specific tissue. This phe-
nomenon is distinguishable from the metastatic 
process where the tumor cells need to cross the 
endothelial barrier from a primary tumor site and 
home to a distant tissue. The stroma contributes 
to the global organization and progression of the 
tumor known as “tumor microenvironment” 
through the production of growth factors, cyto-
kines, and CKs, exchange of nutrients, and tissue 
remodeling and repair. In contrast, immune cells 

are responsible for the control of tumor growth. 
The concept of immunosurveillance proposed by 
Burnet et  al. [10] in the early 1970s has been 
widely debated. Recently, Schreiber and col-
leagues provided experimental evidence for the 
clinical emergence of cancer as a result of strong 
selection and modeling of tumors by the immune 
system in a process termed as “tumor editing” 
[11]. In this process, neoplastic transformation 
occurs, and tumor cell expansion is detected by 
the innate and adaptive immune systems, which 
either succeed in complete tumor elimination or 
maintain a state of equilibrium between tumor 
cell expansion and elimination. This phase leads 
to the immune selection of tumor cell variants 
that develop immune resistance and immuno-
suppressive mechanisms resulting in tumor 
escape and cancer progression to a clinical 
outcome.

Cancer is a complex process whereby undif-
ferentiated tumor cells expand locally in special-
ized tissues, migrate in an active manner by 
leaving the primary tumor site through the endo-
thelial barrier, establish in a distant and different 
specialized tissue, and finally generate metasta-
ses. Inflammation generated by neoplastic trans-
formation contributes to the recruitment of 
protumoral population and the production of 
growth factors as well as the recruitment of 
immune component with antitumor activity. 
Thus, tumorigenesis is a dynamic process involv-
ing important tissue remodeling and angiogene-
sis, recruitment and local migratory mechanisms, 
and survival and cell death for both tumor and 
stromal cells in which the CK/CKR network has 
major implication.

The CK/CKR network appears to be a promis-
ing target in cancer therapy and has already been 
used in standard therapeutic approaches, as well 
as in immunotherapy. Numerous basic and clini-
cal interventions rely on the development of ago-
nist or antagonist CKR in order to manipulate 
their critical biological function toward antitu-
mor activity.

In this chapter, the role of the CK/CKR net-
work in these aspects of cancer development, as 
well as its potential application in the improve-
ment of cancer therapy, is described in detail.

14 Role of Chemokines and Chemokine Receptors in Cancer
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14.2  Chemokines and Chemokine 
Receptors

Chemokines are small cytokines initially described 
for their chemotactic properties on leukocytes. 
During cell recruitment from the blood to inflamed 
tissues, CKs initiate the activation of circulating 
cells, promoting cell rolling, adhesion to activated 
endothelium, and extravasation (Fig. 14.2). In tis-
sues, CKs determine cell directional migration, by 
establishing a concentration gradient (Fig.  14.3). 
Evidence from previous studies has shown that the 
control of cell mobility by CKs is implicated in 
developmental mechanisms and cell homeostasis, 

as well as in the induction and tuning of acute and 
chronic inflammation and control of the immune 
response. Numerous reviews have extensively 
described the CK classification, structural organiza-
tion, and their associated biological properties [12, 
13]. CKs are subdivided in four subfamilies based 
on the number of and spacing between conserved 
cysteines in the primary amino acid sequence [14]. 
CKRs are seven-transmembrane G-protein- coupled 
receptors classified according to the CK family they 
bind. As previously mentioned, most CKs bind to 
several receptors, and most of the receptors can bind 
several CKs with different affinities. Additionally, 
one cell subset can express different CKRs, and the 
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Proteoglycan loaded with chemokine
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Fig. 14.2 Chemokine- 
associated extravasation 
process. (a) Circulating 
cell within the 
bloodstream. (b) 
Chemokine presented by 
proteoglycan on 
activated endothelial 
cells induces the 
expression of adhesion 
molecules implicated in 
the slow rolling and the 
capture process. (c) 
Once stuck to the 
endothelium, cell exerts 
crawling behavior on the 
luminal side of the blood 
vessel and (d) 
extravasates and 
migrates through the 
tissue toward a 
chemokine gradient

a

Stromal cells

Inflammed cells

Chemokines Immune cells Migrating
immune cells

b c
Fig. 14.3 Interstitial 
migration. (a) Upon 
activation, (b) stromal 
cells will produce 
chemokines forming a 
gradient within the 
tissue. (c) Tissue- 
infiltrated immune cells 
will migrate through the 
tissue toward the higher 
concentration of 
chemokine
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same CKR is expressed by different cell subsets. 
This apparent redundancy is in reality a tool to 
tightly regulate leukocyte, stem cell, and other cell 
types’ migrations during physiological and patho-
logical conditions.

It is now well established that CK function is 
not limited to cell migration. It has been clearly 
demonstrated that CKs directly control cell pro-
liferation, survival, and senescence, as well as 
cytokine secretion and phagocytic properties 
(Fig. 14.4). It is the balance between these migra-
tory, secretion, phagocytic, survival, and prolif-
eration signals which explains the central roles of 
CK in development, tissue homeostasis, repair, 
inflammation, and immunity.

14.3  Control of Tumor Cell 
Behavior

The biological property controlled by the CK/
CKR recognition system is not restricted to che-
motactism. Several important processes involved 

in the behavior of tumor cells will be affected by 
these axes. In this section, the effect of CK/CKR 
expression on tumor cell behavior and cancer 
progression is discussed.

14.3.1  Chemokines and Chemokine 
Receptor Alterations During 
Neoplastic Transformation

Primary neoplastic transformation leads to strong 
modification of the transcriptome and proteome 
which is mainly shaped by immune selection of 
resistant tumor variants. CK and CKR are not 
oncogenes per se; however, modulation in the 
production of CKs or their receptors by tumor 
cells is often the result of oncogenic modifica-
tions and immune selection (Fig. 14.5). The first 
evidence came from a human papillary thyroid 
cancer. The authors showed that RET (rearranged 
during transfection) tyrosine kinase rearrange-
ment promotes the secretion of numerous inflam-
matory cytokines, including CCL2, CCL20, and 

Inhibition
Activation

Apoptosis

Cytokine secretion

Phagocytosis

SenescenceProliferation

Fig. 14.4 Control of 
cell biology by 
chemokines. Besides 
cell migration, 
chemokines are 
implicated in multiple 
cellular functions 
including apoptosis, 
proliferation, and 
senescence. Chemokines 
are also directly 
implicated in cell 
activation, cytokine 
secretion, or 
phagocytosis
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CXCL12, and increases the expression of 
CXCR4 [15]. Later studies have shown that Myc 
overexpression in pancreatic cancer has been 
associated with increased CK expression [16, 
17]. Nevertheless, the predictive outcome of 
oncogenic modifications on the regulation of CK 
and CKR expression is difficult to assess. While 
RAS-RAF signaling pathway promotes CXCL8 
and CXCL1 transcription in pancreatic and ovar-
ian cancer, it inhibits CCL27 transcription in skin 
cancer [18–20]. Similarly, Von Hippel-Lindau 
tumor suppressor mutation in renal cancer [21] 
and TP53 mutation in cancer stem cells promote 
CXCR4 expression [22] while downregulating its 
expression in breast cancer cells [23].

Through modification in the profile of CKR 
expression, tumor cells will change their sensitiv-
ity to the microenvironment and acquire new 
migratory and homing capabilities.

14.3.2  Metastasis/Homing

The metastasis index is undoubtedly the major 
factor of prognosis and determines the therapeu-
tic attitude. Metastasis defines the process 
through which tumor cells leave a primary site to 

settle in a distant location and create a new col-
ony. This phenomenon is characteristic of tumor 
malignancy including tumor invasion, intravasa-
tion, and homing to different sites. This has to be 
distinguished from the potential secondary local-
ization of circulating tumor cells which only 
involves the homing mechanism.

14.3.2.1  Tumor Invasion
The first step of metastasis spreading relies on 
either tumor cell- or stromal cell-mediated 
fibrosis activity and the ability of tumor cells to 
acquire migration and intravasation capabili-
ties, in order to leave the primary tumor site 
and reach the bloodstream. Chemotaxis of 
tumor cells is well characterized [24]. This 
process requires a paracrine loop between 
tumor cells and stromal cells, such as macro-
phages shaping the  microenvironment to favor 
metastasis [25]. Different chemical gradients 
may induce tumor cell chemotaxis, but the 
direct implication of CKs in this specific pro-
cess is poorly documented. We can distinguish 
the indirect contribution of CK to the chemo-
taxis activity of cancer cells through angiogen-
esis, fibrogenesis, and matrix remodeling 
mediated by stromal cells.
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Activation

CCL27
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Oc
Ras

Myc

RET/PTC

Mutated
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CCL2/20

CXCR4
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Pc

PTc

PTc

cSC

Rc

CXCL1/8

Fig. 14.5 Oncogenes induce altered chemokine and che-
mokine receptor expression by tumor cells. Common 
oncogene mutations are associated with modification of 
chemokine or chemokine receptor transcription, resulting 
in tumor promotion. RET/PTC rearranged RET tyrosine 

kinase, VHL Von Hippel-Lindau tumor suppressor gene, 
Sc skin cancer, Pc pancreatic cancer, Oc ovarian cancer, 
HPTc human papillary thyroid cancer, cSC cancer stem 
cell, Rc renal cancer
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CXCL12/CXCR4 is the major axis directly 
involved in tumor cell metastases. Overexpression 
of CXCR4  in rat mammary adenocarcinoma 
enhances the motility of tumor cells in the pri-
mary tumor [26]. This receptor is widely 
involved in the epithelial-to-mesenchymal tran-
sition (EMT) process, which is a major step 
leading to metastasis [27, 28]. Few studies have 
reported the implication of other CKs and CKRs 
such as CCL18, CCL2, or CXCR7 [29–31] 
through the activation of EMT-implicated sig-
naling pathways. Interestingly, the integration of 
multiple CKR axes adds complexity to the tumor 
invasion process. Indeed, overexpression of 
CXCR4 promotes invasion. However, coexpres-
sion of CXCR7 which binds the same ligand 
CXCL12 impairs invasion but favors angiogen-
esis and primary tumor growth [26]. IL8/IL8R 
axis might also favor maintenance of the mesen-
chymal status of the tumor cell [32]. IL8 binding 
to CXCR1 or CXCR2 has been shown to pro-
mote tumor cell migration and EMT transition 
via inflammatory mediators and activation of 
MAPK/ERK-NF- kappaB in head and neck squa-
mous carcinoma [33] and AKT signaling in renal 
cell carcinoma [34].

14.3.2.2  Homing
Once in the bloodstream, the tumor cell needs to 
migrate to a site that will allow its engraftment, 
survival, and proliferation. In 2001, Muller et al. 
demonstrated for the first time that the expression 
of specific CKRs by tumor cells could predict the 
implantation of malignant cells in tissues express-

ing high levels of the receptor ligands [35]. Since 
then, several other studies have established asso-
ciations between metastases, CKR expression, 
and implantation sites for various cancer types 
(Table 14.1). Consistently with their homeostatic 
functions, CCR7 expression by tumor cells is 
associated with lymph node (LN) metastases; 
CCR10 with skin metastasis; CX3CR1 with 
brain, liver, and bone metastases; CCR9 with 
intestine metastases; and CXCR4 with bone and 
liver metastases [35–38].

Overall, these observations show that CK axes 
generate a complex relationship between tumor 
cell and the environment and deserve further 
attention in preclinical studies as it represents an 
important target with clinical application.

14.3.3  Senescence, Proliferation, 
and Survival

Tumor expansion results in the capacity of tumor 
cells to proliferate infinitely without developing 
senescent mechanisms. Several CKs have dem-
onstrated the ability to activate signaling path-
ways in favor of this goal.

Cellular senescence is generally defined as an 
irreversible state of G1 cell cycle arrest in which 
the cell is refractory to growth factor stimula-
tion. Activation of CXCR2 by either CXCL1 or 
CXCL8 can result in senescence induction [39]. 
CXCR2 activation is thus able to act as a sup-
pressor of malignancy in prostate and breast can-
cer [40, 41].

Table 14.1 Metastasis implantation of various cancer types based on their chemokine receptor expression

Primary tumor

Melanoma Breast cancer
Non-small cell lung 
cancer (NSCLC)

Colon 
cancer Leukemia

Metastases 
implantation site

Skin CCR10/CCR7/
CXCR4

Intestine CCR9
Bone CX3CR1
Lymph 
node

CXCR4/CCR7 CCR7 CXCR3 CCR7

Liver CXCR4 CX3CR1 CCR6
Brain CCR4 CX3CR1 CX3CR1/CXCR4 CXCR4 CCR7
Lung CXCR4/

CXCR2
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Inhibition of tumor proliferation by CXCR2 
ligand is probably limited to tumor models and to 
early stages of tumor development. Indeed, the 
same CK axes display opposite effects in other 
tumor models. CXCR1 and CXCR2 activation by 
CXCL8 promotes the proliferation of gastric can-
cer, esophageal cancer, non-small cell lung can-
cer, and melanoma cell lines [42–45]. Other 
receptors of the CXC receptor family are involved 
in tumor cell proliferation. CXCR6 is involved in 
cell proliferation of pancreatic cancer cells [46], 
and CXCR4 is associated with tumor prolifera-
tion in numerous models, including ovarian, mel-
anoma, glioma, renal, lung, and thyroid cancer 
cells [27, 47]. Few studies have investigated the 
implication of CCRs in the control of tumor cell 
proliferation. CCR6 favors colon tumor cell pro-
liferation upon CCL20 activation [48], and CCR9 
favors pancreatic cancer cell proliferations upon 
CCL25 activation [49].

Another role of CK in tumor cell biology is the 
ability to control tumor cell survival,  essentially 
mediated through the CC receptor family. CCR10 
activation promotes phosphatidylinositol- 3- kinase-
mediated protection from apoptosis of melanoma 
cells [50]. The same mechanisms are observed in 
squamous cell carcinoma of the head and neck 
after CCR7 activation [51]. CCR7 engagement by 
CCL21 is also implicated in the prevention of 
apoptosis in NSCLC, through ERK-dependent 
activation pathways [52].

CK direct promotion of tumor cell survival is 
not limited to CC chemokines; CXCL12 through 
CXCR4 activation promotes hepatoma, ovarian 
cancer, and chronic leukemia tumor cell survival 
[53], and CXCR7 activation increases cell sur-
vival by reducing apoptosis [54].

Overall, these observations highlight extended 
functional contributions of the CK system to 
tumor development and reveal that they are not 
merely restrained to chemotaxis.

14.4  Control of Immune Cell 
Behaviors

As described previously, the immune system is 
known to shape the tumor through the “tumor 
editing” phenomenon. In this context, CKs are 

directly or indirectly implicated in the control of 
immune cell activation, migration to the priming 
site, and immune response induction. It is now 
clear that in most cases, the CK network is 
shunted by the tumor, favoring its escape from 
immunosurveillance and tumor progression. 
Nevertheless, the production of some CKs pro-
motes the antitumor immune response and has 
been associated with improved patient outcome, 
including lower recurrence rate or increased 
patient survival [55].

14.4.1  Chemokines Involved in T-Cell 
Antitumor Immune Response

Induction of antigen (Ag)-specific antitumor 
immune response requires the uptake of tumor 
Ag by professional antigen-presenting cells 
(APCs) and migration from the tumor site to the 
corresponding draining lymph node, in order to 
present the processed tumor Ag to T-lymphocytes. 
The same APCs represent key modulators of 
tumor-infiltrating lymphocyte (TIL) infiltration 
and activation within the tumor niche. These 
major immune functions can be divided into dif-
ferent steps for which the CKR network has 
important regulatory implications [56].

14.4.1.1  Regulation of CK and CKR 
Expression by Tumor APCs

In mouse and human tumors, cells capable of 
phagocytic activity, and subsequently presenting 
tumor antigen, include tumor-associated macro-
phages (TAMs), tumor dendritic cells (TuDCs), 
immature myeloid-derived suppressor cells 
(MDSCs), and monocytes [57–59]. TAMs and 
MDSCs have mostly been implicated in dampen-
ing the T-cell response during tumor progression 
as we will see below. TuDCs are composed of 
different subsets within tumors. Monocyte- 
derived TuDCs are prominent in tumor antigen 
uptake, but lack strong T-cell stimulatory capac-
ity due to NO-mediated immunosuppression. 
Pre-cDC-derived TuDCs have lymph node migra-
tory potential, whereby cDC1s (CD11b− CD103+) 
efficiently activate CD8+ T-cells and cDC2s 
(CD11b+ CD103−) induce Th17 cells [60]. cDC1 
APCs are very low in number but are capable of 
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physically engaging T-cells in tumor distal 
regions and to a lesser extent in the tumor proxi-
mal regions, as shown by in vivo imaging. These 
DCs express CD103 (CD141 in humans) and are 
required for T-cell-mediated tumor rejection. 
Moreover, the expression of CD103 DC-related 
transcripts in human tumors predicts survival 
[61]. Encounter with tumor Ag induces matura-
tion of APCs present in the tumor environment. 
One feature of this maturation is the downregula-
tion of peripheral tissue-associated CKR like 
CCR1, CCR5, and CCR6 and the upregulation of 
CCR7. Due to the constitutive expression of 
CCR7 ligand, CCL19, and CCL21 by peripheral 
lymph nodes, this switch of CKR expression by 
APCs promotes their migration toward the prim-
ing site. Once in the draining lymph node, APCs 
will locate in the preferential area to present the 
tumor Ag to the CCR7-expressing naive lympho-
cytes. CD103+ DC or cDC1 bearing CCR7 has 
been subsequently demonstrated to play a critical 
role in tumor antigen trafficking to lymph nodes 
(LNs), priming of T-cell immunity, and induction 
of antitumor cytotoxic T-lymphocytes (CTLs) 
[60, 62]. These effects are dependent upon CCR7 
expression by cDC1, which allows their migra-
tion to LN. Loss of CCR7 and of migratory prop-

erties of cDC1 results in defective LN T-cell 
priming and increased tumor outgrowth. CCR7 
expression in humans correlates with the cDC1 
signature and better clinical outcome. Tumor 
cDC1 production of the chemokines CXCL9 and 
CXCL10 is required for effector T-cell traffick-
ing and adoptive T-cell therapy efficacy [63] 
(Fig. 14.6). Expansion and activation of CD103+ 
DC progenitors at the tumor site also enhances 
tumor response to therapeutic PD-L1 and Braf 
inhibition [64]. Altogether, these data suggest 
that CD103+ CCR7+ cDC1 are at the forefront of 
anticancer immunity.

14.4.1.2  Ag Presentation 
to T-Lymphocytes

Despite the fact that APCs display low dynamic 
activity, naïve lymphocytes have a high basal 
mobility favoring scanning of thousand APCs per 
hour [65, 66]. This behavior requires CCR7 
expression by T-lymphocytes [67]. An additional 
CKR-dependent mechanism favors the probabil-
ity of encounter between APCs and 
T-lymphocytes. Encounter of Ag-specific CD4+ 
or CD8+ T-cells with an APC bearing their cog-
nate Ag induces the secretion of CC chemokines 
by the conjugate, namely CCL19, CCL5, CCL3, 

Effector T-cells

Antigen transfer

CCL19/21

CCR7

cDC1

CXCL9/10
CXCR3

Cancer
regression

TdLN

Tumor microenvironment

Fig. 14.6 Regulation of CK and CKR expression by 
tumor APCs. CD11b− CD103+ cDC1 are a discrete subset 
of APCs usually located at the periphery of solid tumors. 
cDC1 expresses CCR7 which allows them to transfer 
tumor antigens to the tumor-draining lymph nodes 

(TdLNs) and to stimulate antitumor immunity. CCR7 
expressing cDC1 in the tumor is capable of robust produc-
tion of CXCL9/ CXCL10 which binds CXCR3 expressed 
on T-cells and participates in the efficacy of classical and 
immune-based anticancer therapies
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and CCL4. These CKs will promote naïve T-cell 
scanning behaviors and attraction toward the 
conjugate [57–59], which is known to favor the 
establishment of memory immune response, in 
addition to the induction of polyclonal responses 
against different tumor Ags [68].

CKs are also implicated in the improvement 
of APC/T-cell adhesion mechanism as well as in 
immunological synapse stabilization, promoting 
T-cell priming (Fig. 14.7). CCR7 ligands secreted 
in the lymph node promote immunological syn-
apse formation by T-cells [69]. CXCR4 and 
CCR5 expressed by T-cells are recruited toward 
the immunological synapses made with the 
APC. This polarization results in desensitization 
of T-cells from external sources of CKs and 
improves synapse stability. A similar mechanism 
is observed during the interaction between tumor- 
infiltrating lymphocytes (TILs) and tumor cells. 
Indeed, the recruitment of CCR5 at the immune 
synapse formed between the TIL and the tumor 
cell results in defective responses to TIL toward a 
CCR5 gradient [70]. This mechanism allows for 
the modulation of the “GO” signals generated by 
CKs, competing with the “STOP” signals medi-
ated by the TCR-MHC interaction [71].

14.4.1.3  Migration of Effector 
T-Lymphocytes to the Tumor

Naive T-cells, after clonal expansion and differ-
entiation into effector T-cells, migrate toward the 

tumor site, implying that T-cells downregulate 
the expression of the CKRs implicated in the 
retention at the priming site like CCR7. In addi-
tion, they upregulate various CKRs including 
CCR1, CCR3, CCR5, and CXCR3 allowing their 
movement toward the tumor site [72]. Cytotoxic 
T-lymphocyte (CTL) recruitment to the tumor 
site is consistent with this pattern of CKR expres-
sion and is mainly mediated by CCL3, CCL5, 
CCL20, CXCL9, and CXCL10 [56]. Expression 
of membrane-anchored CKs such as CXCL16 
and CX3CL1 has also been shown to correlate 
with greater numbers of tumor-infiltrating 
lymphocytes and improved prognosis in colorec-
tal cancer [73, 74]. The antitumor effect of the 
membrane- bound CK form vs. the soluble form 
is yet to be clearly established.

The control of TIL localization within the 
tumor is ill-defined. It is obvious that in most 
cases, TILs are mainly found at the tumor periph-
ery; however, the underlying mechanisms remain 
unclear. Several clues could help us speculate on 
the mechanism of trapping the TILs at the tumor 
periphery. The recent contribution of real-time 
imaging showed that dense peripheral extracel-
lular matrix (ECM) might restrain TILs’ access 
to the tumor parenchyma [75]. Whether specific 
niches of CKs are expressed on collagen fibers is 
unclear and needs further investigation. In addi-
tion, dynamic analysis showed that Ag-specific 
CTLs are trapped in the network of  

Chemokine receptors TCR MHC Co-stimulatory molecules

Immune synapse
a b c

Fig. 14.7 Control of cell polarization toward immune 
synapse. (a) T-cell scan for their cognate antigen- 
presenting cell. (b) Upon recognition, T-cell will polarize 
chemokine receptors toward the immune synapse. (c) This 

sequestration of CKR leads to reduced sensitivity to dis-
tant CK gradient and may participate in the stabilization 
of the immune synapse
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tumor- associated APCs restraining their infiltra-
tion and probably favoring immunosuppression 
[76, 77]. The role of CKs in this trapping is not 
defined, but Ag expression by APC at least 
induces stable engagement between the CTL and 
the APC.  In addition, experimental evidences 
showed that non-tumor Ag-specific TIL cannot 
infiltrate the tumor deeply without the prior 
tumor cells’ destruction by Ag-specific 
CTL. These results suggest that deep infiltration 
of the tumor by TIL might be favored by chemo-
tactic agents secreted upon tumor cell destruc-
tion by CTL or on extensive ECM remodeling to 
allow their interstitial migration [78].

Overall, considering the numerous CKs 
expressed by the various cell subsets of the tumor 
microenvironment, it is very difficult to address 
specific contributions of the CK/CKR couple in 
the interstitial migration and positioning of 
T-lymphocytes within the tumor parenchyma. 
The various properties of these molecules have 
demonstrated that this positioning is controlled 
by sensitivity to the chemotactic gradient and the 
subsequent desensitization upon polarization 
toward the synapse or the downregulation of the 
expression of CKRs.

14.4.2  Chemokines in Innate 
Immune Components

Innate immune cells constitute a first barrier 
against tumor development. However, due to 
their plasticity and capacity to produce a myriad 
of cytokines, chronically activated innate immune 
cells are key modulators of cell activation and 
survival, as well as regulators of the ECM metab-
olism. Several physiological processes necessary 
for tumor development, such as increased cell 
survival, tissue remodeling, angiogenesis, and 
suppression of antitumor adaptive immune 
responses, are regulated by innate immune cell 
infiltrates in the tumor.

Macrophages are the main stromal cell popula-
tion present in the tumor parenchyma. They can 
account for more than 50% of the tumor mass. 
The role of TAMs in tumor development is criti-
cal, as these cells, depending on their state of acti-

vation, can display antitumor properties associated 
with the production of Th1 cytokine, high quan-
tity of reactive oxygen species, phagocytosis and 
efficient Ag presentation; or they could display 
protumor properties mediated by the secretion of 
Th2 cytokine, proangiogenic factors, growth fac-
tors that support tumor survival, and proliferation 
and the secretion of MMP which promote tumor 
invasion and metastases. Consistently, the impact 
of TAMs on tumor development and metastases 
will depend on the balance between antitumor 
macrophages and protumor macrophages.

Tissue-resident macrophages originate from 
the self- renewal of yolk sac or fetal liver derived 
macrophages while a small proportion, depend-
ing on the tissue, may derive from the recruit-
ment of circulating monocytes assuring 
immunosurveillance [79]. Within neoplastic tis-
sues, it is suggested that TAMs are mostly 
recruited from the periphery [80]. Nonetheless, 
knowledge of the relative proportion of native 
resident macrophages within tumors remains  
poor in the field of oncology. CCL2, also called 
MCP-1 for monocyte chemoattractant protein- 1, 
is probably the most frequently found CC-CK in 
tumors involving recruitment of circulating clas-
sical monocytes (CCR2high Ly6C+ in mouse, 
CCR2high CD14++ CD16− in human) [81]. A sub-
population of early-evolved cancer cells requires 
macrophages for early dissemination. CCL2 pro-
duced in the premalignant region attracts these 
macrophages which induce Wnt-1 upregulation 
that in turn downregulates E-cadherin junctions 
in early cancer cells, ultimately increasing meta-
static burden at end stage of cancer progression 
[82]. TAMs are also  capable of inducing the 
directional migration and the invasion of tumor 
cells. One described mechanism is that CSF1 
produced by the tumor cells creates a feedback 
loop leading to EGF production by macrophages 
and subsequent accumulation of tumor cells 
around blood vessels [25]. TAMs are also capa-
ble of directly promoting the intravasation of 
tumor cells into the circulations [83]. Classical 
monocytes recruited via CCL2 promote perineu-
ral invasion of cancer cells via cathepsin B 
expression [84]. Recently, embryonically derived 
tissue-resident macrophages have been demon-
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strated to co-exist with bone- marrow- derived 
macrophages recruited via CCR2  in pancreatic 
and brain malignancies and to display distinct 
functions [85, 86]. Similarly, in the context of 
lung carcinoma and breast cancer pulmonary 
metastases, both monocyte-derived macrophages 
and CCR2-independent tissue- resident intersti-
tial macrophages densely colonize the tumors 
and promote their development. These two mac-
rophage subsets display distinct transcriptomic 
signatures, anatomic distributions, and functions 
after anticancer therapies. On the other hand, 
alveolar macrophages, which are the most abun-
dant tissue-resident macrophages in the alveolar 
lumen, decrease in number and seem to be 
excluded from pulmonary tumor nodules [87].

Tissue-resident macrophages are present in 
most tissues and have distinct transcriptional pro-
grams initiated in embryonic progenitors [88] 
compared to recruited macrophages. The relative 
proportion and specific features of tissue-resident 
macrophages might explain the heterogeneity of 
different tumor microenvironments according to 
the anatomical site of tumor development. One 
needs to further investigate whether it could serve 
as a prognostic factor of tumor growth and 
response to therapies. Moreover, one has to con-
sider the co-existence within the tumor niches of 
TAMs from different ontogenies. This aspect is 
crucial considering the described roles of the 
CKRs in the accumulation of these subsets so far. 
Beyond their action in cell recruitment, their 
action in local proliferation and survival of resi-
dent macrophages should be considered.

Interestingly, in a melanoma system where 
tumorigenesis is dependent on an external growth 
factor CCL2, there is a biphasic effect depending 
on its secreted quantity. High amounts are associ-
ated with a massive recruitment of TAMs into the 
tumor with dominant antitumor activity, while 
lower amounts induce lower infiltration into the 
tumor resulting in tumor promotion through the 
secretion of growth factor by the macrophages 
[89]. Through CCR2 activation by CCL2, 
metastasis- associated macrophages (MAMs) can 
secrete CCL3 acting as an amplification loop to 
accumulate MAMs in a CCR1-dependent man-
ner [90]. As we will see in Sect. 14.5.2, TAMs are 

important protagonists of tumor-associated fibro-
sis or ECM remodeling. These results point out 
the importance of the ratio between protumor and 
antitumor activities of macrophages of different 
origins within tumors.

Other CKRs implicated in TAM recruitment 
are CX3CR1 and CCR1. In human glioblastoma, 
the level of tumor infiltration by microglial cells 
is dependent on CX3CR1. Patients with a func-
tional mutation in the CX3CR1 gene associated 
with impaired monocyte migration have a 
reduced TAM infiltration into the tumor [91]. 
Injection of a thymoma tumor cell line (EL4) 
with a liver tropism to mice results in an increased 
infiltration of the liver by immune cells, includ-
ing macrophages. In CCR1 KO mice, this recruit-
ment during the first stage of the tumor 
development is massively reduced [92].

CXC chemokine receptors could also be 
implicated in TAM recruitment. In humans, IL-4 
and IL-13, two cytokines secreted in the tumor 
environment, sensitize monocytes to CXCL1 and 
CXCL8 by upregulating their receptors (CXCR1 
and CXCR2). Thus, these cytokines indirectly 
promote the recruitment of TAM into the tumor 
through CXC chemokine receptors [93].

As previously discussed, CKs not only control 
leukocyte recruitment into the tumor but also 
organize their localization within the tumor. Lack 
of proper vascularization at the center of the 
tumor induces the secretion of several hypoxic 
factors like hypoxia-inducible factors (HIFs). 
HIFs promote the expression of CXCR4 by mac-
rophages, favoring their recruitment toward 
tumor hypoxic areas [94].On the other hand, the 
tumor environment decreases CKR expression on 
monocytes. Indeed, macrophages from tumor 
sites express low levels of CKR [95]. Time-lapse 
imaging of TAMs in the experimental murine 
model revealed that TAMs display reduced dis-
placement but intense protrusive activity [76, 77]. 
Downregulation of CKR might explain this reten-
tion at the tumor site.

CKs do not only act on leukocyte attraction 
but are also implicated in their activation. 
Induction of copper/zinc superoxide dismutase 
by CCL5/CCR5 activation causes tumor necro-
sis factor-alpha and reactive oxygen species pro-
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duction by macrophages [96], promoting tumor 
destruction. Inversely, in human monocytes, CC 
chemokines induce the transcription of metallo-
proteinase, implicated in tumor invasion and 
spreading. The fact that both TAM recruitment 
and activation are regulated by CK increases the 
potential interest of targeting TAM for antitumor 
therapies. Nonclassical or patrolling monocytes 
(CX3CR1high Ly6Clow in mouse, CX3CR1high 
CD14+CD16+ in human) are localized in the cap-
illaries of different organs where they patrol and 
scavenge cellular debris via the CX3CR1-
CX3CL1 axis [97]. These cells have been associ-
ated with antitumor functions in different models 
of murine metastasis. Patrolling monocytes 
establish early interactions with metastasizing 
tumor cells and scavenge tumor material from 
the lung vasculature. The detection of tumor 
material by patrolling monocytes is dependent 
upon CX3CR1 and promotes the recruitment 
and activation of NK cells to the lung tumor 
environment [98]. Exosomes from melanoma 
cells or from patients with nonmetastatic mela-
nomas have the capacity to stimulate the expan-
sion of patrolling monocytes via induction of the 
Nr4a1 transcription factor, causing cancer cell 
clearance [99].

NK cells represent another component of the 
innate immune system highly involved in antitu-
mor immune responses. NK cell recruitment to 
the tumor is mainly mediated through the 
CXCL10-CXCR3, CX3CL1/CX3CR1, and 
CCL3-CCL4-CCL5/CCR5 axes. High CX3CL1 
quantity is associated with increased NK cell 
recruitment into the tumor in both humans and 
mice [100, 101].

A similar phenomenon is observed with 
increased CCL5 and CCL3 expression by tumor 
cells in mouse models [102, 103]. CXCR3 is 
implicated in the recruitment of human NK cells 
to breast cancer tumor, which is mediated by 
CXCL10 secretion from tumor cells in response 
to IFN-γ produced by the NK cells themselves 
[104, 105]. Thus, CKs not only control NK cell 
recruitment but also regulate their antitumor 
properties. CX3CR1 activation by CX3CL1 
results in improved antitumor cytotoxicity of NK 
cells [106, 107]. CCL3, CCL4, and CCL5 have 

been shown to activate NK cytotoxicity through 
induction of degranulation [108, 109].

14.4.3  Chemokine and Tumor-
Induced Tolerance

Recruitment of tolerogenic cells such as regula-
tory T-cells or immunosuppressive myeloid sub-
sets is a feature of immune escape. Tumor cells 
secrete ligands of CKRs expressed by immature, 
regulatory, or Th2 polarized cells. CCL22 and 
CCL17 produced by tumor cells recruit mono-
cytes, as well as Th2 lymphocytes and regulatory 
T-cells (Treg cells) through CCR4 signaling 
[110]. This strategy of immune escape has been 
also selected in the viral-induced oncogenesis 
process. HHV8 virus, the pathogen of Kaposi’s 
sarcoma, encodes three viral CKs which bind to 
CCR3, CCR4, and CCR8 involved in the recruit-
ment of Th2 and Treg cells [111]. Treg cells 
recruited through CCL22/CCR4 are selectively 
activated by mature DCs though tumor- 
associated antigen presentations and lead to an 
adverse clinical outcome in breast tumors [112]. 
The tumor cell-derived cytokine IL-1α has been 
identified as a major inducer of the Treg-
attracting chemokine CCL22  in human cancer 
cells. Silencing IL-1α prevents CCL22 induction 
by tumor or myeloid cells, resulting in suppres-
sion of Treg migration toward the tumor [113]. 
Blockade of the CCL22/CCR4 axis is thus a 
promising therapeutic strategy to inhibit tumor-
induced immunosuppression [114].

Stromal cells produce CKs which promote 
the recruitment of protumoral cells. Among oth-
ers, TAM produces CCL18 which is induced by 
IL-10 [115]. CCL18 favors the recruitment of 
naïve T-cells through activation of an unknown 
receptor. It is proposed that these naïve T-cells 
acquired tolerogenic properties in contact with 
the tumor environment. CCR6+ immature lym-
phoid DC recruitment into the tumor is favored 
by the secretion of CCL20 from both tumor 
cells and TAMs [116]. CCL5 recruits immature 
DCs as well by binding CCR1 and CCR5 [117]. 
Immature DCs acquire tolerogenic properties in 
the tumor environment and participate in the 
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immune tolerance loops against tumor Ags 
[118]. CCR2, a chemokine receptor highly 
expressed by inflammatory monocytes, is cru-
cial for the recruitment of the latter from the 
bone marrow to inflamed tissues but also dis-
plays chemotactic properties for T-cells. The 
major CCR2 ligand (CCL2) is highly secreted 
by both the tumor and tumor stromal cells in 
both human and mouse models. In cancer con-
text, the CCR2-CCL2 axis has been largely 
implicated in the development and progression 
of cancer metastasis via the recruitment of 
MDSCs [119] and TAMs [90, 120]. MDSCs 
promote immune escape by limiting the activa-
tion of CD8 T-cell infiltration into tumors, 
whereas macrophages promote metastatic seed-
ing of cancer cells, thereby amplifying the 
pathology. Beyond myeloid cells, CCR2 is also 
expressed by a subset of activated tumor anti-
gen-specific, suppressive Treg cells in the 
LN.  Given the lower frequency of CCR2- 
expressing Th cells, CCL2 production during 
tumor development represents a nonredundant 
mechanism of preferential recruitment of 
CCR2+ Treg cells and contributes to immune 

escape (Fig. 14.8). Depletion of CCR2+ Treg or 
CCL2 blockade enhances priming of tumor-spe-
cific CD8+ T-cells [121] and augments cancer 
immunotherapy [122, 123]. The recruitment of 
both monocytes and Treg cells via CCR2-CCL2 
could favor the co-localization of these immu-
nosuppressive cells and further indicates that 
this CK axis is an important mechanistic marker 
of tumor development, predicting clinical bene-
fit after cancer therapy.

Subversion of tumor immune component is a 
central point of tumor outcome. The above- 
described implication of CK in cellular mecha-
nisms should provide the basis to better 
understanding the clinical implication of CK net-
work in cancer pathology. The regulation of the 
balance between immunogenic and tolerogenic 
components has deserved major attention for a 
long time and is the basis of immunotherapy 
which represents an apparent inexhaustible field 
of innovative anticancer strategies. Targeting the 
CK system in this goal is in the course of impor-
tant investigation through the development of 
pharmaceutical compounds able to stimulate or 
antagonize CKR axes.

CCL2

Cancer
Progression

CCL22
CCL2

Recruitment

CCR4+ Treg

CCR2+ Treg

CCR2+ classical monocyte

Fig. 14.8 Role of chemokines in the recruitment of 
immunosuppressive cells to tumors. The chemokines 
CCL2 and CCL22 are commonly secreted in both mouse 
and human tumors of different types and direct cancer 
immunity toward immune tolerance. CCL22 drives the 
enrichment of CCR4+ Treg cells, which can be targeted 
therapeutically. CCL2 production in tumor microenviron-

ment is linked to the recruitment of CCR2+ classical 
monocytes and CCR2+ Treg cells. Monocytes can display 
immunosuppressive properties per se (MDSCs) but can 
also differentiate into TAMs upon extravasation into 
tumors. CCR2+ Treg cells represent a tumor antigen- 
specific and highly immunosuppressive subset

P.-L. Loyher et al.



249

14.5  Alternative Tumor-
Associated Physiological 
Functions of Chemokines

14.5.1  Angiogenesis

One of the features of CKs is their dual role in the 
angiogenic process. In the tumor environment, 
there is increased production of proangiogenic 
CK, while angiostatic CKs are downregulated. In 
addition to a direct angiogenic effect of CKs, this 
activity is indirectly potentialized by the 
CK-induced recruitment of leukocytes displaying 
angiogenic properties such as neutrophils or 
macrophages [124].

CKs from the CXC family are probably the 
most described for their direct implication in 
tumor-associated angiogenesis. CXCLs 1, 2, 3, 5, 
6, 7, and 8 display angiogenic properties. All 
these CKs contain a specific amino acid sequence 
of glutamic acid-leucine-arginine (or ELR for 
short) immediately before the first cysteine of the 
CXC motif (ELR positive). This ELR sequence 
absence from the other CXC chemokines is 
responsible for the proangiogenic properties of 
most of the CXC chemokines [125].

ELR+ chemokines mediate angiogenesis 
through binding to the CXCR2 receptor.

ELR+ chemokines are able to recruit endothe-
lial precursor cells, induce cell proliferation, and 
promote maturation. These mechanisms could be 
negatively regulated by a decoy CKR expressed 
by endothelial cells called duffy antigen receptor 
for CK (DARC). Unlike most of the other CKRs, 
DARC is not linked to G-protein, and its activa-
tion does not induce calcium flux. DARC reduces 
angiogenesis by sequestering all the ELR+ CKs.

One specificity within ELR− chemokines is 
attributed to CXCL12 which is the only ELR 
chemokine with proangiogenic activity. CXCL12 
mediates its proangiogenic effect by directly pro-
moting the recruitment of endothelial progenitor 
cells [126, 127] or indirectly by promoting tumor 
angiogenesis through the recruitment of CXCR4+ 
TIE2+ proangiogenic monocyte [94, 128] and 
through the secretion of vascular endothelial 
growth factor (VEGF) after CXCR7 activation 
[129] or WNT7B signaling [130]. Interfering 

pharmacologically with the CXCL12/CXCR4 
axis or depleting TIE2+ monocytes/macrophages 
increases the efficacy of vascular-disrupting 
agent based therapies [131]. Chemotherapy 
induces the upregulation of HMOX-1 which in 
turn upregulates CXCL12 in perivascular area of 
tumors. In this context, CXCL12 subsequently 
induces the clustering of tumor-relapse- 
promoting TAM population around tumor blood 
vessels. Perivascular TAMs promote tumor revas-
cularization and relapse partly via their produc-
tion of VEGF [132]. Signaling via VEGF-R1 in 
metastasis- associated macrophages regulates a 
set of inflammatory response and macrophage 
regulator genes which promote breast tumor 
metastases [133]. Moreover, anti-angiogenic 
therapy targeting VEGF-R2 has been reported to 
upregulate both CXCL12 and CXCR4, leading to 
the recruitment of neutrophils and Ly6Clow mono-
cytes with immunosuppressive action in experi-
mental murine models of colorectal cancer [134].

In contrast, ELR− chemokine secretion is 
often associated with attenuation of angiogene-
sis. ELR− CXC chemokines are described by 
their angiostatic properties. ELR− CXC chemo-
kine secretion is induced by IFN-α and IFN-β. 
Through CXCR3 binding, these CKs mediate 
their angiostatic properties by inhibition of ELR+ 
chemokine, VEGF-α, and β-FGF proangiogenic 
effects in  vitro [135]. Interestingly, the expres-
sion of CXCR3 is dependent on the cell cycle 
phase, limiting the angiostatic properties of ELR− 
CXC chemokines to the S/G2-M phase [136].

This important association of CKs and angio-
genesis within the tumor environment sets the 
inhibition of ELR+ chemokine as a robust antitu-
mor therapy.

14.5.2  Fibrosis and Extracellular 
Matrix Remodeling

The association of CKs with EMT leading to 
fibrosis activity has been previously suggested by 
studies; however, there is no clear evidence that 
CKs play a direct role in this process.

Fibrosis and extracellular matrix remodeling 
are continuous processes present in the tumor 
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parenchyma reflecting the intense dynamic and 
migratory activity of the neoplastic tissue. Two 
different types of migratory activity are defined, 
namely the amoeboid and mesenchymal migra-
tions. The amoeboid migration does not require 
extracellular matrix (ECM) remodeling through 
matrix metalloproteinase (MMP) activity due to 
the ability of the cell to squeeze through the 
ECM. The mesenchymal migration relies on pre-
vious proteolysis and degradation of the ECM to 
generate sufficient space for cell displacement. 
CK-mediated induction of MMP is mostly medi-
ated by CC chemokines; CCL5 and CCL9 pro-
duced by mesenchymal stem cells promote tumor 
cell invasion in a MMP-dependent manner [137, 
138]. CCL25 promotes MMP secretion in ovar-
ian cancer cells through CCR9 binding and favors 
tumor cell invasion [139]. CCL21/CCR7 interac-
tion favors MMP-9 secretion, tumor invasion, 
and metastases in colon cancer cells and in B-cell 
chronic lymphocytic leukemia cells [140, 141]. 
At least, one CXC chemokine has been related to 
MMP activity; thus, CXCL12 is implicated in 
increased MMP-2 activation and increased cell 
invasion in a pancreatic cancer cell line [142].

Studies have suggested that the extracellular 
matrix promotes tumor escape from the immune 
system by trapping antitumor leukocytes at a 
distance from tumor cell niches [143]. However, 
tumor progression and metastases require deg-
radation of this extracellular matrix surrounding 
the tumor. Mesenchymal stem cell (MSC)-
derived cell populations and TAMs are impor-
tant protagonists of these physiological 
activities. CXCL12 is implicated in the recruit-
ment of mesenchymal stem cells (MSCs) from 
the bone marrow. Bone marrow-derived MSCs 
can account for up to 25% of cancer-associated 
fibroblasts, the main source of fibrosis within 
the tumor [144]. Cancer-associated fibroblasts 
and MSCs have been shown to share protumori-
genic activities with MSCs in neuroblastomas 
[145]. TAMs have also been shown to actively 
participate in the construction and assembly of 
the tumor- associated ECM by secreting colla-
gen types I, IV, and XVI and factors enhancing 
fibroblast activities [146]. Production of prote-
ases such as cathepsin by macrophages or MMP 

can also liberate growth factors sequestered in 
the ECM [147]. Overexpression of CCL2 in the 
mammary epithelium was associated with 
increased expression of matrix remodeling 
enzymes and higher density of the stroma and 
collagen without directly affecting mammary 
epithelial cell proliferation or death. 
Nevertheless, this CCL2-driven inflammation 
contributed to the increased risk of breast cancer 
in both mouse models and humans [148]. 
Comparison of TAM functions according to 
their ontogeny suggests that while tissue- 
resident macrophages directly promote tumor 
progression, partly via their pro-fibrotic activi-
ties [85, 86], TAMs derived from circulating 
CCR2+ monocytes degrade collagen though cel-
lular uptake [149].

There is ongoing evidence that targeting pro-
teolysis activity in combination with chemotaxis 
would provide promising results in the strategy to 
inhibit tumor cell invasion and metastasis.

14.6  Clinical Aspect

CKs are implicated in several aspects of tumor 
development. Due to these pivotal roles in tumor 
biology, CKs have been frequently associated 
with tumor evolution and clinical outcomes and 
have been highlighted for their potential use as 
prognostic or diagnostic markers. Therefore, they 
represent a promising target with a potential for a 
diverse range of therapeutic strategies.

14.6.1  Prognosis

Due to its importance across a wide range of 
physiological mechanisms, CK/CKR network 
alteration could impact tumor development. 
Correlative studies using genetic polymorphisms 
provide essential information for prognosis. 
Several functional polymorphisms in CKs or 
CKRs have been studied in order to establish cor-
relation between functional variants and tumor 
risk or progression (Table 14.2).

The paragraphs below focus on the most com-
monly described polymorphisms, their functional 
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relevancies, and their subsequent prognostic 
value in tumor risk and/or progression.

14.6.2  CC Chemokines/Chemokine 
Receptors

14.6.2.1  CCL2
A single-nucleotide polymorphism (SNP) in the 
CCL2 promoter, based on the substitution of an 
adenine by a guanine in position −2518 
(A  < −2518  <  G), is associated with increased 
CCL2 secretion [150]. This polymorphism with 
an allelic frequency close to 30% is associated 
with an increased susceptibility to the develop-
ment of breast, gastric, and oral squamous can-
cer. However, it is not associated with an 
increased risk of developing hepatocellular and 

prostate cancer, glioblastoma, and melanoma. 
Despite this lack of association with the develop-
ment of melanoma, CCL2 polymorphism is asso-
ciated with increased Breslow index, suggesting 
its link with melanoma progression [151]. CCL2- 
2518G variant is also associated with increased 
metastasis development in nasopharyngeal and 
breast cancer. In the former case, the deleterious 
effect of the polymorphism is observed only after 
radiotherapy [152]. Overall, the deleterious effect 
of the CCL2-2518G allele-associated increase of 
CCL2 expression is consistent with the protu-
moral effect of TAM in most tumors, as previ-
ously described above.

14.6.2.2  CCL5
Conflicting data arise from the study of the 
CCL5 G < −403 < A polymorphism on cancer 

Table 14.2 Association between chemokines and chemokine receptor polymorphisms and tumor risk and/or 
progression

CCL2- 
2518 A<G

CCL5-403 
G>A

CXCL8- 
251T>A

CXCL12 
801G<A

CCR2 
64I

CCR5 
Delta 32

CX3CR1 
V249I

Breast Risk − –∗ =/−∗ −
Prog − −

Hepatocellular Risk = =/− =/− = =
Prog = =/− = =

Gastric Risk − + –∗/=∗
Prog

Glioblastoma Risk = =
Prog = +

Prostate Risk = − +∗ − − −
Prog

Oro-/
nasopharyngeal

Risk –∗ − –∗
Prog − −

Melanoma Risk = = =
Prog − =/− =

Pancreatic Risk −
Prog

Leukemia Risk +
Prog −

Colorectal Risk +/= −
Prog = −

Bladder Risk = –∗ −
Prog =

Lung Risk = –∗
Prog

Cervix Risk –∗
Prog −

Prog prognosis, + good indicator, − poor indicator, = no association, ∗ meta-analysis
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risk. This mutation is thought to be responsible 
for the decreased secretion of CCL5 and is asso-
ciated with decreased risk of leukemia and gas-
tric cancer in women [153], as well as an 
increased risk of prostate and pancreatic cancer 
[154]. This discrepancy could reflect the balance 
between the antitumor effects of CCL5 through 
recruitment of CTL and the protumoral effect of 
CCL5 through recruitment of immature 
DC. Nonetheless, there is no evidence support-
ing an association between CCL5 polymorphism 
and tumor progression.

14.6.2.3  CCR5
CCL5 main receptor (CCR5) is also subject to 
another relevant polymorphism. A deletion of 
32 base pairs named CCR5 delta 32 results in a 
reading frame shift, associated with complete 
defect in receptor expression. The impact of the 
polymorphism in tumor risk and progression is 
not well documented. Most studies conclude a 
lack of association; however, one report sug-
gests that CCR5Δ32 could be associated with 
higher risks of the development of gallbladder 
cancer [155]. In melanoma, CCR5Δ32 is asso-
ciated with reduced survival of patients with 
grade 4 tumor treated by immunotherapy strate-
gies [156]. These observations might reflect the 
role of CCR5 in the induction of T-cell priming 
and memory.

14.6.2.4  CCR2
CCR2 V64I polymorphism has also been studied 
for its implication in tumor risk and progression. 
There is no known effect of the genetic variation 
on the CCR2/CCL2-signaling pathway, but it is 
associated with CCR5 instability, which could be 
explained by stability alteration of the CCR2/
CCR5 dimer. Most of the studies conclude that 
there is an increased risk for people carrying the 
rare variant. This is the case for cervical, oral, 
bladder, prostate, and endometrial cancer. A 
recent meta-analysis with 2661 cancer patients 
and 5801 healthy controls found an overall sig-
nificant association between the CCR2-V64I 
polymorphism and cancer risk [157]. In the 
 subgroup analysis stratified by cancer types, 
there was a significant association between this 

polymorphism and the risk of bladder, cervical, 
and oral cancer.

14.6.3  CXC Chemokines

Two CXC chemokines, CXCL8 (also referred as 
interleukin-8) and CXCL12 (SDF-1), have been 
intensively investigated for their association 
between polymorphisms and tumor risk and 
development.

14.6.3.1  CXCL8
CXCL8 T < −251 < A polymorphism is probably 
one of the most studied CK polymorphisms in 
cancer. Its physiological effect and its impact on 
CXCL8 expression remain to be elucidated. 
There is an apparent discrepancy between studies 
on these effects; however, this may reflect speci-
ficity depending on the cell type or the cell acti-
vation status. The implication of CXCL8 
polymorphism in cancer risk and outcome 
remains unclear. Unfortunately, controversies in 
the literature make any interpretation challeng-
ing. Several meta-analyses have been performed 
in order to gain some clarity, and despite some 
variation in the conclusion, it appears likely that 
the rare variant of CXCL8 promoter region is 
associated with increased risk of gastric and oral 
cancer [158–160].

14.6.3.2  CXCL12
CXCL12 is subject to a polymorphism in a 3′ 
untranslated region named CXCL12 3′ 
G801A.  The rare variant is associated with 
increased secretion of CXCL12. Consistent with 
the protumoral effect of CXCL12 mentioned 
above, studies essentially report that CXCL12 
801A variant is associated with an increased risk 
of several cancers (lung, breast, oral, prostate, 
hepatocellular, and colorectal cancers). It is also 
thought to favor tumor progression or metastases 
in lung cancer, hepatocellular carcinoma, 
colorectal cancer, and myeloid leukemia. The 
only three meta-analyses performed to date con-
clude that there is an increased risk of breast and 
lung cancer, without any significant effect on 
other cancer types [161–163].

P.-L. Loyher et al.



253

14.6.4  CX3C Chemokine Receptors

The only receptor for the CX3C chemokine fam-
ily is CX3CR1, which is also subject to polymor-
phisms associated with cancer outcome. 
Substitution of a valine by an isoleucine in posi-
tion 249 results in increased adhesion of the cou-
ple CX3CR1/CX3CL1 and defective migration 
of CX3CR1+ cells. The rare variant is associated 
with increased risk of colorectal cancer, but not 
hepatocellular cancer, melanoma, and glioblas-
toma. In this last case, the rare variant is associ-
ated with improved patient survival after tumor 
biopsies and decreased infiltration of the tumor 
by microglial cells [91]. This is consistent with 
the promotion of glioblastoma invasion by 
microglial cells [164].

14.6.5  Chemokine Circulating 
Expression

CK circulating levels have also been related to 
cancer progression. A high concentration of 
CCL17 is associated with the progression of 
Hodgkin’s lymphoma (HL) after treatment [165]. 
Interestingly, opposite effects are observed in 
melanoma, where high CCL17 expression is 
associated with progression-free survival in 
patients with immunotherapeutic treatment 
[166]. Elevated concentrations of CXCL10 in the 
serum before treatment (monoclonal antibody 
therapy together with combination chemother-
apy) are associated with an increased likelihood 
of clinical relapse and an inferior survival in 
patients with diffuse large B-cell lymphoma 
[167]. Elevated serum levels of CCL2 have been 
described in patients with breast, colon, gastric, 
prostate, ovarian, or skin cancers [168–171]; and 
a meta-analysis of gene expression databases 
identified CCL2 as an independent factor favor-
ing the development of prostate cancer [172].

Despite numerous promising results, CK and 
CKR genes and molecules are not currently used 
in clinical settings to evaluate a patient’s risk of 
developing cancer or to predict tumor progres-
sion. This could be explained in part by the non-
homogeneous distribution of the polymorphism 

variants among ethnic communities. Additionally, 
in most cases, CK and CKR gene polymorphisms 
are not singularly powerful predictive tools. Their 
clinical utility is most likely to be dependent on 
their association with other markers.

14.6.6  Therapeutic Strategies

As discussed throughout this chapter, CKs are 
implicated in all steps of the tumor development, 
invasion, and dissemination. Several tools have 
been developed to target CKs or CKRs as innova-
tive strategies in cancer treatment. To date, there 
is no molecule targeting macrophage release; 
however, multiple clinical trials from phase I to 
phase III are recorded at clinicaltrials.gov 
(Table 14.3). Some strategies aim to promote the 
production of CKs implicated in the recruitment 
of immune-competent cells to the tumor by injec-
tion of IFN, “celecoxib,” and “rintatolimod” 
(NCT01545141). In another trial, patients with 
lung adenocarcinoma were directly injected with 
CKs implicated in the recruitment of antitumor 
effector T-cells, in combination with vaccination 
approach (NCT01433172). Inversely, another 
trial aimed to inhibit the recruitment of protu-
moral leukocyte using an Ab against CCL2 (car-
lumab) in order to control metastatic 
castrate-resistant prostate cancer (MCRPC) 
(NCT00992186). However, this strategy failed as 
all the patients were removed from the study, due 
to progression of the tumor despite anti-CCL2 
treatment. Although well tolerated, treatment 
with carlumab only inhibits CCL2 initially, but 
the levels of CCL2  in patients are rapidly 
increased above those seen before treatment 
(NCT00537368). It was concluded that carlumab 
is not efficient for a long-term inhibition of 
CCL2 in patients, but other strategies have been 
used to target the CCR2/CCL2 axis in clinical tri-
als. An antibody against CCR2 (MLN1202) has 
been demonstrated to be safe and well tolerated 
in patients with different types of cancers with 
bone metastasis (NCT01015560). Finally, other 
inhibitors of CCR2 (BMS-681 and CCR2- 
RA[R]) have been developed [173, 174] occupy-
ing different orthosteric and allosteric pockets of 
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the receptor. These two inhibitors also present 
different mechanisms of CCR2 inhibition, sug-
gesting that combined inhibition could potentiate 
therapeutic efficacy [175].

Multiple preclinical models have demon-
strated the induction of antitumor immunity by 
targeting Treg cells via CCR4 inhibition in pre-
clinical models of solid tumors [176–178] and 
patients [179]. As a result, the immunoregulatory 
activities of KW-0761 are now being evaluated in 
patients with advanced and/or metastatic solid 
tumors (NCT02281409).

Another approach aimed to directly target 
CKR expressed by neoplastic cells in order to 
control tumor or metastasis development. The 
CCR5 antagonist, named “maraviroc,” originally 
commercialized for AIDS treatment, is under 
evaluation for its antitumor property in colorectal 
cancer (NCT01736813). Promising results have 
been obtained with an anti-CCR4 Ab named 
“KW-0761.” Injection of KW-0761 in subjects 
with CCR4-positive adult T-cell leukemia- 
lymphoma resulted in the stabilization of tumor 

progression in half of them. This molecule is now 
under evaluation in cutaneous T-cell lymphoma 
(NCT01728805) and in second-phase treatment 
for peripheral T-cell lymphoma (NCT01611142).

CXCR4 antagonists are probably the most 
widely used molecules in trials targeting the CK 
network. “Plerixafor” is an FDA-approved 
CXCR4 antagonist for use in patients with non- 
Hodgkin’s lymphoma (NHL) and multiple 
myeloma. It is used as a preconditioning regimen 
for its ability to mobilize bone marrow resident 
hematopoietic stem cells and tumor stem cells 
toward circulation before chemotherapy. 
Plerixafor and other molecules targeting CXCR4 
are now evaluated in several clinical trials from 
grades I to III in combination with other treat-
ments, in various forms of leukemia and 
myeloma. Evaluation of CXCR4 targeting in 
cancer therapies is not limited to blood tumors. 
Plerixafor is currently being evaluated in a phase 
I trial in conjunction with “bevacizumab” for 
patients with high-grade glioma (NCT01339039). 
Plerixafor is also studied by continuous adminis-

Table 14.3 Clinical trials evaluating the benefits of targeting chemokine or chemokine receptor cancer therapies

Inclusion criteria Phase Treatment
Colorectal cancer Phase I/

II
Chemokine-modulatory regimen

Stage IV adenocarcinoma of the lung Phase I/
II

GM.CD40L and CCL21

Metastatic castrate-resistant prostate 
cancer

Phase II Anti-CCL2 carlumab

Solid tumors Phase I Human monoclonal antibody against CCL2 (CNTO 888)
Patients with bone metastasis Phase II Anti-CCR2 monoclonal antibody (MLN1202)
Colorectal cancer patients with 
hepatic liver metastases

Phase I CCR5 antagonist (maraviroc)

Previously treated peripheral T-cell 
lymphoma

Phase II Anti-CCR4 monoclonal antibody KW-0761 (mogamulizumab)

CCR4-positive adult T-cell 
leukemia-lymphoma

Phase II Anti-CCR4 (KW-0761)

Solid tumors Phase I Anti-CCR4 (KW-0761)
High-grade glioma Phase I CXCR4 antagonist (plerixafor/AMD3100) and bevacizumab
Multiple myeloma previously treated 
with lenalidomide

Phase 
III

Filgrastim with or without CXCR4 antagonist (plerixafor/
AMD3100)

Non-Hodgkin’s lymphoma Phase 
III

CXCR4 antagonist (plerixafor/AMD3100) and G-CSF

Multiple myeloma Phase Ib Anti-CXCR4 (BMS-936564) alone or plus lenalidomide/
dexamethasone or bortezomib/dexamethasone

Multiple myeloma Phase I/
IIa

CXCR4 antagonist (BKT-140)

Solid tumors Phase I CXCR4 antagonist (plerixafor/AMD3100)

P.-L. Loyher et al.



255

tration in patients with advanced pancreatic, 
ovarian, and colorectal cancers (NCT02179970).

14.7  Concluding Remarks

The advantages of targeting the CK network, 
through distinct strategies, have already been 
demonstrated as well as its limitations. A new 
generation of clinical trials based on a combina-
tion of approaches from standard chemotherapies 
to innovative immunotherapies offer new per-
spectives in CK network targeting strategies.

The 10 years following the discovery of the 
majority of CKs were characterized by extensive 
investigations in the involvement of these mole-
cules in the control of cellular trafficking, spe-
cifically leukocytes. Later on, scientists 
demonstrated that CKs do not only control cell 
migration but also cell proliferation, survival, 
and activation state. It is now obvious that CKs 
act on a wider range of cell types rather than 
only leukocytes for which they were primarily 
characterized. The complex physiological pro-
cesses in which CKs are involved such as tissue 
homeostasis, immune system maturation and 
surveillance, and tissue remodeling functions 
like angiogenesis or fibrosis are shunted in most 
cases toward tumor promotion. The central role 
of the CK network in these processes positions 
the CK system as an attractive target against 
tumor development, progression, and dissemina-
tion. Clinically, CK and CKR polymorphisms or 
serum levels are already associated with suscep-
tibility or prognostic markers. Current investiga-
tions aiming at controlling tumor development 
by targeting the CK network are not limited to 
the direct effect on tumor cells. For instance, it is 
proposed that CKs could modulate the involve-
ment of TAMs in tumor eradication or protection 
after chemotherapy suggesting that chemoattrac-
tant molecules could be used in combination 
with standard chemical chemotherapies to favor 
tumor eradication through modulation of the 
TAM activity. Despite numerous promising 
results, few molecules targeting CKRs have 
received FDA approval. The CXCL12 antago-
nism is already being used in patients with leu-

kemia or myeloma to promote tumor cell 
mobilization toward the bloodstream before 
treatment, and the CCR5 antagonist maraviroc is 
currently being evaluated in colorectal cancer. 
These low numbers of molecules targeting CKs 
in the market could be explained by the rela-
tively recent discovery and characterization of 
the CKs. In addition, the central role of CKs in 
most biological functions would lead to potential 
numerous side effects. Given the phenomenal 
amount of progress made by the scientific and 
the medical community, it is most likely that 
these challenges will be overcome. Several inno-
vative technologies allowing for more efficient 
and specific delivery of chemical compounds 
have been proposed and optimized during the 
last few years, such as Ab-coupled treatment and 
encapsulated or viral delivered constructs. 
Targeting the CK network using these tools will 
probably constitute the next step in the develop-
ment of a cancer therapy with minimal side 
effect.
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15.1  Introduction

Inflammation is the seventh hallmark for cancer 
establishment and progression and represents the 
link between intrinsic (oncogenes, genome insta-
bility) and extrinsic (immune and stromal com-
ponents) factors [1]. Essential to the development 
of cancer is the accumulation of genetic lesions 
in cells [2]. However, while these autonomous 
cell properties are necessary for tumorigenesis, 
they are not sufficient. Research over the last two 
decades has solidified the concept that tumor 
development and malignancy is the result of pro-
cesses involving both cancer cells themselves 
and non-cancer cells, many of which compose 
the heterocellular tumor compartment [1–3]. 
Many tumors are associated with the infiltration 
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of inflammatory cells that in most cases, due to 
their immune-suppressive nature, are related to a 
bad prognosis [4, 5].

Cancer-associated inflammatory responses 
play roles in many aspects of cancer biology 
including tumor initiation, progression, metasta-
sis, and treatment [4, 6, 7].

Inflammation is a physiological response to 
protect the host against pathogen-associated 
molecular patterns (PAMPs) derived by invading 
microorganisms, and damage-associated molecu-
lar patterns (DAMPs) that derive by “sterile” 
endogenous threats [7]. Inflammation can be 
characterized by acute and chronic responses. 
Acute inflammation can be induced by tissue 
damage due to trauma, noxious, and/or microbial 
insults which facilitate the recruitment of immune 
cells to the inflamed site where they cooperate in 
order to isolate and eradicate the damage. In con-
trast, chronic inflammation represents an ongoing 
inflammatory response, during which immune 
cells are recruited, but the inflammatory stimulus 
is not eradicated, rather, it keeps on inducing tis-
sue damage and destruction, manifesting as tissue 
fibrosis. In both cases, damaged tissues represent 
the alarm to restore homeostasis. In the case of a 
tumor mass establishment and progression, the 
inflammatory pattern plays a key role in that it can 
on one side “control,” limiting the neoplastic 
development, but on the other the immune failure 
to eliminate the danger signal may result in ongo-
ing inflammation or persistent damage that can 
promote the development of chronic inflamma-
tion, highly associated to cancer [8].

Epidemiology studies relate the incidence of 
tumors to chronic infections, dietary factors, obe-
sity, inhaled pollutants, tobacco, and autoimmu-
nity [3, 9, 10]. In support, higher incidence of 
tumor development is reported in tissues/organs 
exposed to both external and commensal patho-
gens, such as the lung, the intestine, and, to a 
lower extent, the liver [3, 11]. In particular, the 
exposure to air pollution, tobacco [12, 13], and 
chronic infections [14] induces the activation of 
inflammatory processes that render the subjects 
higher susceptible to malignancies. In this con-
text, in our laboratory we proved that the stimula-
tion of cells with air pollutants made smokers 
higher susceptible to the release of IL-1-like 

cytokines (i.e., IL-1α, IL-18) [12]. Of note, pro- 
inflammatory cytokines, such as IL-1β and IL-18, 
are detected at high levels in cancer patients, and 
while their pathophysiological role is still elu-
sive, a number of studies document their ability 
to promote an immune-suppressive tumor micro-
environment that facilitates tumor establishment 
and progression [1, 15, 16]. Moreover, according 
to the “sterile inflammation” theory, noninfec-
tious insults, such as reactive oxygen species 
(ROS), oxidized and/or methylated DNA, high- 
mobility group box 1 (HMGB1), heat-shock pro-
teins (HSPs), and adenosine triphosphate (ATP), 
generally identified as DAMPs, can indepen-
dently induce chronic inflammation [17, 18]. 
Such endogenous stimuli, induced after the expo-
sure to noxious as well as after microbial stimuli, 
can behave as tumor promoters via the induction 
of chronic inflammation that, rather than provid-
ing a protective response to loss of tissue homeo-
stasis, can aberrantly facilitate tumor 
development. All these insults are sensed by the 
intracellular multimeric complex called inflam-
masome [19].

The inflammasome is composed of several 
proteins that promote caspase-1 activation 
(Fig. 15.1). Its activation follows engagement of 
Toll-like receptors (TLRs) and NOD-like recep-
tors (NLRs), two classes of sentinel receptors 
that are pivotal for the detection of PAMPs and 
DAMPs (Table  15.1) [19]. The cooperation 
between these two systems allows to “sense” and 
respond to a large number of infectious and ster-
ile insults. While most TLRs, except for TLR3, 
TLR7, and TLR9, are membrane receptors, 
NLRs are intracellular and, together with the 
adapter protein, apoptosis-associated speck-like 
protein containing a CARD (ASC), can assemble 
to form the active components of the inflamma-
some complexes. The recognition of PAMPs or 
DAMPs by TLRs can accompany or strengthen 
the activation of inflammasome complexes com-
posed of specific NLRs, depending on the stimu-
lus, leading to the activation of caspase-1 [20] 
(Fig.  15.1). Initially, NLRs were proposed to 
regulate inflammation through apoptosis, but 
nowadays this concept has been modified in that, 
while NLRs may serve as sentinels for cellular 
distress, their activity in the inflammasome com-
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plex is not necessarily conducive to cell death 
[19, 21]. Several NLRs have so far been identi-
fied in both humans and mice, i.e., NLRP1, 
NLRP3, NLRP6, NLRC4, and the HIN200 pro-
tein AIM2 [22]. These proteins recognize distinct 
signals (Table  15.1) and, most importantly, are 
expressed at different levels in hematopoietic and 
stromal cell lineages. The expression of some 
NLRs is induced after the recognition of an insult 
(e.g., LPS) that triggers NF-κB-dependent gene 
expression (Fig. 15.1). In contrast, NLRC4 and 
AIM2 are constitutively expressed in hematopoi-
etic cells and are directly activated by flagellin- 

like molecules and double-stranded DNA 
(dsDNA), respectively [22]. NLRP1 can sense 
muramyl dipeptide, Toxoplasma gondii and 
Bacillus anthracis lethal toxin; the identity of the 
ligand for NLRP6 was elusive until a recent study 
identified taurine, a microbial metabolite, as 
NLRP6 activator [23]. NLRC4, constitutively 
expressed in hematopoietic cells, is activated by 
flagellin and by the PrgJ protein from Salmonella 
typhimurium, Pseudomonas, Legionella pneu-
mophila, and bacterial type III secretion appara-
tus from Gram-negative bacteria such as 
Salmonella typhimurium [24]. NLRP12 recog-

PAMPs
DAMPs

Signal 1

K+

K+efflux

Signal 2

ATP

TLRs

IkB

IkB

NLRs

Pro-IL-18
Pro-IL-1b

IL-1b
IL-18

Active
Caspase-1

Pro-caspase-1 Pyroptosis

Asbestos, MSU,
Uric acid, Silica

ROS
Oxidized DNA

ASC

NF-kB

P2X7

DAMPs

Fig. 15.1 Two-signal model of inflammasome activation. 
The recognition of PAMPs and/or DAMPs by extracellular 
or cytoplasmic TLRs leads to the activation of NF-κB 
(signal 1), which in turn promotes the transcription of pro- 
IL- 1β/IL-18 or some NLRs (e.g., NLRP3). NLRs 
assemble into the inflammasome complex which via ASC 
can recruit pro-caspase-1 and promote its autocatalytic 
cleavage (signal 2). Caspase-1 can lead to a cascade of 
pro- inflammatory events via the activation of pro-IL-1β 
and pro-IL-18, which then interact with their own 
membrane receptors amplifying the inflammatory 
response. Furthermore, ROS, potassium efflux, changes in 

cell volume, calcium signaling, and lysosomal disruption 
have all been proposed as critical upstream signals 
required for inflammasome activation (signal 2). On the 
other hand, active caspase-1 can lead to cell pyroptosis 
with the consequence of membrane rupture and release of 
such alarmins as IL-1α and HMGB1. PAMPs pathogen-
associated molecular patterns, DAMPs damage-associated 
molecular patterns, TLRs Toll-like receptors, NLRs Nod-
like receptors, ASC apoptosis-associated speck-like 
protein containing, caspase recruitment domain (CARD), 
MSU monosodium urate, ROS reactive oxygen species
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nizes PAMPs from Yersinia and Plasmodium 
infection [25, 26]. AIM2 is constitutively 
expressed in hematopoietic cells and is directly 
activated by dsDNA of cells infected with 

Listeria and Francisella or viruses such as 
Cytomegalovirus and Vaccinia or endogenous 
DNA released during cellular damage [27]. 
IFI16 is able to sense DNA from Kaposi 

Table 15.1 The NLR species and the HIN200 protein, AIM2, are activated by specific exogenous (PAMPs) and endog-
enous (DAMPs) stimuli

NLRP1 NLRP3 NLRC4 NLRP6 NLRP12 AIM2
PAMPs Bacillus 

Anthracis
Toxoplasma 
gondii

Fungi
  Candida albicans
  Aspergillus  

fumigatus
  Saccharomyces 

cerevisiae
Viruses
  Influenza, Sendai
  Adenovirus, 

Varicella zoster
Bacteria
  Staphylococcus 

aureus
  Vibrio cholerae
  Streptococcus 

pyogenes, 
Chlamydia 
pneumonia

  Neisseria gonorrhea
  M. Tuberculosis, 

Listeria 
monocytogenes, 
Salmonella 
typhimurium, 
Shigella flexneri

  Escherichia coli

Bacteria
  Mycobacterium 

Tuberculosis
  Listeria 

monocytogenes, 
Salmonella 
typhimurium

  Shigella flexneri, 
Pseudomonas 
aeruginosa

  L. pneumophila

Taurine Yersinia 
pestis
Plasmodium

Bacteria
  Listeria 

monocytogenes, 
Francisella 
tularensis

Viruses
  Cytomegalovirus
  Vaccinia virus

DAMPs ? Extracellular ATP
Ions: K+ and Ca2+

Lysosomal cathepsins
Mitochondrial DNA
ROS
Cholesterol
Ox-LDL
Hyaluronan acid
Uric acid
Monosodium urate 
(MSU)
Amyloid β protein
Cardiolipin
Asbestos and silica

? ? ? DNA

The exposure of cells to fungi, bacteria, and viruses leads to common cellular responses that alter ion fluxes and pro-
motes the cytosolic release of lysosomal proteases, mitochondrial dysfunction, and the generation of ROS, which have 
all been reported as NLRP3 stimuli. In addition, endogenous noninfectious stimuli, such as cholesterol, oxidized LDL, 
urate crystals, asbestos, and silica, can lead to NLRP3 inflammasome assembly. NLRP1 is activated by the cytosolic 
Bacillus anthracis lethal toxin and Toxoplasma gondii. NLRC4 is activated by flagellin and by the PrgJ protein from 
Salmonella typhimurium, Pseudomonas, and Legionella pneumophila, bacteria that follow type III secretion system. 
NLRP12 recognizes PAMPs from Yersinia pestis and Plasmodium. AIM2 binds double-stranded DNA of cells infected 
with Listeria and Francisella or viruses such as Cytomegalovirus and Vaccinia. NLRP6 ligand is still elusive; however, 
a recent study identifies taurine as a microbial metabolite NLRP6 activator
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sarcoma- associated herpes virus [27]. NLRP3 
inflammasome is the most characterized mem-
ber of NLR and responds to various activators, a 
broad spectrum of microorganisms as well as 
their derived products, endogenous danger sig-
nals, and environmental insults. NLRP3 can be 
exogenously activated by Sendai virus, Influenza 
virus, Adenovirus, Candida albicans, 
Saccharomyces cerevisiae, Staphylococcus 
aureus, and even bacterial pore-forming toxins 
[28]. DAMPs like extracellular ATP (eATP), 
hyaluronan, monosodium urate (MSU), 
amyloid-β, and environmental crystalline pol-
lutants like silica and asbestos endogenously 
induce NLRP3 activation [7, 28]. ROS, potas-
sium efflux, changes in cell volume, calcium 
signaling, and lysosomal disruption have all 
been proposed as critical upstream signals 
required for NLRP3 activation (Table  15.1) 
[29]. NLRP3 inflammasome contains the 
adapter protein ASC, which, acting as a zipper, 
binds NLRP3 with pro-caspase-1, which in turn 
undergoes self- cleavage to form an active form 
of caspase-1, able to activate pro-IL-1β and pro-
IL-18 into their active forms [7, 30]. So far, the 
activation of the canonical pathway that involved 
the inflammasome has proposed a two-signal 
model: the first signal induces the expression of 
NLRs, e.g., NLRP3, along with the synthesis of 
pro-IL-1β/IL-18 [19, 21, 22]. The first signal, 
defined as priming, mediates NF-κB activation 
in a TLR- dependent but also TNF receptor 
(TNFR)-, IL-1 receptor (IL-1R)-, and P2X7-
dependent manner upon PAMPs or DAMPs 
sensing [7, 22]. The second signal involves the 
intracellular recognition of PAMPs or DAMPs 
by NLRs themselves and their assembly with 
ASC, which, through its CARD domain, medi-
ates the recruitment of pro- caspase- 1 and its 
autocatalytic cleavage (Fig.  15.1) [7, 22]. 
Differences exist in the activation and function 
of distinct NLRs and among species. In particu-
lar, it was proved that the two- signal model does 
not occur in human monocytes compared to 
murine macrophages [31]. In addition, the two-
signal model seems to occur in the case of 
NLRP3, but not for all other NLRs, such as 

NLRC4 and AIM2, which do not require the 
priming for their gene expression [22].

The common function of all NLRs is the acti-
vation of caspase-1 (canonical pathway), which 
converts pro-IL-1β and pro-IL-18 into their active 
isoforms (Fig.  15.1). The third effector mecha-
nism of the activated inflammasome, besides the 
release of active IL-1β and IL-18, is the induction 
of pyroptosis, a cell death process that requires 
the activity of caspase-1 and a critical mechanism 
by which inflammasomes contribute to host 
responses against Gram-negative and Gram- 
positive bacteria [21]. Pyroptotic cell death has 
been well described in cells of the hematopoietic 
lineage but can also occur in stromal cells, as 
shown in the central nervous system and in the 
cardiovascular system in response to ischemic 
and autoimmune insults [32]. The main executor 
of inflammasome-induced cell death is 
Gasdermin D (GSDMD), which can promote the 
formation of pores into the membrane leading to 
the release of intracellular content to the extracel-
lular matrix, amplifying the inflammatory 
response characterized by immune infiltrates 
(Fig. 15.2) [33].

Alternative, noncanonical inflammasomes 
have also been described. This pathway engages 
caspase-11 (known as caspase-4 in humans) [34] 
or caspase-8 [35]. The activation of caspase-11 
induces inflammasome-dependent caspase-1 
activation and inflammasome-independent, 
pyroptosis-like cell death, via the release of such 
“alarmins” as IL-1α and HMGB1 [36]. Caspase-8, 
conversely, critically contributes to inhibiting 
receptor-interacting protein kinase 3 (RIP3)-
dependent necroptosis [37] and can be involved 
in both apoptosis and cell survival, depending on 
the levels of the long and short segment of 
FLICE-like inhibitory protein (c-FLIP) [38]. 
Recent evidence suggests that noncanonical 
caspase- 8-dependent activation of the inflamma-
some is required for caspase-1 function and 
release of IL-1β from LPS-primed macrophages 
[39] and dendritic cells (DCs) [40].

Because IL-1α, IL-1β, IL-18, and pyroptosis 
have the potential to damage the host and are 
strictly correlated to poor prognosis of cancer 
patients [41], tight control of these effector path-
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ways is critical for the prevention of chronic 
inflammation. These processes are key steps for 
the regulation of programmed cell death, differ-
entiation, and proliferation [32], three aspects 
that in the context of cancer represent the rheostat 
for tumor proliferation versus tumor arrest/
regression.

15.2  Pro-tumorigenic Role 
of NF-κB and STAT-3 
and Their Link 
to the Inflammasome 
Complex in Cancer

NF-κB and signal transducer and activator of 
transcription 3 (STAT-3) have been widely 
described as over-activated in cancer and, more 

importantly, as the main transcription factors 
involved in tumor progression [3].

Constitutive activation of NF-κB exerts a 
pro- tumorigenic effect; indeed, patients with 
chronic inflammatory diseases have higher risk 
to develop cancer [42]. The continuous activa-
tion of NF-κB in the tumor microenvironment 
is related to the higher levels of cytokines 
released by both infiltrated and resident immune 
cells in the tumor mass [42]. In particular, 
IL-1β, as well as IL-1α, binds to IL-1R, which 
signaling pathway leads to NF-κB activation 
[43]. In support, conditional ablation of NF-κB 
in a colon and liver carcinoma mouse model 
resulted in reduced tumor size [44]. According 
to the two-signal model of inflammasome 
induction, the first signal primes NF-κB activa-
tion that leads to NLRs and pro-IL-1β expres-
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Active
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DNA
damage

GSDMD

C-terminus

Membrane
swelling and rupture
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H2O
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Fig. 15.2 Inflammasome-dependent pyroptotic cell 
death. Pyroptosis is induced by the canonical caspase-1 
inflammasomes or by activation of caspase-4, caspase-5, 
and caspase-11. The activation of the above caspases 
cleaves gasdermin D (GSDMD) in its middle linker to 
release its gasdermin-N domain, which executes pyropto-

sis via its pore-forming activity. Caspase-1-dependent 
plasma-membrane pores dissipate cellular ionic gradients, 
producing a net increased osmotic pressure, water influx, 
cell swelling, and, eventually, osmotic lysis and release of 
inflammatory intracellular contents. DNA damage also 
occurs during pyroptosis
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sion (Fig. 15.1). The second signal is required 
for the activation of caspase-1 and IL-1β/IL-18 
and for the regulation of transcriptional and 
posttranscriptional mechanisms that underlie 
NF-κB activity. While on one side the activa-
tion of NF-κB can amplify IL-1-like cytokine 
release, on the other it can also fuel the activity 
of oncogenes, such as K-Ras, in an IL-1α-, 
IL-1R-, and MyD88-dependent manner [45]. 
Besides activating NF-κB, pro- inflammatory 
cytokines involved in inflammation-driven car-
cinogenesis and tumor progression converge at 
the level of the transcription factor STAT-3 [3]. 
STAT3 and NF-κB work together in a network, 
by regulating a set of genes encoding chemo-
kines and cytokines and by controlling various 
target genes including cell cycle control and 
antiapoptotic genes [3]. Active phospho-
STAT-3 is detected in both mouse models and 
human samples of gastric, colon, liver, lung, 
and pancreatic cancers [3, 9, 46, 47]. Activation 
of STAT-3 by IL-6, TNF-α, IL-10, IL-22, IL-23, 
and epidermal growth factor (EGF) increases 
malignant cell proliferation by upregulating the 
expression of cell cycle regulators cyclin D1, 
cyclin D2, and cyclin B, of the proto-oncogene 
MYC, of the antiapoptotic genes, BCL-2 and 
BCL2-like 1, which encodes BCL-xl [3], 
K-Ras, the proto- oncogene tyrosine-protein 
(Src), and Abelson murine leukemia viral onco-
gene homolog 1 (Abl1) [28]. IL-6 release can 
be induced by IL-1- like cytokines [48]. In addi-
tion, STAT-3 signaling in epithelial cells drives 
K-Ras-dependent neoplastic development in a 
mouse model of pancreatic adenocarcinoma, 
even in the absence of an inflammatory insult 
[46]. Therefore, because NF-κB activation and 
the amplification of the NF-κB-IL-6-STAT-3 
signaling cascade occur in most malignancies 
and facilitate pro- inflammatory and pro-sur-
vival gene expression, and because NF-κB 
activity is a critical first signal for inflamma-
some activation, the inflammasome complex 
may represent the rheostat for tumor-associ-
ated chronic inflammation. In fact, the tumor 
microenvironment is an important source of 
pro-tumorigenic inflammatory cytokines, such 
as IL-1-like cytokines, that are induced by and 

are in turn potent inducers of NF- κB and 
STAT-3  in a direct and indirect manner. 
Chronic inflammation can also increase cell 
susceptibility to genomic destabilization via 
the downregulation of DNA repair pathways 
and the accumulation of genetic mutations and 
instability [49].

As mentioned above, TLRs are the major 
sentinel receptors for the recognition of micro-
bial PAMPs and endogenous DAMPs. Signaling 
through TLRs, except for TLR3, is MyD88- 
dependent and induces the activation of NF-κB, 
the first signal required for inflammasome acti-
vation [32]. MyD88, an adapter protein located 
downstream of TLR and IL-1R signaling, con-
tributes to carcinogenesis in mouse models of 
skin, liver, pancreas, and colon cancers [3]. The 
genetic absence of MyD88 prevented dextran 
sodium sulfate (DSS)-azoxymethane (AOM)-
induced colon [50], methylcolantrene (MCA)-
induced skin [51], and diethylnitrosamine 
(DEN)-induced liver carcinogenesis [52]. The 
activation of a K-Ras/IL-1α autocrine loop has 
been shown to depend on MyD88 signaling 
[46]. However, divergent roles of MyD88  in 
carcinogenesis have been reported. In the DSS/
AOM model of colitis-associated colon cancer, 
MyD88 has also been described as protective 
against tumor initiation/progression [50]. We 
have shown that TLR stimulation can result in 
either tumor cell survival or apoptosis depend-
ing on the activity of type I IFN, released via 
engagement of TIR-domain-containing adapter-
inducing interferon-β (TRIF) subsequent to 
TLR4 and TLR3 signaling [5, 53, 54]. Hasan 
et  al. reported that tumor cell proliferation is 
antagonized by type I IFN in favor of tumor cell 
apoptosis [55]. However, depending on the lev-
els of type I IFN, both STAT-3 and STAT-1 can 
be induced, the former promoting a pro-carci-
nogenic, immune- suppressive environment and 
the latter inducing a Th1-biased, tumor-sup-
pressive environment [56]. As an additional 
level of complexity, type I IFN is known to 
inhibit NLRP3 activity [21] but can also be the 
first signal for AIM2 and caspase- 11 activation, 
which function in cancer is still under-investi-
gated [32, 57, 58]. Type I IFN restricts NLRP3-
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dependent inflammasome activity by both 
inducing STAT-3, leading to the release of the 
immune-suppressive cytokine IL-10, and hence 
favoring tumor immune escape by promoting, 
via STAT-1, the release of nitric oxide and 
NLRP3 nitrosylation [21]. It is likely then that 
STAT-1-dependent inhibition of the NLRP3 
inflammasome could explain the anti- tumor 
activity of type I IFN.  Other studies reported 
that IFN-γ mediated the anticancer activity of T 
lymphocytes that had been primed in a P2X7-
NLRP3-ASC-caspase1-IL-1β-dependent fash-
ion. In particular, the stimulation of P2X7 on 
DCs with ATP activated the NLRP3 inflamma-
some with the ensuing IL-1β release, which 
triggered IFN-γ-producing, tumor antigen-spe-
cific CD8+ T-cells with consequent tumor 
regression/arrest [59]. On the other hand, 
though, oxidized DNA, produced during tumor 
initiation/progression, potentiates stimulator of 
IFN I genes (STING)-dependent signaling 
pathways [60], responsible for immune-regula-
tory/suppressive responses via the activity of 
indoleamine-2,3- dioxygenase (IDO) in DCs 
[60] and for the recruitment and differentiation 
of Treg in tumor masses [61]. Therefore, tumor 
cells interfere with anti-tumor immune editing 
and reprogram immune cells to a suppressive 
phenotype by tightly controlling anti-tumor 
inflammatory responses.

Given these premises, the production of IL-1- 
like cytokines via the canonical and noncanonical 
inflammasomes seems to be a critical step 
upstream of other inflammatory signaling path-
ways, including those depending on STAT-3 and 
NF-κB activation. Agents that specifically block 
inflammasome-dependent IL-1-like cytokines are 
deemed to be critically needed for cancer treat-
ment and are under intensive investigation [41].

15.3  Role of NLRs 
in Carcinogenesis

NLRs play a crucial role in both promoting and 
dampening inflammation associated with tumors. 
While recent studies demonstrated that inflam-
masomes promote cancer development and pro-

gression in certain types of tumor, such as skin 
and breast cancer [27], others proved a protective 
effect in other cancers, such as colorectal cancer. 
Therefore, the role of NLRs, and thus of the 
inflammasome in cancer, is still ill defined. The 
conflicting findings reviewed here may be 
accounted for by specific tissue microenviron-
ments and/or the differential involvement of 
NLRs in cancer initiation and progression.

Pro-tumorigenic Role of NLRP3 NLRP3 is cer-
tainly the most studied NLR. NLRP3 polymor-
phism is associated to higher susceptibility to 
melanoma [62] and to poor survival rate for 
colorectal cancer [63] and myeloma [64] patients. 
Similarly, NLRP1 genetic alterations were 
observed in patients exposed to asbestos that 
developed mesothelioma [65]. The alteration of 
NLRP3 and/or NLRP1 expression/activity is in 
line with reports of high levels of plasma and tis-
sue IL-1β and IL-18 as bad prognostic biomark-
ers in cancer patients [66]. Several studies have 
focused on the pro-carcinogenic activity of 
NLRP3. It has been demonstrated that NLRP3 
may suppress natural killer (NK) and T-cell- 
mediated anti-tumor actions and immune editing 
in a mouse model of carcinogen-induced sarcoma 
and metastatic melanoma [67]; in support, 
NLRP3, but not caspase-1/caspase-11 or IL-1R 
knockout (KO) mice, had a substantially reduced 
number of lung metastases compared with wild- 
type (wt) mice when injected intravenously with 
B16-F10 melanoma cells or RM-1 prostate carci-
noma cells [67]. This phenomenon was mediated 
by IL-1β-dependent recruitment of immune sup-
pressive cells, such as myeloid-derived suppres-
sor cells (MDSCs) and Treg. Consistently, 
NLRP3-deficient mice had reduced pulmonary 
metastases in an orthotopic transplant mouse 
model of mammary adenocarcinoma [67] and 
reduced skin papilloma lesions [67]. One 
 potential mechanism was associated to NLRP3- 
promoted expansion of immunosuppressive mac-
rophages in pancreatic ductal adenocarcinoma 
(PDA), with the inhibition of an anti-tumor T-cell 
response [68]. Moreover, cellular distress, 
accompanied by higher fluxes of potassium and 
calcium ions, a higher level of oxidative stress 
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and related ROS, and mitochondrial dysfunction, 
is nowadays recognized as the main endogenous 
stimulus for NLRP3 activation [58] (Table 15.1). 
Release of ROS by neutrophils and other inflam-
matory cell types can be mutagenic and/or pro-
mote signaling events leading to proliferation and 
transformation of lung cells [69]. Together with 
other growth factors, ROS release can also con-
tribute to promote oncogene activation, genomic 
instability, and matrix degradation. Inhalation of 
environmental pollutants, such as asbestos and 
silica, is at the basis of lung inflammation that 
can lead to both fibrosis and lung cancer [12, 13, 
70]. The production of ROS triggered by the 
phagocytosis of asbestos and silica or other envi-
ronmental pollutants by macrophages/monocytes 
leads to the activation of the NLRP3 inflamma-
some [71]. Exposure of a human monocyte cell 
line (THP-1) to asbestos and silica induced the 
release of IL-1β to levels comparable to those 
elicited by the addition of MSU crystals, an 
established inflammasome activator (Table 15.1). 
Similarly, smokers were more susceptible to 
IL-1-like cytokine production in a NLRP3- 
dependent manner [12, 72]. The genetic absence 
of NLRP3, ASC, and caspase-1 reduced IL-1β 
levels in the supernatants collected from asbes-
tos- and silica-treated THP-1 cells. In contrast, 
the absence of MyD88-, TLR-, and IL-1R- 
dependent signaling did not affect IL-1β release, 
implying the exclusive involvement of the inflam-
masome in this model. The mechanism of inflam-
masome activation by ROS in particulate-activated 
monocytes is under investigation. ROS can 
induce cell distress subsequent to mitochondrial 
dysfunction and the oxidation of many cell tar-
gets, among which the mitochondrial (mt) DNA, 
which binds to and activates NLRP3 [73, 74]. 
These mechanisms underlie K-Ras-induced 
tumorigenicity in the lung [75]. In a model of 
Chlamydia pneumoniae infection, it was shown 
that the oxidation of mtDNA leads to apoptosis 
of bone-marrow-derived macrophages (BMDMs) 
via the induction of IL-1β and the reduction of 
BCL-2 levels [74]. In this model the induction of 
apoptosis was viewed as a protective host mecha-
nism against bacteria dissemination. In contrast, 
the overproduction of ROS and thus of IL-1β 

facilitates the proliferation rate of tumor cells in a 
mouse model of melanoma and in human meso-
thelioma cells [76–78]. It can be inferred, then, 
that NLRP3 pro-carcinogenic activity is the result 
of combined effects on tumor cell proliferation 
and survival and the induction of apoptotic path-
ways in innate immune cells, which would pre-
vent these cells from instructing the adaptive 
immunity on how to immune survey the tumor 
microenvironment.

Recent evidence suggests that NLRP3 inflam-
masome in tumor microenvironments support 
tumor growth and metastases in breast cancer 
[79]. In an orthotopic mammary gland tumor 
model with EO771 murine breast cancer cells, 
caspase-1 and NLRP3 KO mice had significantly 
fewer primary tumor growth, correlated to lower 
mature IL-1β and caspase-1 levels. This study 
highlighted that the NLRP3 inflammasome mod-
ulated the tumor microenvironment in that 
NLRP3 activation enhanced the infiltration of 
myeloid cells, including MDSCs and tumor- 
associated macrophages (TAMs) which facili-
tated tumor immune evasion [79]. Similarly, 
NLRP3 was involved in melanoma growth fol-
lowing P2X7 and PANX1, ATP-dependent iron 
channels, activation [28].

Anti-carcinogenic Role of NLRP3 Despite 
mounting clinical and experimental evidence of 
the pro-carcinogenic activities of NLRP3, its role 
in cancer is still controversial. The genetic 
absence of NLRP3 increased the susceptibility to 
cancer and the number of colon polyps in a DSS- 
AOM mouse model of colon carcinoma, suggest-
ing that NLRP3 may have a protective role in 
tumor formation in the colon [80]. In support, 
Wei et  al. found that NLRP3 inflammasome 
might suppress the development of human liver 
cancer as the expression of NLRP3 was 
 significantly decreased or completely lost in can-
cerous samples of hepatocellular carcinoma 
(HCC) patients [81]. In a model of liver metasta-
sis, the activation of NLRP3 inflammasome was 
able to suppress the metastasis by priming NK 
cells to enhance immunosurveillance [28]. 
However, despite it was shown an association of 
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increased NLRP3 with the promotion and metas-
tasis of gastric cancer and colitis-associated 
colon cancer [82], recently it was observed that 
NLRP3 expression was heterogeneous in stro-
mal, benign, and cancerous prostate tissues with 
no distinction between the adjacent benign and 
cancer tissues [83]. In an elegant study of epithe-
lial skin carcinogenesis, ASC, a main compo-
nent/adaptor of the inflammasomes, could behave 
as pro- inflammatory in infiltrating immune cells, 
favoring tumor development; in contrast, its 
activity in keratinocytes limits tumor cell prolif-
eration through the activation of p53 [17]. It was 
shown that mice specifically deficient for ASC in 
keratinocytes developed more tumors than to WT 
mice [84]; however, the same authors demon-
strated that the genetic absence of ASC in 
myeloid cells had protective action in cancer 
development, focusing on its potential as pro-
carcinogenesis biomarker and potential therapeu-
tic target.

It is feasible that NLRP3 exerts different func-
tions in hematopoietic versus structural cells. 
Bone marrow chimera studies have identified that 
signaling through the NLRP3 inflammasome in 
the hematopoietic, but not in the stromal com-
partment, is essential for mediating protection 
against tumorigenesis [85]. The activation of 
NLRP3  in DCs induces IL-1β-dependent adap-
tive immunity against EG7 or EL4 cell-implanted 
thymoma [59]. This protective phenotype was 
observed after anthracycline treatment, which 
induced ATP release from dying tumor cells, 
“sensed” by the P2X7 purinergic receptor on DCs, 
triggering a downstream NLRP3/caspase-1/
IL-1β-dependent anti-tumor mechanism. IL-1β 
and IL-18 released after ATP-induced NLRP3 
inflammasome activation promoted γδT-cell- 
induced secretion of IL-17, which recruited CD8+ 
αβ T-cells able to produce IFN-γ which damaged 
therapy-resistant tumor cells [28]. The adminis-
tration of interleukin-1 receptor antagonist 
(IL-1RA) in this model restored tumor progres-
sion [59]. However, it was also demonstrated that 
NLRP3 dampened the effectiveness of a 
DC-based anti-tumor vaccine by promoting the 
recruitment of immune-suppressive MDSCs 

[86]. The depletion of MDSCs, which also 
express NLRP3, rescued WT mice but not 
NLRP3 KO mice [86], confirming that the pro-
tective activity of NLRP3 is strictly correlated to 
the cell lineage involved [87].

Taken together, these findings characterize 
NLRP3 as a problematic therapeutic target.

Pro- and Anti-carcinogenic Roles of Other 
NLRs NLRC4 recognizes a number of Gram- 
negative bacteria, including Salmonella and 
Pseudomonas aeruginosa [88] (Table  15.1). 
Apart from NLRP3, also NAIP/NLRC4 is crucial 
for the integrity of intestinal epithelium; indeed, 
NAIP/NLRC4/caspase-1 axis activation by intes-
tinal epithelial cells increased the secretion of 
IL-18 to activate protective gut immune responses 
[28]. NLRC4- and caspase-1-deficient mice 
developed increased colonic inflammation, 
responsible for higher colon adenocarcinoma 
burden, in a DSS-AOM mouse model [24]. 
NLRC4 and caspase-1 were inferred to exert a 
protective function in that model via a direct 
effect on epithelial cell proliferation, which, in a 
non-hematopoietic compartment, is thought to 
play a more prominent role than colonic inflam-
mation [24]. Consistently, EL4 thymoma and 
B16 cells expressing flagellin, recognized by 
NLRC4 and TLR5, were unable to induce tumor 
implantation and progression due to the activa-
tion of onco-suppressive pathways [89]. 
Interestingly, a recent study highlighted a causal 
link between obesity, inflammasome activation, 
and breast cancer progression [90]. The authors 
showed that the activation of the NLRC4 inflam-
masome by obesity, one of risk factors for tumor 
development, contributed to breast cancer pro-
gression and that tumor growth was depended on 
caspase-1. Caspase-1 KO mice had significantly 
reduced tumor growth under experimental obe-
sity conditions, characterized by NLRC4-induced 
IL-1β production in myeloid cells, which aug-
mented vascular endothelial growth factor 
(VEGF) levels and angiogenesis [90].

Other NLRs sensors, including NLRP12, 
NLRP1, and NLRP6, mediate protection against 
tumorigenesis [85]. NLRP12, like NLRP3, 
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NLRP6, and NLRC4, plays a protective role in 
the DSS-AOM mouse model [91]. The absence 
of NLRP12  in this model increased pro- 
inflammatory cytokine levels, extracellular 
signal- regulated kinase (ERK), NF-κB, and 
STAT-3 activation [92]. The expression of 
NLRP12 was significantly higher in malignant 
prostate cancer compared to adjacent benign tis-
sues, while ASC and pro-caspase-1 were con-
fined to aggressive prostate cancer cells, 
suggesting that an increased expression of these 
inflammasome sensors could underlie inflamma-
tion and pro-inflammatory cytokines release in 
prostate cancer [83].

NLRP6, required for the maintenance of both 
composition and distribution of commensal bac-
teria in the gut [27], confers protection against 
colon tumorigenesis; in fact, NLRP6 KO mice 
had increased propensity to develop colorectal 
cancer due to increased expression of pro- 
inflammatory cytokines (i.e., IL-18) after caspase-
 1 activation in response to AOM and DSS 
treatment [85]. Moreover, the deficiency of 
NLRP6 led to the alteration of microbiota 
compositions in the gut [28]. Nevertheless, 
although the expression of NLRP6 was higher 
in the intestinal epithelium than hematopoietic 
cells, its activity in the hematopoietic compart-
ment was more important for host defense 
against the colitis- associated cancer (CAC) 
development [28].

Mutation in NLRP1, the most expressed 
inflammasome in human skin, increased suscep-
tibility to skin cancer. Indeed, keratinocytes from 
patients with skin cancer displayed NLRP1 
inflammasome activation and release of IL-1 
family cytokines [93], contrary to what was 
observed in mice [94].

Pro- and Anti-carcinogenic Role of AIM2  in 
Cancer Despite its involvement in host defense 
against infections, the role of AIM2  in carcino-
genesis is less clear. Controversial data have been 
reported for both tumor-suppressive and tumor- 
promoting functions of AIM2. The DNA-sensing 
inflammasome sensor AIM2, initially identified 
as a tumor suppressor in melanoma, suppressed 
colon cancer development inhibiting overprolif-

eration of intestinal stem cells [95]. AIM2 can 
inhibit AOM-DSS-induced and spontaneous 
colorectal tumorigenesis via an inflammasome- 
independent mechanism and is associated with 
lower risk of colorectal cancer [95]. In contrast, 
AIM2 appears downregulated in hepatocarci-
noma with an ensuing higher susceptibility to 
cancer progression [96].

Exogenous AIM2 expression was as well 
related to reduced breast cancer cell prolifera-
tion in humans [97]. Its activity was correlated 
to the inhibition of NF-κB transcriptional activ-
ity and to mammary tumor arrest in a mouse 
model [97].

Moreover, to evaluate the correlation between 
IFN type I signaling and AIM2 inflammasome, a 
research group studied the association of benign 
prostate hyperplasia (BPH) and prostate cancer, a 
type of tumor characterized by loss of type I IFN 
signaling [98]. The authors demonstrated that 
IFNs (α, β, or γ) induced AIM2 expression in 
human prostate epithelial cells (PrECs). The 
levels of AIM2 mRNA were higher in BPH than 
in normal prostate tissue, but significantly 
lower in clinical tumor specimens [98], imply-
ing that AIM2 may contribute earlier to tumor 
progression during the chronic inflammatory 
phase that leads to hyperplasia and then to the 
tumor mass.

More recently it was shown that AIM2 was 
specifically upregulated and involved in cutane-
ous squamous cell carcinoma (cSCC), the most 
common metastatic skin cancer [99]; indeed, 
AIM2 knockdown resulted in decreased cSCC 
cell viability and invasion, suppression of 
growth, and vascularization of cSCC xenografts 
in vivo.

In support to the pro-carcinogenic role of the 
AIM2 inflammasome, we found that lung tumor 
masses were highly populated by plasmacytoid 
dendritic cells (pDCs) [100, 101], able to pro-
duce high levels of IL-1α under AIM2 activation. 
In particular, we found that the activation of 
AIM2 in lung tumor-associated pDCs promoted 
calcium efflux leading to calpain activation and 
high levels of IL-1α, which facilitated tumor cell 
proliferation in the lung.
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15.4  Role of Inflammasome- 
Dependent Cytokines 
in Cancer

High serum concentrations of inflammasome- 
related IL-1-like cytokines are found in malig-
nancies with low-rate survival from the time of 
diagnosis [41]. These cytokines, directly or via 
the induction of TNF-α and IL-6 [102], are 
involved in cell proliferation and survival [103], 
as well as cell adhesion and migration [3, 24], all 
features of tumor progression and invasiveness.

In the tumor microenvironment, IL-1-like 
cytokines can be secreted by both malignant and 
infiltrated immune cells [104]. Tumorigenesis, 
tumor progression, dissemination, and tumor 
immune editing are affected by the presence or 
not of these cytokines which can mediate a vari-
ety of local and systemic activities.

IL-1β and IL-18 These cytokines represent the 
main effectors of inflammasome-mediated path-
ways. Both pro-IL-1β and pro-IL-18 are con-
verted into their active forms mainly by caspase-1, 
and, in fact, caspase-1-deficient mice produce 
low IL-1β and IL-18 levels [22]. Moreover, cas-
pase- 11 may promote IL-1β and IL-18 matura-
tion via the induction of caspase-1 activity [32, 
57, 58]. However, pro-IL-1β can be processed by 
other enzymes, such as neutrophil serine protein-
ase- 3 and granzyme A in humans [32, 105, 106]. 
In addition, caspase-8 can cleave pro-IL-1β and 
pro-IL-18 into their active forms following Fas 
ligand (FasL) activation in a caspase-1- and ASC- 
independent manner in LPS-primed macrophages 
[107]. In this study, the activation of Fas, a TNF 
family receptor, induced caspase-8 to cleave 
IL-1β and IL-18 independently of inflamma-
somes or RIP3, the latter involved in necrosis- 
induced cell death [35]. It has been recently 
shown that, following NLRP3 activation, cas-
pase- 8, rather than caspase-1, is mainly involved 
in IL-1β and IL-18 activation in DCs [40] and 
macrophages [39]. Hence, novel noncanonical 
inflammasome-dependent IL-1β/IL-18 activation 
pathways may exist in myeloid cells. While it is 
felt that these cytokine-dependent signaling path-
ways are crucial for inflammatory processes, 

their role in tumor immune surveillance is still 
debated.

IL-1β and IL-18 have contrasting functions 
in the tumor milieu. IL-1β induces fever, pro-
motes T-cell survival, contributes to the polar-
ization of Th1, Th2, and Th17 clones, and 
mediates leukocyte migration [108]. IL-18 can 
cooperate with IL-12  in Th1 polarization and 
the activation of NK cells and can promote 
Th17 responses in the presence of IL-23 [16]. 
In the absence of IL-12 and IL-23, IL-18 can 
vice versa promote a Th2- biased response [16]. 
Therefore, depending on the microenviron-
ment, IL-1β and IL-18 can have contrasting 
effects on tumor-associated inflammation and 
tumor surveillance. These cytokines can exert a 
direct pro-carcinogenic activity via the release 
of trophic factors, such as fibroblast growth 
factor (FGF) 2 and VEGF, which allow malig-
nant cells, cancer-associated fibroblasts 
(CAFs), and endothelial cells to fuel and foster 
tumor cell survival and invasiveness [1]. In 
addition, IL-1β induces IL-6, whose pro-
tumorigenic activity is mediated through the 
activation of STAT-3 [109]. IL-1β can also 
induce the synthesis/release of TNF-α, which 
in some circumstances can act as an anti-tumor 
factor [110] but in others can participate to the 
recruitment of immune-suppressive cells, such 
as MDSCs, which favor neoplastic growth and 
progression [111]. In support of the pro-tumor-
igenic potential of IL-1β, the inoculation of 
lung cancer cells engineered to express higher 
levels of this cytokine resulted in higher 
aggressiveness and dissemination [112]. More 
importantly, elevated IL-1β levels are detected 
in human lung, colon breast carcinoma, stom-
ach, and in melanoma [41]. Furthermore, 
reduced tumor growth is reported in mice given 
anakinra, an IL-1RA [41]. The association of 
anakinra and corticosteroids, these latter 
known to inhibit pro-IL-β gene expression and 
to upregulate the endogenous IL-1RA, resulted 
in lower-rate myeloma cell proliferation [113]. 
Therefore, IL-1R antagonists or neutralizing 
antibodies for IL-1β may represent novel anti-
tumor therapies that can subvert both tumor 
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proliferation and tumor immune escape. 
Several clinical trials are actually being per-
formed to prove the beneficial anti-tumor 
activity of anakinra [41]. In support, Guo et al. 
demonstrated that blocking IL-1R signaling 
with an IL-1RA or anti-IL-1R antibody inhib-
ited breast tumor growth and metastasis accom-
panied by decreased myeloid cell recruitment 
[79]. Similarly, in our recent study we found 
that lung TAMs, critical components of tumor 
microenvironment, were able to release higher 
levels IL-1β than macrophages derived by the 
lung of naïve mice, implying that the release of 
IL-1β by TAMs favors lung carcinogenesis in a 
mouse model of carcinogen-induced lung can-
cer [114]. We proved that IL-1β release was 
caspase-11- and NLRP3/caspase-1-dependent 
and that IL-1β- producing TAMs were able to 
favor lung tumorigenesis after the activation of 
TLR4/caspase-1 and caspase-11 axis involved 
in NLRP3 inflammasome [114]. However, it 
has to be pointed out that in the same mouse 
model and in human samples of non-small cell 
lung cancer (NSCLC), we found that caspase-8 
was involved in lung cancer in that its pharma-
cological inhibition by means of z-IETD-FMK 
significantly reduced lung tumor burden, 
accompanied by lower levels of IL-6, TNF-α, 
IL-18, IL-1α, IL-33, but not IL-1β, innate 
immune suppressive cells (i.e., MDSCs) [115]. 
These two latter studies confirm the involve-
ment of the inflammasome and its related cyto-
kines to tumor growth in the lung but point at 
the specific enzymes/cytokines according to 
the tissue/site of activation.

IL-18 levels correlate with cancer-related 
morbidity in patients with ovarian, head and 
neck, lung, and colon carcinoma [19]. 
Experimental mouse models of metastatic mela-
noma showed that IL-18 acts as an immunosup-
pressive cytokine by contrasting NK cell 
cytotoxic activity [116]. Further evidence of the 
pro-tumorigenic function of IL-18 come from 
studies of animals administered IL-18-binding 
protein (IL-18BP), an IL-18 soluble ligand that 
neutralizes its activity [117].

While clinical and experimental evidence 
strongly supports the pro-tumorigenic activities 

of IL-1β and IL-18, their established roles in Th1 
and cytotoxic T lymphocytes (CTL) polarization 
would make these cytokines well suited to com-
bat tumor immune evasion. Indeed, the anti- 
tumoral properties of IL-1β and IL-18 have been 
described in different stages of tumor progres-
sion [118]. In addition, the genetic absence of 
IL-18 increased the susceptibility to colitis and 
polyp formation in a mouse model of AOM-DSS- 
induced colon carcinoma [119]. In support to the 
importance of IL-18  in suppressing colorectal 
cancer development, studies suggested that IL-18 
produced during inflammasome activation was 
critical for the homeostasis of the epithelial bar-
rier in the intestinal tissue repair and remodeling 
[27]. Along this line, it is interesting to note that 
these cytokines are produced at high levels dur-
ing classical chemotherapy protocols and are 
known to foster DC activity against tumor cells 
[59]. In sharp contrast, we found that human 
peripheral blood mononuclear cells (PBMCs) 
obtained from smokers and COPD patients, sub-
jects at high risk for lung cancer were highly sus-
ceptible to IL-18 release under air pollution 
exposure [12, 13], implying that based on to the 
tissue/organ encountered, the inflammatory 
response could accordingly lead to differential 
phenomena.

IL-1α IL-1α is an alarmin that, like IL-1β and 
IL-18, can be activated from a precursor form 
[48]. However, while IL-1β/IL-18 maturation 
requires caspase-1 activation, the release of IL-1α 
is not strictly dependent on caspase-1 but can 
also be processed by caspase-11 and calpain [17, 
32, 120, 121] and critically depends on the levels 
of the decoy receptor, IL-1R2 [120]. Active IL-1α 
can also be present on the plasma membrane to 
“instruct” the adaptive immunity and can be pro-
cessed and activated in the extracellular milieu by 
granzyme B [122]. In addition, it has been 
recently discovered that the precursor form  
(previously referred to as non-active form) of 
IL-1α can also trigger sterile inflammation [48].

In models of DEN-induced liver carcinoma 
[52], skin papillomas [123], and gastric carci-
noma [44], IL-1α is released by dying cells, 
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which stimulate oxidative stress pathways, 
responsible of local inflammation and in some 
cases of cell rescue from death to provide tissue 
regeneration and subsequent accumulation of 
mutations leading to tumor initiation/progression 
[64]. In support of these findings, IL-1α-induced 
IL-6 activates STAT-3 and promotes liver as well 
as gastric tumorigenesis [44, 52, 123]. An indi-
rect evidence for IL-1α-dependent tumor out-
growth is provided in studies of IL-1R1- and 
MyD88-deficient mice, which are less prone to 
developing skin [51], colon [50], and liver [124] 
tumor lesions. Besides its role in tumor- associated 
inflammation, IL-1α activity was also associated 
to the activity of mutated K-Ras, one of the main 
oncogenes, that induces constitutive activation of 
NF-κB and AP-1, which on one side can promote 
an autocrine loop for further IL-1α expression/
secretion and on the other increase tumor burden. 
These processes were well characterized in a mouse 
model of pancreatic carcinoma [125]. In contrast, in 
a model of MCA-induced fibrosarcoma, IL-1α KO 
mice had similar tumor lesions as WT mice [64]. 
This implied that IL-1α was not implicated in tumor 
outgrowth but that, rather, cell-membrane exposed 
IL-1α would promote anti-tumor surveillance via 
the activation of NK, CD4+, and CD8+ T-cells [64]. 
Of note, some cancer cells can express membrane 
IL-1α, which can increase their immunogenicity 
and promote anti- tumor immune surveillance and 
tumor regression. However, high levels of IL-1α in 
the tumor microenvironment can favor angiogene-
sis and invasiveness [120]. In support, IL-1RA 
administration inhibited IL-1α-induced angiogene-
sis in gastric cancer, suggesting that it may be a 
potential target in the clinical treatment of gastric 
cancer patients, possibly alone or in combination 
with an anti-VEGF antibody or with other chemo-
therapy agents [126].

Similarly, in our lab we found that IL-1α is 
one of the predominant cytokines in lung tumor 
microenvironment after inflammasome activa-
tion. Both human tumor-associated immunosup-
pressive plasmacytoid dendritic cells (TApDCs) 
and mouse TAMs produced high levels of IL-1α 
in an AIM2-dependent manner, favoring lung 
carcinogenesis [100, 114].

IL-33 Interleukin-33 (IL-33) is a member of the 
IL-1 family, which, in contrast to IL-1β and 
IL-18, is inactivated upon caspase cleavage but is 
biologically active as full-length IL-33. 
Additionally, its activity is enhanced approxi-
mately tenfold upon cleavage by neutrophil ser-
ine proteases cathepsin G and elastase [127]. 
Recent findings have revealed an important con-
tribution of IL-33 to several cancers, where it may 
exert pro- and anti- tumorigenic functions [128]. It 
was demonstrated that CAFs in head and neck 
squamous cancer (HNSCC) microenvironment 
were able to release IL-33, which in turn trig-
gered epithelial mesenchymal transition (EMT) 
of cancer cells, thereby supporting their ability 
for migration and invasion; in support to the pro-
tumor effect of IL-33, this cytokine in HNSCC 
patients was associated to lower survival rate 
[129].

Similarly, IL-33 is highly present in tumor 
lesions of NSCLC patients, associated with the 
disease clinical stage [130]. Moreover, the pro- 
tumorigenic role of IL-33/ST2 signaling was also 
proved in breast cancer [127], in that the genetic 
absence of ST2, also known as interleukin-1 
receptor-like 1 (IL1RL1), showed decreased 
tumor cell proliferation and reduced metastatic 
potential to the lung and liver in a syngeneic 4T1 
breast cancer mouse model due to less accumula-
tion of suppressor cells MDSCs and immunosup-
pressive TGF-β strictly correlated to reduced 
tumor growth [131]. Some data indicate that 
IL-33 is highly present in the serum of HCC 
patients [127] although another research group 
did not find differences in IL-33 serum levels in 
HCC compared to liver cirrhosis patients and 
healthy controls [132].

Furthermore, IL-33 appears to exert a pro- 
carcinogenic function in gastric cancer. A recent 
study reported a dose-dependent increase in can-
cer cell invasion and migration of human gastric 
cancer cell lines stimulated with IL-33; this 
effect, which was linked to ERK1/2 activation, a 
pathway known to be important for tumor inva-
sion and metastasis, was abrogated by knocking 
down IL1RL1 [133].
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Other Cytokines/Growth Factors Another 
mechanism by which the inflammasome may 
contribute to tumor immune escape is the secre-
tion of other pro-inflammatory cytokines, such as 
HMGB1, and the induction of growth factors such 
as FGF2 [134], via as yet unclear biochemical 
mechanisms. Caspase-1 is essential for FGF2 
secretion by macrophages [135]. However, unlike 
IL-1β and IL-18, HMGB1 and FGF2 are not pro-
cessed by caspase-1 [66, 135, 136], suggesting an 
indirect mechanism of inflammasome-dependent 
regulation of these unconventional proteins. It is 
important to note, though, that secretion of these 
proteins might directly depend on caspase-1- 
mediated pyroptosis. In this context, an intriguing 
role was recently identified for caspase-11, which 
is engaged in noncanonical inflammasome molec-
ular pathways [34]. While caspase-11 is not criti-
cal for caspase-1 activation upon LPS stimulation, 
it can mediate the activation of the NLRP3 inflam-
masome during endotoxemia [36, 57] and lead to 
caspase-1 maturation and IL-1β release from 
infected macrophages. The interplay between cas-
pase-1 and caspase-11  in cancer is still under-
investigated, but it is felt that a more thorough 
investigation of these pathways in carcinogenesis 
may help reconcile some of the discrepancies in 
the field. Understanding the regulation and func-
tion of noncanonical inflammasome- dependent 
pathways, involving caspase-11 and caspase-8, 
may, therefore, help clarify the significance of the 
inflammasome and its effectors in cancer.

IL-27 is another cytokine with both pro- and 
anti-inflammatory properties associated to NLRP3 
inflammasome activation in monocytes [137]. 
The effects of IL-27 on the immune response may 
be dual, resulting in tumor- promoting effects 
in vivo, as suggested by increased IL-27 expres-
sion in some human cancers [138]. Despite poor 
reports, IL-27 was found high in the serum of gas-
troesophageal cancer [139] and in breast cancer 
patients in correlation with VEGF and the clinical 
stage [140]. IL-27 was highly expressed in inva-
sive cutaneous melanoma, particularly at advanced 
stages of progression, whereas no expression was 
found in benign nevi and in situ melanomas. 

Moreover, IL-27 expression was correlated with 
PD-L1 and IL-10  in melanoma samples [141]. 
Similarly, IL-27 was found to induce the expres-
sion of immune-regulatory molecules such as 
IL-18BP and PD-L1 and IDO in human ovarian 
cancer cells [138]. Evidence support a role of 
IL-27  in adult acute myeloid leukemia (AML), 
but not in pediatric AML, because it was able to 
promote the proliferation and survival of adult 
AML cell lines coexpressing IL-27Rα (WSX1) 
and gp130 [142]. IL-27-mediated signaling path-
way activated STAT-1/-3 and ERK1/2 in leukemic 
cells [142].

Nevertheless, IL-27 has shown anti-tumor 
activity in several tumor models in  vitro and 
in  vivo, acting through multiple mechanisms 
such as activation of anti-tumor immune 
responses and direct inhibition of tumor cell pro-
liferation, survival, and angiogenic and invasive 
properties [138].

IL-37 is another member of IL-1 family cyto-
kines which has shown anti-inflammatory activi-
ties. It is able to suppress the production of 
pro-inflammatory cytokines such as IL-1α and 
TNF-α, without altering anti-inflammatory cyto-
kines, such as IL-10; it blocks DCs activation, 
and is also involved in the adaptive immunity 
[143]. This cytokine is expressed by macro-
phages, epithelial cells, and PBMCs [144]. It was 
reported that caspase-1 is involved in IL-37 pro-
tein processing after LPS, TNF, other TLR ago-
nists and IL-1 stimulation [144].

The anti-tumor effects of IL-37 have been 
studied in HCC [145], renal carcinoma [146], 
NSCLC [147], fibrosarcoma, and cervical and 
breast cancer [143]; these studies reported that 
IL-37 was well correlated to positive prognosis 
of patients.

15.5  Third Effector Mechanism 
of the Inflammasome: 
Pyroptosis

Besides cytokines, pyroptosis is the third effector 
mechanism following inflammasome activation. 
Although the molecular and cellular mechanisms 
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underlying pyroptosis induction still remain elu-
sive, it is clear that this cell death process takes 
place independently of the secretion of IL-1β and 
IL-18 [32] (Fig.  15.2). Pyroptosis was first 
observed by Zychlinsky and his colleagues in 
macrophages infected with Shigella flexneri 
[148], but it can occur in several other cell types 
and be activated by a variety of stimuli other than 
the presence of infection [149]. It was initially 
recognized as apoptosis, but later, it was con-
firmed as a lytic form of cell death and revised as 
caspase-1-dependent cell death identified as 
pyroptosis. Pyroptosis is defined as a pro- 
inflammatory cell death process, critical for host 
defense against the invasion of pathogens. It dif-
fers from apoptosis in that it is characterized by 
cytoplasmic swelling and early plasma mem-
brane rupture, as in the case of necrosis. 
Therefore, because of the release of the cytoplas-
mic content into the extracellular matrix, pyrop-
tosis is considered a pro-inflammatory process. 
In particular, it can be induced by the canonical 
caspase-1 inflammasomes or by activation of 
caspase- 4, caspase-5, and caspase-11 by cyto-
solic lipopolysaccharide. The activation of the 
above caspases cleaves GSDMD in its middle 
linker to release its gasdermin-N domain, which 
executes pyroptosis via its pore-forming activity 
(Fig.  15.2) [33]. Caspase-1-dependent plasma- 
membrane pores dissipate cellular ionic gradi-
ents, producing a net increased osmotic pressure, 
water influx, cell swelling, and, eventually, 
osmotic lysis and release of inflammatory intra-
cellular contents. Indeed, cells dying by pyropto-
sis undergo a measurable size increase. Cleavage 
of chromosomal DNA is a fatal event that is often 
assumed to indicate apoptotic cell death; how-
ever, DNA damage also occurs during pyropto-
sis, and it is accompanied by marked nuclear 
condensation, but unlike apoptosis, nuclear integ-
rity is maintained [150], and the cleavage of 
ICAD, the inhibitor of caspase-activated DNase, 
is not present. Like apoptosis, necrosis, and 
autophagy, pyroptosis results in the release of 
DAMPs, i.e., HMGB1, IL-1α, and ATP [151]. It 
is likely that these molecules, involved in several 
types of cancer, contribute to the tumorigenic 
potential of the inflammasome activation. On the 

other hand, the products of pyroptosis-induced 
cell death may limit malignant cell survival and 
sustain, via the immunogenic cell death-derived 
signals, the activation of the innate immune 
response against cancer development/progres-
sion [1]. In fact, increasing evidence highlights 
the role of pyroptosis in DC priming during con-
ventional anti-tumor chemotherapy [59]. An 
emerging therapeutic area is exploring the ability 
of oncolytic viruses to induce cell death and the 
possibility to combine oncolytic virotherapies 
with further immunomodulation by cyclophos-
phamide and other immunotherapeutic agents, 
which can foster DC-mediated induction of anti- 
tumor immunity [152].

Recently, Wang and colleagues showed that 
chemotherapeutics induce pyroptosis through 
caspase-3 cleavage of gasdermin E (GSDME) 
[153]. Their findings are consistent with the idea 
that GSDME specifically requires caspase-3 to 
switch TNF-induced apoptosis to pyroptosis. 
This concept changes the understanding of pro-
grammed cell death, as caspase-3 has long been 
regarded as the hallmark of apoptosis. The expla-
nation could be that the expression levels of 
GSDME determine the form of cell death in 
caspase- 3-activated cells; in particular, 
GSDMEHigh cells undergo pyroptosis upon 
“apoptotic stimulation” by chemotherapy, while 
cells lacking sufficient GSDME develop second-
ary necrosis after apoptosis [153].

The apparent inconsistencies in studies on the 
role of pyroptosis in cancer may reflect differ-
ences in the redox status of cells and specifically 
of molecules involved in this process. Given the 
role of the oxidative stress in the induction of the 
inflammasome [154, 155], the presence of oxi-
dized DAMPs may discriminate pyroptosis-like 
cell death from apoptosis. For example, the 
reduced form of HMGB1, released from dying 
cells, triggers DCs via a TLR4-dependent 
 pathway to induce an anti-tumor immune 
response [156]. In contrast, the oxidized form of 
HMGB1 released during apoptosis fails to acti-
vate immune responses [157]. While a strict rela-
tionship exists between caspase-1 activation and 
pyroptosis, it is still unclear if pyroptosis requires 
the same signal- 1 that leads to inflammasome 
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activation. Nystrom and collaborators suggested 
that pyroptosis does not involve mitochondrial 
membrane depolarization as is the case of 
inflammasome- dependent caspase-1 activation. 
This implied that cell death may occur indepen-
dently of mitochondrial dysfunction in non-
primed, NLRC4- activated macrophages [158]. It 
still remains to be determined, though, if this 
model of pyroptosis involves other inflamma-
some complexes, such as those containing 
NLRP3 or AIM2.

In the context of carcinogenesis, one would be 
prompted to define pyroptosis as a protective 
mechanism. Impaired pyroptosis is currently pro-
posed as a potential mechanism linking chronic 
inflammation to the development of colon carci-
noma [3]. Colon epithelial cells from caspase-1-, 
NLRP3-, and NLRC4-KO mice are resistant to 
apoptosis and show greater rates of proliferation. 
On the other hand, oxidative stress, mitochon-
drial dysfunction, and alarmin release are all fea-
tures of carcinogenesis, but, rather than tumor 
cell death and subsequent tumor arrest/regres-
sion, tumor progression occurs. Possibly, the role 
of pyroptosis in cancer progression would criti-
cally depend on the cell type undergoing this pro-
cess. For instance, pyroptosis of innate immune 
cells, while being acknowledged as a host defense 
mechanism against pathogen infections, might 
have detrimental consequences in the context of 
tumor immunoediting. In addition, contrasting 
findings may be expected in different types of 
cancer.

To support the pyroptosis protective role, fur-
ther studies demonstrate that GSDMD might pro-
tect against gastric cancer proliferation. The 
downregulation of GSDMD might contribute to 
the tumorigenesis and proliferation of cancerous 
cells by accelerating cell phase S/G2 transition, 
by activating ERK, STAT-3, and phosphati-
dylinositol 3 kinase/protein kinase B (PI3K/
AKT) signaling pathways and regulating cell 
cycle-related proteins in gastric cancer [159].

Furthermore, it was also hypothesized that 
pyroptosis activation could represent a new 
anticancer mechanism in triple-negative breast 
cancer cells MDA-MB-231. In this study, the 
scientists demonstrated that docosahexaenoic 

acid (DHA) induced pyroptosis by activating 
some inflammasome-dependent pathways, 
associated to NF-κB translocation, caspase-1 
and GSDMD activation, IL-1β secretion, 
HMGB1 translocation from the nucleus toward 
the cytoplasm, pore membrane formation, and 
loss of membrane integrity in MDA-MB-231 
cells, shedding new light on the anticancer 
effect of DHA, which may have an important 
role in omega-3 supplementation in cancer 
therapy [149].

Further findings indicate that pyroptosis pro-
cess is inactivated in human hepatocellular carci-
noma (HCC) [160].

Further studies are needed to better define the 
role of pyroptosis and its correlation to the 
inflammasome activation. In particular, the pro-
tective or not role of pyroptosis in cancer may 
find scientific bases once reliable experimental 
tools to identify pyroptotic cells in  vivo and 
in vitro will be developed.

15.6  Randomized Clinical Trials 
Targeting Inflammasome- 
Dependent Effectors

Despite the scientific progress on the role of the 
inflammasome in cancer, there is an urgent need 
to develop novel drugs that target inflammasome- 
related effectors.

One of the most important strategies to affect 
the inflammasome pathway in cancer treatment is 
to inhibit the IL-1β signaling activity by using 
monoclonal antibodies and recombinant deriva-
tives of IL-1RN, which neutralizes both IL-1α 
and IL-1β [161]. As reported in ClinicalTrials.
gov, Mayo Clinic in collaboration with National 
Cancer Institute (NCI) launched a Phase II study 
(NCT00635154) to evaluate the effect of anakinra 
with or without dexamethasone in treating 
patients with smoldering myeloma or indolent 
multiple myeloma (https://clinicaltrials.gov/ct2/
show/NCT00635154?term=NCT00635154&r
ank=1). Anti-tumorigenic activity of anakinra 
may originate from blocking IL-1β-mediated 
production of IL-6, which is a key factor for 
inflammation-associated cancer. The results of 
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this study showed that treatment with IL-1 inhibi-
tors triggered a decrease of IL-6 production and 
decreased myeloma proliferative rate and high- 
sensitivity C-reactive protein (hs-CRP) levels in 
responsive patients with enhanced progression- 
free survival (Table  15.2) (https://clinicaltrials.
gov/ct2/show/NCT00635154?term=NCT006351
54&rank=1). Nowadays, other clinical trials 
evaluating the efficacy of anakinra in different 
cancer types have been initiated, but their results 
are still not available.

Among anti-IL-1β antibodies, Novartis 
Pharmaceuticals launched (September 2016) a 
randomized, double-blind, placebo-controlled 
trial (NCT01327846) to evaluate the effect of 
canakinumab (50 mg, 150 mg, and 300 mg, sub-
cutaneously every 3  months versus placebo) in 
lung cancer in patients with atherosclerosis in 
order to establish whether the inhibition of IL-1β 
might alter cancer incidence (Table 15.2) [162]. 
This study showed that lung cancer mortality was 
significantly less in the group of subjects treated 
with canakinumab (300 mg) than in the placebo 
group, suggesting canakinumab as a potential 

therapeutic tool to reduce lung cancer incidence 
and mortality.

Besides IL-1β, IL-1α is another effector cor-
related to the inflammasome activation. As 
reported in ClinicalTrials.gov from 2013 to 2017, 
XBiotech sponsored a Phase III (NCT01767857) 
double-blinded versus placebo study to deter-
mine if Xilonix (a human monoclonal antibody 
targeting IL-1α) could prolong the lifetime of 
colorectal carcinoma patients (Table  15.2) 
(https://clinicaltrials.gov/ct2/show/NCT0176785
7?term=NCT01767857&rank=1). Although the 
study is terminated, final results are not available 
yet.

Another study involved IL-18 (SB-485232 
developed by GlaxoSmithKline; NCT00659178) 
(Table  15.2) [163]; the purpose of this Phase I 
dose escalation study was to assess safety, toler-
ability, and biological activity of SB-485232 
administered by four infusions in combination 
with pegylated liposomal doxorubicin (Doxil) in 
patients with advanced-stage epithelial ovarian 
cancer [163]. The study reported no positive drug 
interactions; however, to date, no results were 

Table 15.2 Randomized clinical trials targeting inflammasome-dependent effectors

Drug Phase NCT number Results References
Anakinra 2 NCT00635154 Decrease of IL-6 production, the myeloma 

proliferative rate and hs-CRP levels in 
smoldering myeloma or indolent multiple 
myeloma patients; increase of progress-free 
survival

ClinicalTrials.gov

Canakinumab 3 NCT01327846 Mortality was significantly lower in treated 
than placebo lung cancer patients

Ridker et al. [162]; 
ClinicalTrials.gov

Xilonix (a human 
monoclonal antibody 
targeting IL-1α)

3 NCT01767857 NA ClinicalTrials.gov

SB-485232 1 NCT00659178 No positive drug interactions was observed in 
combination with Doxil in patients with 
advanced-stage epithelial ovarian cancer
No final results were posted

Robertson et al. 
[163]; 
ClinicalTrials.gov

IFN-α, 13-cis-retinoic 
acid and paclitaxel 
combination

1 NCT00062010 After the combination these three drugs in 
patients with SCLC, values of OS, and 
progression-free survival are 6.2 and 2 months, 
respectively

ClinicalTrials.gov

5-FU and IFN 
combination

2 NCT01658813 Progression-free survival, in treated metastatic 
gastrointestinal, kidney, or lung cancer 
patients, is 2 months

ClinicalTrials.gov

Bortezomib 2 NCT01633645 Increase IL-1β release correlated to poor 
prognosis in lung cancer patients with 
advanced-stage (III-IV) NSCLC

ClinicalTrials.gov

M. Terlizzi et al.
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posted. Based on the capability of IL-18 to induce 
IFN-γ, promoting Th1 cells, memory cytotoxic 
CD8+ T lymphocytes, and NK cells activity 
[164], the investigation of recombinant IL-18 in 
the treatment of cancer may open news perspec-
tives in that it may increase the activity of tumor- 
infiltrating immune cells.

Between 2013 and 2015, a Phase I study was 
registered on ClinicalTrials.gov (NCT00062010) 
evaluating the effect of co-treatment with IFN-α 
and isotretinoin (13-cis-retinoic acid) together 
with paclitaxel in patients with recurrent small 
cell lung cancer (SCLC) (Table  15.2) (https://
clinicaltrials.gov/ct2/show/NCT00062010?term
=NCT00062010&rank=1). The study reported 
that IFN-α and 13-cis-retinoic acid given on days 
1 and 2, and paclitaxel given on day 2 for 6 weeks 
of an 8-week cycle, were associated to an OS 
(assessed every 3  months for 1  year and then 
every 6  months) and progression-free survival 
(assessed every 6  weeks) of 6.2 and 2  months, 
respectively.

Another Phase II trial (NCT01658813) was 
launched to test the combination of 5-fluorouracil 
(5-FU) and IFN-α2b in previously treated meta-
static gastrointestinal, kidney, or lung cancer; this 
study reported that the value of progression-free 
survival, assessed up to 2  years, was only of 
2 months (Table 15.2) (https://clinicaltrials.gov/
ct2/show/NCT01658813?term=NCT01658813&
rank=1).

As previously reported, because the amplifica-
tion of the NF-κB-IL-6-STAT-3 signaling cas-
cade and NF-κB activation occur in most 
malignancies, and its activity is a critical first sig-
nal for inflammasome activation, NF-κB may 
represent a possible therapeutic target to act on 
inflammasome pathway in cancer therapy. 
Nevertheless, nowadays the failure of drugs tar-
geting NF-κB could be justified by the fact that 
myeloid-specific inhibition of NF-κB triggered 
the augmentation of pro-IL-1β processing by 
cathepsin G in neutrophils, leading to increased 
IL-1β and enhanced epithelial cell proliferation 
[165]. However, the combination of bortezomib, 
a proteasome inhibitor that blocks NF-κB activa-
tion, and anakinra reduced tumor formation and 
growth in  vivo compared to monotherapy with 

bortezomib or anakinra which did not affect 
tumor growth. Moreover, in lung cancer patients 
with advanced-stage (III–IV) NSCLC (protocol 
NCT01633645), it was found that treatment with 
bortezomib significantly increased IL-1β release, 
but not IL-8, TNFα, or IL-6, and that plasma 
IL-1β levels were correlated with poor prognosis 
(Table 15.2). This evidence supports a causative 
role for neutrophil-derived IL-1β in lung tumori-
genesis [165].

So far, no clinical trials are reported to inhibit 
the activity of NLRP3 and AIM2, further con-
firming that the role of these receptors in cancer 
may be pro-carcinogenic, rather than anti-tumor.

15.7  Conclusions

Carcinogenesis, tumor cell proliferation, and 
patient survival are strictly correlated to the pres-
ence of IL-1α, IL-1β, and IL-18. For instance, 
K-Ras-driven oncogenesis in pancreas, lung, and 
skin carcinoma is associated to the presence/
activity of IL-1-like cytokines and MyD88- 
dependent signaling, which is in turn correlated 
to tumor proliferation without tumor cell death 
[118]. Besides the role of the inflammasome 
complex involved and of the cell type undergoing 
pyroptosis, a complex relationship exists between 
cancer establishment, progression, inflammation- 
induced pyroptosis, and oncogene activity. 
Inflammasome-dependent cell death may repre-
sent one of the potential therapeutic targets in 
cancer; however, cell death is a desirable achieve-
ment in structural tumor cells but not in innate 
immune cells, whose activity tightly regulates the 
anti-tumor adaptive response. While innate 
immune cell death induced by the activation of 
canonical and noncanonical inflammasomes is 
indispensable to defend the host against infec-
tions, the induction of pyroptosis in the context of 
systemic infections can contribute to sepsis-like 
disease and mortality [57].

Pharmacologists have long pursued anti- tumor 
agents able to induce tumor cell death; however, 
sterile insults from dying cells can contribute to 
further inflammasome activation in both struc-
tural and hematopoietic cells. Doxorubicin, 
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widely used in current anti-tumor protocols, 
induces tumor cell death but cannot be used alone 
and, more importantly, can induce inflammasome 
activation [166], possibly explaining why cumu-
lative doses of glucocorticoids are needed for can-
cer patients who receive this treatment [167, 168].

The current assumption is that apoptosis is 
tolerogenic whereas necrosis is immunogenic. 
Therefore, the impact of dying cells on immune- 
competent cells depends on the type of cell death. 
The release of alarmins (immunogenic danger 
signals) from pyroptotic cells can fuel pro- 
inflammatory cascades that direct carcinogenesis 
and tumor progression.

Intriguingly, caspases are not only involved in 
cell death but can also coordinate pro- inflammatory 
signals delivered by cell death- derived alarmins. 
For example, caspase-1 and caspase-11-induced 
activation of IL-33 can polarize T-cells toward a 
Th2 phenotype [169], which in the context of the 
tumor microenvironment can facilitate malignant 
cell survival [5]. In contrast, the activity of IL-33 
can be “neutralized” by caspase-3 and caspase-7 
[170], as has been seen in the case of HMGB1, 
highly detected in tumor samples and implicated 
in cancer progression. Therefore, besides the 
immunogenic versus tolerogenic impact of cas-
pases, the involvement of these caspases and of the 
upstream NLRs must be evaluated in the context 
of the specific microenvironment. The production 
of ROS and subsequent oxidation of cellular tar-
gets and the activation of proliferative K-Ras-
dependent signaling pathways and pyroptosis are 
all processes that involve caspase-1, caspase-8, 
and caspase- 11/4. These may serve as inflamma-
tion rheostats, acting as pro- or anti-inflammatory 
pathways that can impact on tumor development/
progression. Therefore, to our opinion, the role of 
the inflammasome and its related cytokines in can-
cer is complex. Hence, it is not possible to make a 
general principle of the involvement of the inflam-
masome in oncogenesis, especially because it is 
strictly correlated to the nature/function of the tis-
sue/organ that is affected by the malignancy.
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16.1  Introduction

The immune system’s regulation of the cancer-
ous process is a long-known fact. However, the 
role played by it in malignancies has been a mat-
ter of debate. The history of cancer immunity 
dates back to 1909 when Paul Ehrlich proposed 

the concept of immunosurveillance in cancers for 
the first time [1]. However, due to lack of experi-
mental evidence, this concept fell into disrepute. 
In 1957 Burnet and Thomas argued that indeed 
the immune system fights and eliminates certain 
cancers and the frequency of malignancy would 
have been much higher if immunity was not there 
[2]. In the 1970s, several experiments were con-
ducted in athymic mice to prove immunosurveil-
lance in cancers; however, the results were not as 
expected, which was thought to be due to the 
presence of residual immunity in the animals 
used for these studies [3–5]. Consequently, the 
experiments done again on animal models with 
specific molecular immune defects revealed more 
frequent development of carcinogen-induced 
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tumors in these immunodeficient animals [6]. 
However, more recently, the recognition of the 
dual nature of the part played by immune system 
in malignancies has led to the modern concept of 
cancer immunoediting. Since then, immunoedit-
ing in cancer has served as the foundation stone 
of most of the work being carried out in cancer 
immunity [7, 8].

16.2  Cancer Immunoediting 
with Its Three Es: Reflection 
of the Dual Role of Immunity 
in Cancer

The cancer immunoediting theory states that 
tumors are sculpted by the immune system, 
resulting in the selective growth of the variants 
which are better equipped to fight the immune 
system (Fig. 16.1). This selective growth advan-
tage conferred on tumors is a consequence of a 
number of genetic and epigenetic events occur-
ring within the tumors. The clue to the tumor- 
editing role of the immune system came from the 
experiments of Robert Schreiber’s group on 
spontaneous and 3′-methylcholanthrene (MCA)-
induced tumors in 129/SvEv mice (Fig. 16.2) [6]. 
The concept of immunoediting was introduced 
by Dunn et al. in 2002 to explain the antitumor as 
well as pro-tumor features of our immune 
response at different stages of cancer [3]. Since 
then, many studies conducted over a period of 
time have demonstrated the editing of tumors by 
host adoptive cells, leading to their complete 
reprogramming. A more recent study has linked 
processes such as epithelial mesenchymal transi-
tion in tumor cells, which result in an invasive 
phenotype, to the immunoediting process through 
the involvement of cytokines such as TNF-α and 
TGF-β [9]. Cancer immunoediting is a broad 
concept which includes three “Es” of elimina-
tion, equilibrium, and escape which together sum 
up to all the events occurring during an immune 
response to cancer [3].

16.2.1  Immune Elimination: 
Evidences for and Against

The immune elimination phase of cancer immu-
noediting is sine qua non of the original immuno-
surveillance process. It envisages the destruction 
or eradication of cancer by the host immune sys-
tem and is believed to occur when a cell gets 
transformed by overcoming its intrinsic tumor 
suppressor mechanisms, before being able to 
establish a full-blown tumor. Although the exis-
tence of such a phenomenon has been hypothe-
sized since long, the early experiments carried 
out on nude mice models which are only partially 
immunodeficient failed to prove it. The definitive 
experimental proof to its presence came from the 
work of Shankaran et  al. in the last decade 
(Table 16.1, Fig. 16.2) [6]. However, despite the 
experimental evidence of its presence in mice, it 
has been difficult to demonstrate it in the clinical 
scenario. Still, the data obtained from various 
cancer registries wherein a higher cancer inci-
dence especially of viral etiology has been 
observed in immunosuppressed transplant recipi-
ents suggests its existence in human subjects as 
well. Currently, a similar trend has been noticed 
in the setting of acquired immunodeficiency syn-
drome [13, 14]. The proponents of this stage in 
cancer immunity state that many of the cell trans-
formation events occurring in our body may be 
removed quietly by the immune system without 
us ever being aware about it. Spontaneous regres-
sion has been reported in some tumors including 
cutaneous melanoma, retinoblastoma, osteosar-
coma, etc., in humans [15]. Studies have shown 
that both innate and adaptive immune response 
contribute to fighting off the cancer from our 
body.

16.2.1.1  The Key Players 
in Anticancer Immunity

The key players responsible for launching an 
effective immune response against cancer include 
the immune cells and soluble molecules secreted 
into the tumor milieu (Fig.  16.3). In case the 
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tumor exhibits high immunogenicity, a specific 
immune response occurs against it. However, if 
tumor immunogenicity is low, the nonspecific 
effector responses gain importance.

The major cell types involved in an antitumor 
immune response are adoptive T-cells, which not 
only kill tumor cells directly with the help of 
TNF-α but are also essential for the activation of 
other components of the immune machinery. The 

CD8+ cytotoxic lymphocytes (CTLs) are able to 
directly recognize tumor cells which express 
MHC I and can also be activated by CD4+ 
T-helper cells. They may cause lysis of the tumor 
cells via perforin- and granzyme-dependent 
mechanisms. The CD4+ T-cells also secrete 
 factors to induce proliferation of B-cells and to 
promote their differentiation to antibody (Ab)-
secreting plasma cells. The latter may contribute 
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Fig. 16.1 Cancer immunoediting process with its three 
Es of elimination, equilibrium, and escape. Please note 
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the events from equilibrium phase may proceed either 
toward escape or back to the elimination phase, the revers-
ibility of the escape phase with or without therapy to other 
two phases is questionable
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to antitumor immunity by complement- mediated 
lysis or by antibody-dependent cellular cytotox-
icity (ADCC). The CD4+ T-helper cells also acti-
vate macrophages by secreting IFN-γ, TNF, IL-4, 
and granulocyte-macrophage  colony- stimulating 
factor (GM-CSF). The activated macrophages 
may phagocytize tumor cells and kill them by 
releasing toxic free radicals including O2

-  and 
NO2

-  or by becoming antigen- presenting cells 
(APCs) which present tumor antigens to CD4+ 

T-cells such as dendritic cells (DCs). Natural 
killer (NK) cells also have the potential to directly 
recognize and destroy tumor cells via tumor 
necrosis factor-related apoptosis-inducing ligand 
(TRAIL) and IFN-γ-dependent mechanisms. 
Loss of MHC class I as commonly observed in 
tumors may be responsible for their increased 
susceptibility to NK-cell-mediated lysis. In addi-
tion, NK-cell activity may also be enhanced by 
IL-2 and IFN-γ produced by the CD4+ T-helper 
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Fig. 16.2 Mice experiments by Shankaran et al. [6] dem-
onstrating surveillance and sculpting roles of immune sys-
tem. (a) Immunodeficient (RAG-2−/−/IFNGR1/
STAT1−/− or combined RAG-2−/− STAT1−/−, RkSk) 
mice developed tumors earlier than wild type and with 
greater frequency on subcutaneous injection of MCA, 
thus necessitating the presence of intact T, NKT, and 
B-cells for prevention of chemically induced tumors. (b) 
Spontaneous tumor development was also observed to be 
higher in RAG-2−/− and RkSk mice as compared to 
unmanipulated 129/SvEv wild-type mice. Moreover, the 
latter merely developed benign tumors, and no malig-
nancy was noted. (c) Furthermore, cells were taken from 
MCA-induced tumors in wild and RAG-2−/− mice and 

were injected into immunocompetent and RAG-2−/− 
mice. Progressive tumor growth was noted in immunode-
ficient mice transplanted with sarcoma cells derived from 
wild or RAG-2−/− mice. The immunocompetent mice 
transplanted with sarcoma cells from wild mice also 
showed progressive tumor growth; however, many mice 
transplanted with sarcoma cells derived from RAG-2−/− 
mice rejected the transplanted tumor cells. This occurred 
due to sculpting of sarcoma by the immune system in wild 
mice, thus rendering it less immunogenic. Tumors from 
the immunodeficient mice which were not edited were 
more immunogenic and thus were rejected by immuno-
competent mice
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cells. NKT and γδ T-cells also recognize the dan-
ger signals released from the tumors and become 
activated. The NKT cells especially the invariant 
or the type I NKT, which are CD4− CD8− and 
mainly recognize the  lipid/glycolipid antigens 
(Ags) via CD1d molecule, have been recognized 
to protect against certain cancers. The protective 
role is however supposed to be indirectly exerted 
via secretion of IFN-γ and subsequent activation 
of NK and CD8+ T-cells. The γδ T-cells which 
represent 1–5% of peripheral blood T-cells are 
also reported to infiltrate and cause lysis of 
tumors, both in vitro and in vivo [16–20].

In various clinical studies on different cancers 
including colon, ovary, lung carcinomas, and mel-
anoma, the tumor-infiltrating lymphocytes (TILs) 
have been associated with increased time to dis-
ease recurrence, an enhanced 5-year survival, and 
an overall good prognosis. Also, in a study on 
metastatic colorectal cancer, TIL density at the 
invasive margin was linked to a better chemother-
apeutic response. Similarly, increased infiltration 
by CD3+ and CD8+ T-cells, NK cells, and γδT 

cells has been correlated with improved outcomes 
in epithelial ovarian cancers. Some of the above 
studies have done quantitative assessment of the 
TILs in tumors, thus impressed upon the need to 
have a scoring system for TILs in order to deter-
mine the exact tumor behavior [21, 22].

16.2.2  The Equilibrium Phase: 
The Most Controversial 
and the Least Understood 
Phase

This phase represents an intermediate stage of 
immune response in cancer. During this phase, 
the cancer and the immune system both coexist 
without allowing each other to dominate. The 
immune system cannot eliminate the cancer dur-
ing this phase; however, it does not allow it to 
expand or metastasize. The cancer in turn is 
sculpted by the immune system, thus leading to 
the emergence of variants resistant to the 
 immunological attack [3].

Table 16.1 Timeline of events depicting evolution of cancer immunity from immunosurveillance to immunoediting

Study Hypothesis/observation/experimental evidence Results
Coley [10] Injected cultures of heat-inactivated bacteria or 

bacterial culture supernatants into cancer patients
Demonstrated marked regression of 
tumors and prolonged survival after the 
treatment

Paul Ehrlich [1] Immune system protects the host from malignancy Gave birth to the idea of immune control 
of malignancies

Burnet and 
Thomas [2]

Immune system must be removing the carcinogenic 
events arising out of ongoing evolutionary genetic 
remodeling taking place in an individual

Formal emergence of immunosurveillance 
hypothesis

Several groups 
(1965–1973)

Induced immunodeficiency by thymectomy or 
heterologous antilymphocyte serum or 
pharmacological agents. Immunodeficient animals 
are more prone to develop cancers

No consensus regarding 
immunosurveillance

Stutman [11] The methylcholanthrene (MCA)-induced cancer 
incidence in immunodeficient nude athymic mice 
was not higher than the control mice

Rejection of immunosurveillance 
hypothesis

Kaplan et al. [12] IFN-γ- and perforin-deficient animals were more 
prone to MCA-induced tumors as compared to 
controls

Resurrection of immunosurveillance in 
cancer

Shankaran et al. 
[6]

Experiments in RAG-2 null mice (lacking T, B, and 
NKT cells) revealed higher incidence of both 
MCA-induced sarcomas and spontaneous epithelial 
tumors in these animals

Definitive evidence of existence of cancer 
immunosurveillance

Dunn et al. [3] Concept of cancer immunoediting to explain the 
tumor sculpting role of immune system

Coined the term immune elimination as a 
part of broader concept of cancer 
immunoediting with three Es of 
elimination, equilibrium, and escape
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Various studies in mice have pointed toward 
the occurrence of the equilibrium phase in cancer 
immunity. In experiments on MCA-induced 
tumors in mice, Koebel et  al. demonstrated the 
presence of inert lesions in healthy mice, which 
grew when subjected to immunological oppres-
sion (Fig. 16.4) [23]. The study served to be an 
important milestone in proving the existence of 
the equilibrium phase in cancers. Likewise, the 
tumors have been observed to stay dormant for 
decades after remission in human cancer patients, 
which is believed to be due to the fact that the 
immune system keeps them in check. The immune 
system is believed to synergize with chemoradio-
therapy in treatment-induced remission which 
renders the tumors silent. However, they relapse 
promptly after any kind of immune insult, thereby, 

further proving the presence of immune dor-
mancy. The minimal residual disease commonly 
observed in hematological malignancies and the 
emerging donor-derived malignancies in immu-
nosuppressed transplant recipients are considered 
two examples of the equilibrium phase in humans. 
Even though the immune system prevents mono-
clonal gammopathy of unknown significance 
(MGUS) from progressing to myeloma, it fails to 
eliminate the MGUS cells [24, 25].

Adoptive T-cells, both CD4+ and CD8+, have 
been observed to play a pivotal role in cancer 
immune equilibrium. Immune-sufficient mice 
with inert tumors are shown to develop into full- 
fledged tumors only upon depletion of T-cells/
IFN-γ/IL-12. However, the depletion of innate 
immune cells was not found to result in the devel-
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Fig. 16.3 Diagram showing key players involved in anti-
tumor immune response. The tumor releases Ags which 
are chaperoned by heat-shock proteins and taken up by the 
APCs which process them and present to CD4+ T-cells. 
The latter being the central point of immune response acti-
vate various other cells including NK cells, CD8+ cells, 
macrophages, and B-cells which act in various ways to 

counteract the tumors. In addition, tumors may directly 
activate the cytotoxic cells including CD8+ and NK cells 
and phagocytic cells. While the former two can cause 
direct tumor lysis primarily via perforin and granzymes, 
the latter may engulf tumor cells and kill them by releas-
ing lytic molecules or may process and present tumor Ags 
to CD4+ T-cells
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opment of tumors. Moreover, tumor cells were 
found to be highly immunogenic during the 
 equilibrium phase, as they are unedited by the 
immune system and become less immunogenic at 
the end of this phase [23, 26, 27].

In addition, the mechanisms including cellular 
and angiogenic dormancy also complement the 
immune system in maintaining cancer cells in the 
dormant state. In the former, the tumor cells hide 
themselves in specialized niches, become quies-
cent, and wait for the opportunity to regrow. In the 
latter condition, expansion is not possible, due to 
the lack of adequate vascularization. When faced 
with favorable conditions, tumor cells come out 
of their slumber and undergo a series of genetic 
and epigenetic modifications which increase their 

immune resistance, eventually leading to the next 
phase of cancer immunity, known as immune 
escape. Studies are being conducted to identify 
the genetic and molecular signatures of dormant 
tumor cells which allow them to retain their dor-
mant status or facilitate their escape [23, 26–29].

16.2.3  Immune Escape: The Best 
Studied Phase

The escape phase represents the final and most 
extensively studied phase of the immunoediting 
process. The unleashing of mechanisms underly-
ing the escape phase has formed the basis for the 
development of various therapeutic agents with 
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Progressive tumours
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Monoclonal antibody
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No additional tumours

No additional tumours
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Anti -NK 1.1/
-NKG2D /
-TRAIL
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Fig. 16.4 Experiments conducted in mice by Koebel 
et al. demonstrating the presence of equilibrium phase in 
tumorigenesis. (a) Groups of wild-type C57BL/6 or 129/
SvEv mice were injected with a single low dose of 
MCA. After monitoring for 200–230 days, the mice with 
rapidly growing sarcomas were set aside. (b) The remain-
ing mice displaying small stable masses at injection site 
were injected with control Ab or mAbs depleting specific 

components of innate and adoptive immunity. The mice in 
former two groups did not develop any additional tumors; 
however, those in the last group (T-cell and IFN-γ 
depleted) showed rapid tumor growth. This could only be 
explained by cancer immune equilibrium in which the 
tumors were not removed but restricted by the immune 
process. However, on suppression of adoptive immunity, 
progressive tumor growth was observed
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the aim to stop the progress of the neoplastic pro-
cess. Due to increasing genomic instability, can-
cer cells acquire various characteristics enabling 
them to ward off the immune process or to mod-
ify it in such a way which is beneficial to tumor 
cells. Tumors utilize a number of strategies to 
evade an effective immune response (Fig. 16.5). 
The basis of an effective immune response 
against any Ag is its recognition as a nonself and 
its presentation to immune effector cells. Tumors 
escape recognition by either presenting self Ags 
to which the immune system is already tolerized 
or by modulating their antigenicity. The latter 
involves the shedding of tumor Ags into the cir-
culation from where they may be removed [30]. 
The next line of defense adopted by tumor cells is 
the modulation of APCs, rendering them incapa-
ble of effectively presenting cancer Ags to 
immune cells. The APCs like DCs are either 
deleted or functionally compromised in response 
to the factors secreted by malignant cells [31]. 

Tumor-induced co-inhibition of the second signal 
of the Ag presentation and consequent immuno-
suppression has now been recognized in several 
cancer types [32]. In addition, the tumors alter 
MHC molecules especially MHC class I and 
other components of Ag processing machinery in 
the APCs, so as to further incapacitate the presen-
tation of its Ags to the immune system [33]. 
Besides, tumor cells plunge into an active battle 
against the immune process by attacking its 
adoptive and innate immune cells. Tumor cells 
subvert T-cells and render them anergic through 
co-inhibitory molecules including cytotoxic 
T-lymphocyte antigen-4 (CTLA-4) and PD-L1 
[34]. Anergic T-cells are unable to produce cyto-
kines such as IL-2 and IFN-γ. Therefore, the 
autocrine and paracrine activation of CD4+ cells 
and other immune cells including B-cells, macro-
phages, and CD8+ cells are blocked, leading to 
further suppression of the immune cascade [35]. 
Moreover, tumors also express Fas ligands on 
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T-cells, leading to lymphocyte apoptosis [36]. 
Not only do they suppress CD4+ and CD8+ cells 
but also promote the suppressor T-cell phenotype 
such as CD25+Foxp3+ T-regulatory cells. These 
cells secrete IL-10, TGF-β, and VEGF which 
suppress the antitumor response and promote 
tumoral angiogenesis (Table 16.2) [37]. Besides, 
tumors also inhibit innate immune response by 
induction of quantitative and qualitative defects 
in NK cells, macrophages, and neutrophils. NK 
cells have been found to exhibit decreased cyto-
toxic potentiality due to the presence of tumor- 
secreted factors including TGF-β in the tumor 
microenvironment (TME) [38]. The latter along 
with other cytokines (IL-4, IL-13, etc.) present in 
the tumor bed favors the accumulation of M2 
macrophages, which also induce immunosup-
pression [39]. Recruitment of immature myeloid 
cells like myeloid-derived suppressor cells 
(MDSCs) further complements the tumor- 
immunodeficient environment by reducing T-cell 
and NK-cell activation and promoting neovascu-
larization via factors like VEGF [40].

Other mechanisms such as anaerobic glycoly-
sis, hypoxia, and acidity of the TME along with 
the existent defects in tryptophan metabolism 

induced by increased expression of the enzyme 
indoleamine 2,3-dioxygenase (IDO) further 
depress the antitumor immunity, thereby leading 
to cancer progression and metastasis [41–43].

16.3  Tumor Antigens and Cancer 
Immunoediting

Antigenicity of tumors has always been a matter 
of discussion. In the past, it was believed that 
since tumors are derived from self cells, the 
immune system is more receptive to their Ags. 
However, it was subsequently noticed that 
tumors may express Ags which are quantita-
tively or qualitatively different from self-Ags, 
thus rendering them sensitive to the immune 
attack. Quantitative differences include signifi-
cantly increased expression of Ags, which are 
less expressed in normal or benign conditions or 
reexpression of Ags only expressed at a specific 
stage of embryonic development (Table  16.3). 
Moreover, the lineage-specific Ags expressed 
normally in specific tissues may be expressed 
aberrantly in tumor cells. Qualitative differences 
are produced due to mutational events occurring 
during carcinogenesis. Over the years, several 
efforts have been made for the identification and 
mapping of the Ags expressed on tumor cells; 
various nomenclatures have been used to charac-
terize them such as tumor-associated Ags and 
tumor-specific Ags. Antigens capable of evoking 
a tumor-specific immune response have also 
been designated as tumor rejection Ags in some 
textbooks, e.g., tyrosinase, MUC-1, Her-2/neu, 
β-catenin, caspase-8, etc. [44]. Previous studies 
on tumor antigens (TAs) have mainly focused on 
the discovery of new Ags and their classification 
into two subclasses, a group which can evoke a 
protective immune response and another group 
serving as potential therapeutic targets. However, 
the advent of cancer immunoediting theory has 
changed our insight on TAs, as they are now con-
sidered to be one of the prime targets of the 
above process. Currently, ongoing studies are 
attempting to differentiate between the antige-
nicity of the original or unedited tumors and 
those sculpted by the immune system [17, 45, 

Table 16.2 Mechanisms of immunosuppression induced 
by T-regulatory cells and myeloid-derived suppressor 
cells

T-regulatory cells
Secretion of immunosuppressive molecules like IL-10, 
IL-35, and TGFβ
Polarization of DCs toward tolerogenic phenotypes
Direct cytolysis of effector T-cells via granzyme B, 
TRAIL, and galectin-1
Metabolic changes like increased IDO in DCs and 
increased conversion of ATP to adenosine promoting 
immunosuppression
Stimulation of tumoral angiogenesis via VEGF 
secretion
Myeloid-derived suppressor cells
Inhibition of effector T-cell proliferation and function 
via L-arginine-dependent mechanisms
T-cell inhibition via production of ROS and TGFβ
Reduced T-cell homing via depletion of L-selectin
Promotion of Th2 and T-regulatory phenotypes via 
IL-10 secretion
Inhibition of DC function via IL-10
Promotion of angiogenesis via secretion of VEGF, 
basic fibroblast growth factor, HIF-1, etc.
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46]. Differences between the immunogenicity of 
tumors derived from carcinogen MCA (more 
immunogenic) and those arising spontaneously 
(less immunogenic) in mice have been described 
by DuPage et al. [47]. They also showed that pri-
mary sarcomas are edited by the immune system 
and, hence, become less immunogenic in order 
to escape the T-cell response. In the same line, 
Matsushita et al. obtained similar results in their 
study on tumor exomes [48]. A recent study has 
revealed the presence of anti-inflammatory anti-
bodies to tumor-associated Ags like NY-ESO-1, 
thereby suggesting the importance of humoral 
immune system in cancer immunoediting [49]. 
Novel genetic-based approaches including 
exome sequencing, in silico analysis, and CD8+ 
T-cell cloning are likely to further help in under-
standing the alterations in tumor antigenicity 
occurring during different phases of cancer 
immunity [48].

CEA carcinoembryonic antigen, AFP alpha 
fetoprotein, Gp glycoprotein, PSA prostate- 
specific antigen, MAGE-1 melanoma-associated 

antigen 1, NY-ESO-1 New  York-ESO-1, BCR- 
ABL breakpoint cluster region-Abelson, HPV 
human papilloma virus

16.4  The Tumor 
Microenvironment During 
Cancer Immunoediting

The microenvironment surrounding the tumor 
plays a critical role in determining cancer behav-
ior. TME is composed of cells (tumor as well as 
immune), various factors secreted by them, and 
the stroma. The TME is a dynamic system switch-
ing from host protective to tumor friendly during 
different phases of the immunoediting process. 
During the elimination phase, the milieu of the 
tumor comprises of factors which promote its 
eradication. Collaboration of factors including 
IFN-γ and lymphocytes has been found to help in 
regulating the development of tumors. In differ-
ent studies, IFN-γ- and perforin-deficient mice 
together with T-cell and NK-cell defects are 

Table 16.3 Examples of common categories of antigens present in tumors [44]

Antigen type Antigen class Antigen Characteristics of antigens Tumor
Tumor- 
associated 
antigens

Oncofetal antigens CEA Expressed in fetal tissues, 
reexpressed in tumors

Colon cancer
AFP Germ cell tumors, 

HCC
Differentiation and 
lineage-specific antigens

CD5 Normally in T-cell but 
aberrantly in B-cells in CLL

CLL

Melan A, 
tyrosinase

Melanocyte lineage Melanoma

Gp 100 Prostate carcinoma
PSA

Cancer testes antigens MAGE 1 Expressed in germinal tissues 
and reexpressed in malignancies

Melanoma
NY-ESO-1

Heat-shock proteins Gp 96 Fibrosarcoma, 
colon cancerHSP70

Gene amplification Her-2/neu Receptor tyrosine kinase Breast cancer
Ovarian cancer

Aberrant posttranslational 
modification

MUC1 Under glycosylated mucin Breast
Pancreas

Tumor-specific 
antigens

Mutated oncogenes or 
proteins

Mutated p53 Point mutations Many tumors
BCR-ABL Translocation 9;22 CML
β-Catenin Signal transduction pathway Melanoma
Caspase-8 Apoptosis regulation Squamous cell 

carcinoma
Oncoviral 
proteins

HPV 16, E6, and E7 
proteins

Viral transforming gene 
products

Carcinoma cervix
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found to exhibit a greater propensity for tumor 
development. Cytokines like IL-2, IL-12, and 
IL-7 have been found to promote antitumor 
immunity, suppress recruitment of suppressor 
cells, and inhibit tumor angiogenesis.

During the equilibrium phase, TME assumes 
the role of a niche, concealing relatively dormant 
cancer cells. The niche environment allows can-
cer cells to thrive without progression by main-
taining a balance between the cytostasis and 
cytolysis. However, molecules which precisely 
maintain this balance during the immune equilib-
rium state remain to be defined.

During the escape phase, the tumor bed gets 
packed with factors and cells which promote 
immune suppression. Factors like IL-6, TGF-β, 
IL-8, and IL-10 help in generalized subversion of 
an effective anticancer immune response. Growth 
factors like VEGF not only promote angiogenesis 
but also facilitate the recruitment of T-regulatory 
cells and MDSCs to the tumor site. Besides, 
tumor cells induce downregulation of antitumor 
cytokines including IL-12 and IFN-γ. In addition, 
the abundant presence of other factors within the 
TME including prostaglandin E2, reactive oxy-
gen and nitrogen species, phosphatidylserine, 
etc. aids cancer cells to evade the immune 
response. Furthermore, the stroma including 
cancer- associated fibroblasts, chemokines, 
matrix metalloproteinases, and adhesion mole-
cules also participates in cancer’s conquest over 
antitumor immunity.

Although the above few paragraphs have tried 
to provide a simplified view of the events occur-
ring during various phases of the immunoediting 
process, there are several paradoxes involved. 
One set of factors may play an immunostimula-
tory and antitumor role under particular condi-
tions, whereas they may exert an immune 
inhibitory and pro-tumor role under other cir-
cumstances. For example, IFN-γ which is a 
potent cytokine responsible for antitumor immu-
nity is now emerging as an important player in 
cancer immune evasion. The pro-tumor effects of 
IFN-γ are believed to be related to an increase in 
T-regulatory cells and MDSCs and a decrease in 
neutrophilic infiltrate in the TME [50–53].

16.5  Clinical Relevance 
of the Immunoediting 
Process in Cancer

The introduction of immunoediting concept has 
added a new insight to understanding of cancer 
immunity. A clear understanding of the mecha-
nisms underlying the three phases of cancer 
immunity is vital for designing the immunothera-
peutic strategies to prevent, stop the progression, 
or treat cancers. In addition, it has contributed to 
the development of new markers for the diagno-
sis and prognostication of malignancies. 
Identification and manipulation of various mole-
cules involved in different phases of the immune 
response to cancer has emerged as a promising 
approach for the development of novel immuno-
therapeutic strategies for cancer treatment and 
eradication. Table 16.4 provides examples of the 
immunotherapeutic approaches directed toward 
the three phases of the immunoediting process.

PBMCs peripheral blood mononuclear cells, 
APCs antigen-presenting cells, DC dendritic cell, 
GM-CSF granulocyte macrophage colony- 
stimulating factor, EGFR epidermal growth fac-
tor receptor, CTLA-4 cytotoxic T-lymphocyte 
antigen-4, mAb monoclonal antibody, MDSCs 
myeloid-derived suppressor cells, IDO indole-
amine- 2, 3 dioxygenase, VEGF vascular endo-
thelial growth factor

Deciphering the nature of the cellular infiltrate 
and secretory molecules produced in response to 
the transformation events and characterization of 
the mechanisms involved in the elimination of 
tumor cells at early stages has led to the develop-
ment of novel cancer therapeutics. Moreover, 
quantitative as well as qualitative assessment of 
the immune cells present in TME may contribute 
to the development of algorithms demonstrating 
tumors’ response to chemoradiotherapy. In vivo 
or in  vitro expansion of tumor-specific effector 
cells is being applied as a strategy to boost up the 
antitumor immune response. Recognition of TAs 
which evoke an effective antitumor immune 
response has served as the basis for the develop-
ment of different types of cancer vaccines. 
Monoclonal antibodies (mAbs) targeting diverse 
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TAs have entered clinical trials for several cancer 
types. Besides, TAs such as CEA have also been 
used as biomarkers for early detection and for 
determining tumor prognosis. The concept of 
immunogenic chemotherapy which stimulates 
adaptive immunity is also gaining impetus in 
recent years.

The equilibrium phase has also emerged as a 
potential target to immunotherapists, as maintain-
ing cancer cells in the equilibrium phase indicates 
prevention or delay in cancer progression and 
fatality. In cases treated with mAbs which exert 
their effect via NK cells, an adoptive T-cell 
response was also found to be evoked, leading to 
the maintenance of tumors in equilibrium phase 
[69]. Furthermore, development of sensitive tech-
niques to seek out the occult tumor cells in various 
organs may help in their specific targeting, result-
ing in their complete eradication. Identification 
and targeting of immune or nonimmune events 
shifting the balance from equilibrium to the elimi-
nation or to the escape phase may lead to tumor 
removal or at least progression restriction.

As discussed in earlier sections, tumor cells 
apply a variety of tactics to combat with the host 
immune system. The assessment of factors 

involved in the escape mechanism served as the 
mainstay for the discovery of many anticancer 
immunotherapeutic agents. Some developed 
agents like ipilimumab (anti-CTLA-4) are now 
being used clinically along with other forms of 
therapy, whereas many other agents have entered 
different phases of clinical trials, and a large 
number are still in experimental stages 
(Table 16.4).

16.6  Concluding Remarks

In conclusion, it could be stated that enough 
proof is available to establish the presence of can-
cer immunoediting in animals as well as in 
humans. Understanding the sequence of events 
occurring during the immunoediting process and 
recognition of the cellular and molecular mecha-
nisms underlying its different phases has led to a 
spurt in cancer immunotherapeutic approaches. 
Further knowledge on the genetic and epigenetic 
features characterizing the three Es of cancer 
immunoediting are warranted for the develop-
ment of more precise cancer immunotherapeutic 
approaches in the future.

Table 16.4 Examples of therapeutic approaches targeting different phases of cancer immunoediting

Phases of 
immunoediting Approaches Outcome
Elimination In vivo or in vitro expansion of 

immune effector cells and using them 
for therapy

Sipuleucel T (autologous PBMCs, APCs, and 
recombinant fusion protein, i.e., PA2024, PA, PAP fused 
to a GM-CSF), FDA approved for prostate cancer [54]

DC-based approaches
Tumor antigen-based vaccines
Tumor-specific monoclonal 
antibodies

Trastuzumab (Her2/neu), rituximab (CD20), cetuximab 
(EGFR) [55–57]

Immunostimulatory cytokines IL-2, IL-7, IL-15 [58–60]
Equilibrium Adoptive transfer of cancer-reactive 

T-cells
Monitored for establishment of equilibrium phase [61]

Escape Anti-CTLA-4 Ipilimumab approved for melanoma [62]
Blockade of T-cell co-inhibition mAb against B7-H1 [63]
Depletion of T-regulatory cells Denileukin diftitox [64]

Lenalidomide [65]
Inhibition of MDSCs Sunitinib [66]
Inhibition of IDO 1-methyl tryptophan [67]
Blockade of VEGF Bevacizumab [68]
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17.1  Introduction

Life and death are essential parts of a natural 
cycle of all multicellular organisms. Cell divi-
sion, cell death, shape modification, and cell rear-

rangements form critical processes on which 
tissues are shaped and organs are made. Cell 
death, in particular, plays an important role in the 
development and homeostasis of normal tissues 
[1, 2]. Cell death phenomenon was first reported 
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in 1842 by Carl Vogt [3, 4]. Subsequently, the 
term programmed cell death (PCD) was coined 
by Lockshin and Williams in 1965 to describe the 
phenomenon of coordinated deaths of certain lar-
val muscles during transformation into adult 
moths [5]. Kerr and coworkers later described a 
series of similar morphological characteristics 
following the death of a variety of tissue sources, 
which was named as “apoptosis” [6]. About the 
same time, Horvitz and colleagues started a sys-
tematic search for genes controlling PCD in the 
nematode worms, Caenorhabditis elegans. The 
discovery of cell death defective genes such as 
ced-3, ced-4, and ced-9 suggests that PCD is a 
process with strict genetic program [7]. This was 
quickly followed by the identification of sub-
strates and homologous genes in mammals and 
realization that mutations of some of these cell 
death genes were contributing factors in various 
cancers. The 2002 Nobel Prize in Physiology or 
Medicine was awarded jointly to Sydney Brenner, 
H. Robert Horvitz, and John E. Sulston for their 
extensive work and discoveries on genetic regu-
lation of organ development and PCD.

An imbalance between cell growth and cell 
death is implicated in a variety of human diseases 
including cancer, autoimmune diseases, neurode-
generative disorders, viral infections, and AIDS 
[8–12]. Cell death has a profound effect on can-
cer growth and progression [13–15]. Malfunction 
of the cell death machinery, as a direct conse-
quence of mutations of the signaling molecules 
involved either directly or indirectly in the cell 
death pathways, has long been identified as an 
important contributing factor in cancer. 
Continuous efforts in deciphering the mecha-
nisms and signaling pathways of these cell deaths 
have also brought forward a new paradigm of 
which cancer may be efficiently targeted. Novel 
and specific cancer therapeutics and techniques 
directed at members of the cell death signaling 
pathways have been developed, and newer gen-
eration of drugs are currently being tested in clin-
ical trials.

Based on the cell death classifications by the 
Nomenclature Committee on Cell Death 
(NCCD), the use of the term “programmed” is 
now limited to regulated cell death which occurs 

in the absence of any exogenous environmental 
perturbation and irrespective of the modality by 
which they are executed and in the context of 
embryonic and post-embryonic development and 
tissue homeostasis [16, 17]. On the other hand, 
other types of regulated cell death indicate cases 
of cell death whose initiation and/or execution is 
mediated by a dedicated molecular machinery 
and can be inhibited by targeted pharmacologic 
and/or genetic interventions [16]. Regulated cell 
deaths can originate from perturbations of the 
intracellular or extracellular environment and 
when such perturbations are too intense or pro-
longed for adaptive responses to cope with stress 
or restore cellular homeostasis [17]. Apoptosis is 
a form of regulated cell death and is implicated in 
the pathogenesis of cancer [17]. Its roles in 
tumorigenesis and some of the novel antitumor 
strategies and therapeutics will be discussed in 
this chapter.

17.2  Mechanisms of Apoptosis

The term “apoptosis” was introduced by Kerr and 
coworkers in 1972 and derived from a Greek 
term meaning “dropping off” of leaves or petals 
from trees or flowers [6]. Earlier methods to 
define cell death rely much on morphological cri-
teria and the use of microscopes [4]. The earliest 
recognized morphological changes in apoptosis 
involve compaction and segregation of nuclear 
chromatin and condensation of the cytoplasm [6, 
18]. The process is followed by the convolution 
of the plasma membrane and cell blebbing in a 
florid manner, producing fragments of cells 
known as apoptotic bodies. These fragments are 
membrane bounded and contain nuclear compo-
nents [18, 19]. Apoptotic bodies are quickly 
taken up by nearby cells, and degraded within 
their lysosomes, usually with no associated 
inflammation [6, 18].

Biochemically, apoptosis is universally char-
acterized by the double-stranded cleavage at the 
linker regions between nucleosomes, resulting in 
the formation of multiple DNA fragments [19], 
phosphatidylserine externalization [20], and is 
accompanied by a series of genes and proteins 
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expressions. According to the NCCD, apoptosis 
is functionally classified into extrinsic or intrinsic 
apoptosis [16, 21]. Extrinsic apoptosis is catego-
rized depending on source of trigger, whereas 
intrinsic apoptosis is characterized by widespread 
mitochondrial outer membrane permeabilization 
(MOMP).

17.2.1  Extrinsic Apoptosis Pathway

Extrinsic apoptosis is a regulated cell death 
modality initiated by perturbations of the extra-
cellular microenvironment [17]. It is essentially 
caspase dependent and is induced by extracellu-
lar stress signals which are mediated by specific 
transmembrane receptors such as death receptors 
or dependence receptors. In extrinsic apoptosis 
induced by death receptors, the signaling path-
way is mediated by receptors belonging to the 
tumor necrosis factor (TNF) receptor superfam-
ily which is characterized by extracellular 
cysteine- rich domains (CRDs) and intracellular 
death domain (DD). Ligands such as TNF ligand, 
TNF ligand superfamily member 10 (TNFSF10), 
FAS ligand, and TNF-related apoptosis-inducing 
ligand (TRAIL) interact with their respective 
death receptors [FAS/CD95, TNF-α receptor 1 
(TNFR1), or TRAIL receptor (TRAIL-R1 or 
TRAIL-R2)], recruit Fas-associated death 
domain adapter protein (FADD), and form the 
death inducing signaling complex (DISC) [22, 
23]. This complex recruits pro-caspase-8 and 
pro-caspase-10, leading to the activation of the 
executioner caspase-3, caspase-6, and caspase-7 
[24, 25]. The molecular mechanisms regulating 
caspase-8 activity upon death receptor stimula-
tion involves a cascade of events initiated by the 
binding of caspase-8 to FADD at the DISC [17]. 
The homodimerization and consequent activation 
by autoproteolytic cleavage of caspase-8 are 
thought to be mediated by c-FLIP. Both c-FLIP 
isoforms and caspase-8 are recruited at the DISC, 
and there are evidences that suggest that c-FLIP 
isoforms can either inhibit or activate caspase-8 
and modulate its oligomerization [26]. The enzy-
matic activity of caspase-8 may be controlled by 
additional posttranslational mechanisms includ-

ing phosphorylation at Y380 which inhibits the 
autoproteolytic activity of caspase-8, phosphory-
lation at T273 which promotes caspase-8 apop-
totic functions, and deubiquitination which 
decreases caspase-8 activity and interrupts 
extrinsic activity [17].

Extrinsic apoptotic signals can be alterna-
tively mediated by dependence receptors such as 
UNC-5 homolog family receptors (UNC-5A, 
UNC-B, UNC-C, and UNC-D) and deleted in 
colorectal cancer (DCC) family receptors. These 
receptors are activated by netrins, a family of 
extracellular proteins that direct cell and axon 
migration during embryogenesis [27]. Netrins 
are members of the laminin superfamily and con-
tribute to the regulation of cell-cell adhesion and 
tissue organization [28]. Netrin-1 has been iden-
tified to be an anti-apoptotic survival factor in 
tumorigenesis [29]. DCC and UNC-5 homologs 
mediate cell death in the absence of netrin-1, and 
the binding of the ligand to these receptors 
switches between a pro-apoptotic signal and the 
promotion of survival and motility [29]. UNC-5B 
(also known as UNC-5H2) complex responds to 
the withdrawal of netrin-1 by recruiting a signal-
ing complex consisting of protein phosphatase 
2A (PP2A) and death-associated protein kinase 1 
(DAPK1) [30]. In the presence of netrin-1, the 
PP2A complex is repressed by the recruitment of 
cancerous inhibitor of PP2A (CIP2A) into the 
UNC-5B/DAPK1 complex, of which DAPK1 is 
autophosphorylated and remained inactive. 
Conversely, netrin-1 withdrawal is associated 
with a conformational change in UNC-5B, result-
ing in the exposure of the death domain, releasing 
of CIP2A, and the recruitment of PP2A to the 
UNC-5B-DAPK1 complex. PP2A-mediated 
dephosphorylation of DAPK1 results in the acti-
vation of downstream apoptotic pathway. PP2A- 
like activity has been linked to the formation of 
DISC and is known to inhibit B-cell lymphoma 2 
(Bcl-2) phosphorylation, leading to apoptotic cell 
death [31, 32]. In certain cell types, where the 
extrinsic apoptotic pathway is triggered but lower 
levels of DISC followed by lower levels of active 
caspase-8 are formed, amplification of the death 
signal is possible through the cleavage of Bid by 
caspase-8, which directly mediates Bak/Bax 
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oligomerization and triggers the release of cyto-
chrome (Cyt) c [33, 34].

Another signaling pathway mediated by 
dependence receptors are the DCC and the 
Patched dependence receptor (Ptc). DCC encodes 
an approximately 200 kDa type I membrane pro-
tein, which displays homology with cell adhesion 
molecules in its extracellular domain, suggesting 
that DCC may play a role in cell-cell or cell- 
matrix interactions [35, 36]. DCC appears to 
drive apoptosis independent of both 
mitochondrial- dependent and death receptor/
caspase- 8 pathways. DCC interacts and drives 
the activation of caspase-3 through caspase-9 
without requiring Cyt c or Apaf-1 [37]. Ptc, iden-
tified as a tumor suppressor, induces apoptosis 
but is suppressed by its ligand, sonic hedgehog 
(Shh) [38, 39]. Ptc interacts with the adapter pro-
tein DRAL/FHL2  in the absence of Shh and 
recruits a protein complex that includes DRAL/
FHL2, the CARD-containing domain protein 
TUCAN, and apical caspase-9. It triggers cas-
pase- 9 activation and enhances cell death via a 
caspase-9-dependent mechanism [40, 41].

The death receptor and dependence receptor 
pathways converge at the activation of caspase-3, 
followed by cleavage and activation of down-
stream caspases. Caspases or cysteine aspartic 
acid-specific proteases are synthesized as inac-
tive zymogens (or proenzymes) and are usually 
cleaved to form active enzymes or undergo auto- 
proteolysis in a cascade manner. Initiator cas-
pases such as caspase-8, caspase-9, and 
caspase-10 couple cell death stimuli to the down-
stream effector caspases such as caspase-3, cas-
pase- 6, and caspase-7. The major proteolysis 
activity that takes place during apoptosis is car-
ried out by effector caspases. Caspase-3 appears 
to be the major executioner caspase during the 
demolition phase of apoptosis [42, 43]. Caspase-3 
cleaves a number of structural proteins such as 
fodrin, gelsolin, rabaptin, nuclear lamin B, and 
vimentin [43–45]. On the other hand, caspase-6 
appears to merely cleave the nuclear lamin A dur-
ing apoptosis [43]. Caspase-3 also cleaves diverse 
regulatory proteins and enzymes, including focal 
adhesion kinase (FAK), protein kinase C delta, 
retinoblastoma protein (Rb) (a protein involved 

in cell survival), p21-activated kinase (PAK), U1 
small nuclear ribonucleoprotein (U1snRNP), 
DNA fragmentation factor 45 (DFF45), inhibitor 
of caspase-activated DNase (ICAD), receptor 
interacting protein (RIP), X-linked inhibitor of 
apoptosis protein (X-IAP), signal transducer and 
activator of transcription-1 (STAT1), and topoi-
somerase I [43, 44, 46]. Initially, poly (ADP- 
ribose) polymerase (PARP) is reported to be an 
exclusive substrate for caspase-7 [43], but a later 
study proved that it is cleaved by both caspase-3 
and caspase-7 [47].

Caspase-mediated cleavage of structural pro-
teins is essential for the apoptosis-associated 
morphological changes. For example, cleavage 
of gelsolin in multiple cell types causes cells to 
round up, detach from the plate, and undergo 
nuclear fragmentation [48]. Inactivation of 
rabaptin-5 causes fragmentation of endosomes 
during the execution phase of apoptosis [49]. 
Fodrin is a major component of the cortical cyto-
skeleton of most eukaryotic cells; it has binding 
sites for actin, calmodulin, and microtubules 
[50]. Its proteolysis contributes to structural 
rearrangements including blebbing during apop-
tosis [51]. FAK is a tyrosine kinase of which its 
phosphorylation state and activity are linked to 
cell adhesion to the extracellular matrix through 
integrin receptors. It has a direct influence on the 
cytoskeleton, structures of cell adhesion sites, 
and membrane protrusions, leading to regulation 
of cell movement [52, 53]. Caspase-mediated 
cleavage of FAK is known to contribute to the 
morphological changes in apoptosis. On the 
other hand, PAK, a serine-threonine kinase, reg-
ulates morphological and cytoskeletal changes 
in a variety of cell types [54, 55]. Blocking PAK 
function during Fas-induced apoptosis inhibits 
the morphological changes but accelerates the 
phosphatidylserine externalization in the mem-
brane. Stable Jurkat cell lines that express a 
dominant-negative PAK mutant are resistant to 
Fas-induced formation of apoptotic bodies and 
cleavage of PAK [56].

PARP cleavage is believed to attenuate the 
cell’s ability to carry out DNA repair [44, 57]. 
Caspase-8 is also found to cleave PARP-2, a 
member of the PARP family involved in DNA 
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repair, suggesting that caspase-8 is both an initia-
tor and effector caspase [58]. Active caspase-3 or 
caspase-7 proteolytically cleaves DFF45, which 
subsequently releases active DFF40, the inhibi-
tor’s associated endonuclease. It is responsible 
for the degradation of chromosomes into nucleo-
somal fragments, producing the characteristic 
hallmark of apoptosis [59, 60]. Cleavage of both 
structural and regulatory proteins is essential for 
the apoptotic-associated chromatin condensa-
tion, DNA fragmentation, nuclear collapse and 
morphological changes such as cell shrinkage 
and detachment, membrane blebbing, and forma-
tion of apoptotic bodies. Figure  17.1 illustrates 
the extrinsic apoptosis signaling pathway.

17.2.2  Intrinsic Apoptosis Pathway

Intrinsic apoptosis is a form of regulated cell 
death which is centrally mediated by the mito-
chondria. Intrinsic apoptosis can be triggered by 
DNA damage, γ-irradiation, oxidative stress, 
cytosolic Ca2+ overload, serum deprivation, and 
many other intracellular stress conditions. Upon 
stimulation, various molecules are released into 
the cytoplasm including Cyt c [25, 61], second 
mitochondria-derived activator of caspases/direct 
IAP-binding protein with low pI (Smac/
DIABLO) [62, 63], apoptosis-inducing factor 
(AIF, promotes chromatin condensation) [64], 
endonuclease G (EndoG, facilitates chromatin 
degradation) [65, 66], and high-temperature 
requirement protein A2 (HtrA2/Omi) [67]. Cyt c 
binds to and activates Apaf-1 protein in the cyto-
plasm, inducing the formation of apoptosome 
which subsequently recruits the initiator pro- 
caspase- 9, yielding activated caspase-9 and 
finally mediating the activation of caspase-3 and 
caspase-7 [34]. Loss of Cyt c from the mitochon-
dria also results in the inhibition of the respira-
tory chain. The condition elicits and aggravates 
reactive oxygen species (ROS) overproduction 
and is thought to activate a feed-forward circuit 
for the amplification of the apoptotic signal [68]. 
The function of Cyt c and its role in apoptosis is 
widely reviewed and discussed elsewhere 
[69–71].

Bcl-2 family of proteins plays an important 
role in the regulation of mitochondrial-linked 
apoptosis [72]. Bcl-2 subfamilies such as Bax, 
Bak, and Bcl-2 homolog (BH)3-only subfamily 
proteins (e.g., Bid) play a pro-apoptotic role, 
while Bcl-2 and Bcl-XL are functionally anti- 
apoptotic. Activated Bax and Bak form homo- 
oligomer which creates pores on the mitochondrial 
membrane and releases toxic proteins from the 
mitochondria. Bcl-2 and Bcl-XL inhibit the action 
by blocking the activation of Bax and Bak and 
prevent the release of pro-apoptotic proteins [73]. 
Nevertheless, the activation of Bax and Bak can 
be restored with the presence of pro-apoptotic 
BH3-only proteins. BH3-only proteins function 
as antagonists of specific subsets of their pro- 
survival relatives [74, 75]. The pore-forming 
activities of Bax and Bak trigger a condition 
known as mitochondrial outer membrane perme-
abilization (MOMP). MOMP can also be trig-
gered by the opening of a multiprotein complex 
known as permeability transition pore complex 
(PTPC) [76, 77]. MOMP causes generalized and 
irreversible inner mitochondrial transmembrane 
potential (ΔΨm) dissipation. In the inner mito-
chondrial membrane (IM) of a healthy cell, the 
frontier between the intermembrane/intercristae 
space and the matrix is nearly impermeable to all 
ions, including protons which help create the pro-
ton gradient required for oxidative phosphoryla-
tion [68]. The charge imbalance that results from 
the generation of an electrochemical gradient 
across the IM forms the basis of the ΔΨm [68]. A 
loss of the ΔΨm or long-lasting or permanent 
ΔΨm dissipation can lead to cell death [78]. Pro- 
apoptotic Bcl-2 proteins appear to cause the 
release of Cyt c, Smac/DIABLO, and HtrA2/Omi 
but not EndoG and AIF [79]. On the other hand, 
BH3-only protein Bid cleavage by caspase-8 
serves to engage a mitochondrial amplification 
loop during extrinsic apoptosis. Caspase-8 
cleaves Bid, generating a truncated fragment 
known as truncated Bid (tBid) that can permeabi-
lize the mitochondrion, resulting in MOMP [80].

Inhibitors of apoptosis proteins (IAPs) play an 
important role in the regulation of apoptosis. 
Eight human IAPs have been identified consisting 
of X-IAP, IAP-like protein-2 (ILP-2), cIAP- 1, 
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Fig. 17.1 Extrinsic apoptosis signaling pathway and therapeutic targets
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cIAP-2, melanoma inhibitor of apoptosis protein 
(ML-IAP), neuronal apoptosis inhibitory protein 
(NAIP), survivin, and apollon [81]. Human IAP 
family members such as X-IAP, cIAP-1, and 
cIAP-2 are potent caspase inhibitors [82, 83]. 
X-IAP, cIAP-1, and cIAP-2 block Cyt c-induced 
activation of caspase-9, thus preventing the acti-
vation of caspase-3, caspase-6, and caspase-7. 
Furthermore, these IAPs bind to and inhibit the 
enzymatic activity of caspase-3 following its acti-
vation by caspase-8, thereby arresting the proteo-
lytic cascade initiated by the initiator caspase 
[84]. X-IAP primarily inhibits caspase by disrupt-
ing the conformation of the active caspase and 
masking the substrate binding active site [81].

Smac/DIABLO and HtrA2/Omi inhibit the 
anti-apoptotic function of several members of the 
IAP family [85, 86]. Smac/DIABLO and HtrA2/
Omi are two nuclear-encoded mitochondrial pro-
teins functioning as IAP antagonists, identified in 
mammals [67, 87–90]. After their release into the 
cytosol stimulated by apoptotic triggers, Smac/
DIABLO and HtrA2/Omi competitively bind to 
the BIR domains of IAPs via the IAP-binding 
motif, so that the BIR-bound caspases are 
released and reactivated [91–93]. Smac/DIABLO 
and HtrA2/Omi manifest distinct physical char-
acteristics and biochemical activities, of which 
the active Smac/DIABLO is a homodimer, 
whereas HtrA2/Omi is a homotrimer [85, 94]. 
HtrA2/Omi is a mitochondrial serine protease 
and has diverse roles, including maintenance of 
mitochondrial homeostasis and regulation of cel-
lular apoptosis [95–97]. A comprehensive 
proteome- wide analysis of Jurkat cell lysates 
leads to the identification of potential HtrA2/Omi 
substrates, for example, the cytoskeleton- 
associated proteins such as actin, α- and β-tubulin, 
and vimentin further suggest its role in the 
caspase- independent pathway [98].

EndoG  and AIF function in a caspase- 
independent manner by relocating to the nucleus, 
where they mediate large-scale DNA fragmenta-
tion, independent of caspases [99, 100]. 
Mammalian EndoG is a nuclear-encoded protein 
targeted to mitochondria, compartmentalized in 
the intermembrane space (IMS), and is known to 

possess DNase/RNase activity [101]. It is impli-
cated in the mitochondrial DNA replication and 
is shown to be involved in apoptotic DNA degra-
dation [100]. In isolated non-apoptotic nuclei, 
EndoG first generates large fragments of DNA (> 
50  kb) and then cleaves at inter- and intra- 
nucleosomal sites [102]. Although EndoG apop-
totic activity appears to occur in the absence of 
caspase activation, the pathway leading to 
EndoG-dependent DNA damage remains contro-
versial [103, 104].

AIF was originally discovered as an IMS com-
ponent capable of inducing chromatin condensa-
tion and DNA loss in the nuclei isolated from 
healthy cells [102, 105]. AIF is a flavoprotein, 
which was first proposed to act as a protease or 
protease activator [106] and its apoptogenic activ-
ity is not affected by z-VAD-fmk [107]. 
Contribution of AIF to apoptosis depends on the 
cell types and death triggers [102]. Both endoge-
nous and recombinant AIF are found to trigger 
peripheral chromatin condensation and large- scale 
DNA fragmentation in a caspase- independent 
manner [108, 109]. AIF is not known to possess 
nuclease activity; thus, AIF is postulated to directly 
interact with DNA and disrupt/collapse chromatin 
structure by displacing chromatin- associated pro-
teins and/or by recruiting proteases and nucleases 
to form DNA- degrading complexes or degra-
dosomes [102, 110].

Another important signaling pathway affect-
ing the regulation of apoptosis is the nuclear fac-
tor of κB (NF-κB). NF-κB is a sequence-specific 
transcription factor known to be involved in the 
inflammatory and innate immune responses. 
Under normal conditions, NF-κB becomes acti-
vated only upon stimulation and subsequently 
upregulates the transcription of its target genes. 
NF-κB is activated by many divergent stimuli, 
including pro-inflammatory cytokines such as 
TNF-α, TRAIL, interleukin-1β (IL-1β), epider-
mal growth factor (EGF), T- and B-cell mitogens, 
bacteria and lipopolysaccharides (LPS), viral 
proteins, double-stranded RNA, drugs, and a 
variety of physical and chemical stresses [111]. 
However, in tumor cells, molecular alterations 
result in impaired regulation of NF-κB and 
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become constitutively activated in such cases, 
leading to deregulated expression of NF-κB- 
controlled genes [112]. Some genes targeted by 
NF-κB include cytokines/chemokines and their 
modulators, immunoreceptors, transcription fac-
tors, and regulators of apoptosis such as Bcl-XL, 
Fas, FasL, and IAPs [111].

NF-κB is also known to play a pro-apoptotic 
role, in addition to its more common anti- 
apoptotic role. Examples of its pro-apoptotic 
effects in cells include those found in B-cells 
[113], T-cells [114, 115], and neuronal cells [116, 
117]. The anti-apoptotic effects of NF-κB 
appeared to be cell-type specific and/or depen-
dent on the inducing signal. Normally, NF-κB is 
transcriptionally inactive in the cytoplasm of 
most cells as it is bound to its cytoplasmic inhibi-
tor IκBα. Upon stimulation with pro- inflammatory 
cytokines, such as TNF-α or IL-1, IκBα protein is 
phosphorylated, ubiquitinated, and subsequently 
degraded by the proteasome (the role of protea-
some is further discussed under proteasome 
inhibitors). This process exposes the previously 
masked nuclear localization signal of NF-κB, 
allowing it to translocate into the nucleus upon 
IκBα proteolysis and subsequently activate the 
expression of important target genes involved in 
cell growth, survival, and adhesion [118, 119]. 
Activated NF-κB leads to the activation of A1/
Bfl-1, a member of the Bcl-2 family, which sup-
presses Cyt c release from the mitochondria 
[120]. NF-κB activation blocks caspase-8 cleav-
age and Cyt c release, indicating that NF-κB sup-
presses the earliest signaling components of the 
caspase cascade. The IAP family genes (cIAP-1 
and cIAP-2) and TRAF family genes (TRAF1 and 
TRAF2) are positively regulated by NF-κB with 
rapid kinetics following TNF addition [121, 122]. 
Another member of the IAP family, X-IAP, has 
been shown to be activated by NF-κB in endothe-
lial cells [123, 124]. Thus, NF-κB activation 
functions to suppress apoptosis at multiple 
levels.

The NCCD initially defines “intrinsic apopto-
sis” as cell death mediated by MOMP and asso-
ciated with generalized and irreversible ΔΨm 

dissipation, release of IMS proteins, and respira-
tory chain inhibition [16]. However, in their lat-
est recommendation, it was proposed that 
intrinsic apoptosis to be defined as a form of 
regulated cell death initiated by perturbations of 
the intracellular or extracellular microenviron-
ment, demarcated by MOMP, and precipitated 
by executioner caspases, mainly caspase-3 [17]. 
Figure  17.2 illustrates the intrinsic apoptosis 
pathway.

17.3  Apoptosis and Cancer

Apoptosis is an essential developmental process 
to maintain tissue homeostasis, and defects in 
apoptosis regulation play an important role in 
cancer development. Deregulation in the apopto-
sis pathway is one of the reasons why neoplastic 
cells gain extended life span, develop genetic 
mutations capable of growth under stress condi-
tions, and undergo angiogenesis [9]. Several key 
pathways controlling apoptosis are commonly 
altered in cancer [125]. Tumor resistance to 
apoptotic cell death is often a hallmark of cancer 
and contributes to chemoresistance [9]. Alteration 
of many proteins involved in both intrinsic and 
extrinsic signaling pathways has been described. 
For example, overexpression of certain anti- 
apoptotic proteins, such as Bcl-2, Bcl-XL, Akt, 
NF-κB, and IAP protein family, is found in vari-
ous human tumors [126].

The apoptotic pathway of Fas, one of the TNF 
receptor family members, is frequently blocked 
by several mechanisms in cancer, one of which is 
Fas gene mutation [127–129]. Fas mutations have 
been detected in several types of human cancers 
with frequent allelic losses of chromosome 10q24, 
where the gene resides [128–130]. Both TRAIL-R1 
and TRAIL-R2 genes are mapped on chromosome 
8p21-22, and allelic losses of the chromosome 
8p21-22 have been reported as a frequent event in 
several cancers, including non- Hodgkin’s lym-
phoma (NHL), lung cancer, breast cancer, colon 
cancer, prostate cancer, hepatocellular carcinoma, 
and head and neck cancer [131–137]. Mutations 
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Fig. 17.2 Intrinsic apoptosis signaling pathway and therapeutic targets
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of TRAIL-R2 gene have been reported in head and 
neck cancer [138] and non- small cell lung cancer 
(NSCLC) [139]. In addition, somatic mutations of 
TRAIL-R1 and TRAIL-R2 genes are found in NHL 
[140] and breast cancer [141]. The number of 
pancreatic tumor tissues with positive membrane 
staining for TRAIL-R1 and TRAIL-R2 is lower 
than non- tumor tissues [142]. Loss of TRAIL-R2 
expression is associated with poorer prognosis in 
patients [142]. A significant association is also 
observed between lower expression of TNF genes 
and poor prognosis in childhood adrenocortical 
tumors [143].

On the other hand, PP2A inactivation in can-
cer occurs frequently through the upregulation of 
CIP2A, a PR65 interactor and PP2A inhibitor 
[144]. PR65β, a scaffold protein which interacts 
with the catalytic subunit of PP2A, appears to 
play a key regulatory role in cancer. This scaffold 
protein is decreased or mutated in a large fraction 
of human cancers and has been recently linked to 
cancer development [145]. On the other hand, Ptc 
is a tumor suppressor, and mutations of Ptc are 
associated with neoplasia, especially in basal cell 
carcinoma and medulloblastoma [38, 39]. DCC 
expression is shown to be markedly reduced in 
more than 50% of colorectal tumors. The loss of 
DCC is not restricted to colon carcinoma but has 
been observed in other tumor types, including 
carcinoma of the stomach, pancreas, esophagus, 
prostate, bladder, breast, male germ tumors, neu-
roblastomas, gliomas, and some leukemias [35, 
146, 147].

Members of the Bcl-2 family of proteins as 
prominent regulators of apoptosis signaling are 
often deregulated in many cancers, including 
lung carcinoma, lymphoma, and glioblastoma 
[148–152]. Aberrant expression of Bcl-2 is com-
mon in chronic lymphocytic leukemia (CLL) and 
is associated with poor response to chemotherapy 
and decreased overall survival [153]. Bcl-2 gene 
amplification is reported in diffuse large B-cell 
lymphomas (DLBCL), and overexpression of 
Bcl-2 protein has been associated with poor 
prognosis in some forms of NHL [154–156]. 
Myc/Bcl-2 co-expression in DLBCL is associ-
ated with aggressiveness, is more common in the 
unfavorable activated B-cell (ABC)-like sub-

types, and contributes to the overall inferior prog-
nosis of patients with ABC-DLBCL [157]. 
Single-nucleotide polymorphisms of Bcl-2 are 
found to have an association with survival in 
advanced-stage NSCLC patients who received 
chemotherapy [158]. Furthermore, mutations 
that inactivate the pro-apoptotic Bax gene have 
been observed in solid tumors and hematological 
malignancies [159, 160]. Higher Bcl-2 to Bax 
ratios have been associated with progression of 
CLL, shorter remission duration, and shorter sur-
vival [161, 162]. Therefore, cancer therapeutics 
that specifically inhibits the anti-apoptotic pro-
teins or activates the pro-apoptotic members of 
the Bcl-2 family proteins is an attractive strategy 
to reverse the intrinsic or acquired resistance of 
cancer cells to apoptosis [163].

Studies have reported that polymorphic vari-
ants of the caspase-8 gene are associated with 
risk of multiple cancers [164–168]. For example, 
a six-nucleotide insertion-deletion variant poly-
morphism (6 N ins/del) of caspase-8 promoter is 
linked to a significant decreased risk of bladder 
and lung cancer in Chinese populations [167, 
168]. Since cancer cells are highly dependent on 
these genetic changes in the apoptotic pathways 
for survival, designing novel anticancer drugs 
that selectively kill cancer cells while sparing 
normal cells seems appealing [169]. Survivin, a 
member of the IAP family, is undetectable in ter-
minally differentiated adult tissues but abun-
dantly expressed in human cancers such as lung, 
colon, pancreas, prostate, and breast [163]. 
Increased survivin mRNA is associated with 
decreased overall survival in colon cancer 
patients [170]. Furthermore, increased levels of 
cIAPs in malignant cells are associated with a 
shorter relapse-free survival in patients with 
prostate cancer [171]. Livin or ML-IAP, another 
member of the IAP family of proteins, is found to 
be expressed in tumor cells [172, 173]. Thus, the 
possibility of IAP inactivation through therapeu-
tic intervention is attractive and has gained much 
interest over the years.

Another important pathway linked to the 
apoptosis cell death is the p53 pathway, which is 
often inactivated and deregulated in human can-
cers [174, 175]. The p53 protein is a transcription 
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factor with tumor suppressor activities. Its role in 
tumor suppression relies partly on its ability to 
regulate the transcription of genes important in 
cell cycle arrest and in apoptosis. The p53 protein 
upregulates the expression of a number of genes 
in response to genotoxic stress, including the pro- 
apoptotic Bax [176]. It is also found to inhibit the 
expression of the Bcl-2 gene [177]. Studies have 
also shown that Bid is a p53-responsive chemo-
sensitivity gene, which may enhance the cell 
death response to chemotherapy [178]. The fact 
that a majority of human cancers harbor muta-
tions in the p53 gene suggests that such muta-
tions would have contributed to the apoptosis 
resistance environment. However, the p53 net-
work and the mechanism by which p53 deter-
mines the fate of cells remain to be explored.

17.4  Apoptosis Signaling 
Pathways and Therapeutic 
Targets in Cancer

17.4.1  TRAIL (TRAIL ligands, 
Monoclonal Antibodies 
Against TRAIL-R1 
and TRAIL-R2)

TRAIL (Apo2 ligand) induces cell death via the 
extrinsic pathway by recruiting and activating 
caspase-8 and caspase-10 to its R1 and R2 recep-
tors [179]. It activates the intrinsic pathway via 
the TRAIL-caspase-8-tBid-Bax cascade, through 
the cleavage of Bid, which promotes Bax and 
Bak oligomerization, leading to Cyt c release and 
activation of caspase-9 [180]. These processes 
collectively amplify the activities of the related 
executioner caspases. TRAIL is a promising can-
cer therapeutic agent, known to induce apoptosis 
in a wide variety of tumor cells while sparing 
normal cells [181, 182]. TRAIL activity is also 
known to be independent of the p53 status, mak-
ing it potentially effective against chemotherapy- 
resistant tumors [183]. Many clinical trials have 
been initiated in cancer patients, using soluble 
recombinant TRAIL (rhApo2L, codeveloped by 
Genentech and Amgen; circularly permuted 
TRAIL (CPT) developed by Beijing Sunbio 

Biotech) [184–187], monoclonal antibodies 
(mAbs) (agonists) targeting TRAIL-R1, such as 
mapatumumab [HGS-ERT1 is developed by 
Human Genome Sciences (HGS)], and anti- 
TRAIL- R2 agents such as lexatumumab (HGS- 
ETR2 is developed by HGS), conatumumab 
(developed by Amgen), and apomab (developed 
by Genentech) [188].

Early Phase I/Ib trials of rhApo2L (dulaner-
min) in advanced cancer [189], advanced NSCLC 
[190], and NHL [191] reported that this drug was 
well tolerated by patients and no anti-rhApo2L 
Abs were detected. A Phase Ib study of dulaner-
min in combination with modified FOLFOX6 
plus bevacizumab in patients with metastatic 
colorectal cancer was also well tolerated with 
similar adverse reactions that would be expected 
from FOLFOX plus bevacizumab [192]. 
However, only partial response was observed in 
less than half of the patients, and the median 
progression- free survival (PFS) was 9.9 months. 
Dulanermin in combination with rituximab in an 
open-label Phase Ib/II randomized study revealed 
that the addition of dulanermin to rituximab in 
patients with indolent B-cell non-Hodgkin lym-
phoma was tolerable but did not lead to increased 
objective responses [193]. Similarly, a recent trial 
to evaluate the efficacy and safety of dulanermin 
combined with vinorelbine and cisplatin (NP) as 
the first-line treatment for patients with advanced 
non-small cell lung cancer (NSCLC) produced 
unremarkable results. The median PFS was just 
6.4  months in the dulanermin arm versus 
3.5  months in the placebo arm. Objective 
response rate (ORR) was 46.78%, and median 
OS was 14.6 months in the dulanermin arm ver-
sus 13.9  months in the placebo arm [194]. 
Although these TRAIL-R agonists have been 
shown to be safe and well tolerated in patients, 
their respective anticancer activities have been 
largely disappointing [189, 195–197]. The lack 
of response may be due to the fact that most pri-
mary tumor cells are intrinsically resistant to 
TRAIL or may acquire resistance during the 
course of treatment [197].

Circularly permuted TRAIL (CPT) is a recom-
binant human mutant of Apo2L/TRAIL and is cur-
rently undergoing clinical development for the 
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treatment of multiple myeloma (MM) and other 
hematologic malignancies [186, 187, 198]. The 
primary molecular structure difference between 
CPT and the wild-type Apo2L/TRAIL is that the 
N-terminus of amino acid 121–135 sequence of 
Apo2L/TRAIL is connected to the C-terminus of 
the amino acids 135–281 sequence of 
Apo2L/TRAIL by a flexible linker. This structure 
forms stable homotrimers and has potent apopto-
sis-inducing activity via interaction with DR4/DR5 
[198]. CPT apparently has better stability and dis-
plays better antitumor activity without significant 
toxicity against normal cells [199]. Results from a 
multicenter, open-label, Phase II clinical trial 
designed to determine the safety, efficacy, and the 
optimal dose of CPT in combination with thalido-
mide in patients with relapsed and thalidomide-
refractory multiple myeloma (RRMM) were rather 
unremarkable. Although the addition of thalido-
mide to CPT was well tolerated with no occurrence 
of dose-limiting toxicities, the overall response rate 
(ORR) of 41 efficacy-evaluable patients was just 
22.0% (2 complete response; 3 near complete 
response; 4 partial response) [198]. On the other 
hand, CPT as single-agent therapy for patients with 
RRMM produced an overall response rate of just 
33.3% with one near-complete response (nCR) and 
eight partial responses (PRs) [187]. In another 
Phase 2 study where the safety and efficacy of CPT 
in combination with thalidomide and dexametha-
sone (CPT + TD) were evaluated in patients with 
pretreated RRMM, the median PFS time was 
6.7  months for the CPT  +  TD group versus 
3.1 months for the TD group. Serious adverse reac-
tions were reported in 19.7% of the patients [186].

Mapatumumab, a fully human agonistic mAb 
targeting TRAIL-R1, either used alone or in 
combination with other chemotherapy drugs in 
Phase I or Phase II trial has not produced impres-
sive trial outcomes, as in most cases, few patients 
ended with partial response or stable disease 
[200–203]. Despite its favorable safety profile, 
mapatumumab demonstrated limited or no clini-
cal activity in Phase I and II trials in advanced 
solid malignancies [204, 205], NHL [206], 
NSCLC [207, 208], refractory colorectal cancer 
[209], and advanced hepatocellular carcinoma 
[210]. In a recent randomized, double-blind, 

placebo- controlled, Phase II study to evaluate 
the efficacy and safety of mapatumumab in com-
bination with sorafenib in patients with advanced 
hepatocellular carcinoma (HCC), the results 
were clearly disappointing [211]. In this large 
study, a total of 101 patients were recruited, 
where treatment with mapatumumab and 
sorafenib was compared with placebo and 
sorafenib in patients with advanced HCC and 
was conducted at 29 sites in 6 countries. Both 
primary endpoint and secondary efficacy end-
points did not demonstrate a mapatumumab-
related benefit beyond that achieved with 
sorafenib alone. These results demonstrated that 
patients with HCC are unlikely to benefit from 
adding mapatumumab to their sorafenib-based 
therapy [211].

Lexatumumab, apomab, and conatumumab 
are agonistic human mAbs against TRAIL-R2. 
Generally, the percentage of patients developed 
partial response or stable disease in several early 
Phase I trials involving these novel drugs is low, 
despite being well tolerated. In a Phase I trial 
and pharmacokinetic study of lexatumumab in 
pediatric patients with solid tumors, where 24 
patients received a total of 56 cycles of lexatu-
mumab over all four planned dose levels, none 
of the patients experienced complete or partial 
response [212]. On the other hand, objective 
activity of apomab was also not demonstrated in 
a Phase II study among patients with NHL 
[213], despite some evidence of activity in a 
Phase I study in patients with advanced malig-
nancies [214]. In a Phase II trial, the addition of 
apomab to paclitaxel/carboplatin/bevacizumab 
combination did not improve overall efficacy 
while increasing the rate of some adverse effects 
in patients with NSCLC [196, 215]. 
Unsurprisingly, there are no recent published 
trial results and ongoing active trials involving 
both lexatumumab and apomab.

As for conatumumab, a Phase I study in 
advanced solid tumors showed that this drug is 
generally well tolerated [216, 217]. Conatumumab 
in combination with gemcitabine shows evidence 
of an improved 6-month survival rate and tolera-
ble toxicity in Phase Ib and II metastatic 
 pancreatic cancer trials [218, 219]. In metastatic 
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colorectal cancer, conatumumab improves 
progression- free survival (PFS) when combined 
with FOLFIRI [220], but limited activity when 
combined with modified FOLFOX6 and bevaci-
zumab [221, 222], and no activity when com-
bined with panitumumab [223]. The effect of 
conatumumab in NSCLC is similar as compared 
with rhApo2L [190, 196], of which combination 
of this drug with paclitaxel and carboplatin did 
not produce promising results [224, 225]. 
Combination of conatumumab with other chemo-
therapy drugs also produced no evidence of activ-
ity in soft tissue sarcomas [226]. Ganitumab, an 
agent targeting the insulin-like growth factor 
receptor type 1 (IGF1R), and conatumumab were 
used in a recent Phase Ib/II trial in patients with 
advanced solid tumors. The study was conducted 
in six cohorts of advanced non-small cell lung 
cancer (squamous or non-squamous histology), 
colorectal cancer, sarcoma, pancreatic cancer, or 
ovarian cancer patients [227]. Although no dose- 
limiting toxicities were observed and drugs were 
well-tolerated, there were no objective responses 
in all the population tested.

Generally, these trials lacked data on the cor-
relation between patient’s TRAIL status and 
response to therapy. Preferential TRAIL sensitiv-
ity and presence of TRAIL-R1 and TRAIL-R2 
expression in certain cancers may be crucial fac-
tors in patient’s response. As such, rhApo2L and 
agonistic anti-TRAIL-R therapies may be limited 
to patients with TRAIL-sensitive tumors. The 
efficacy of TRAIL targeting therapies may be 
improved if diagnostic methods determining 
TRAIL sensitivity of clinically detectable human 
cancers are available [188]. Although there are no 
more active trials involving most of the drugs in 
this group, studies involving the combination of 
conatumumab and other chemotherapy drugs are 
still ongoing.

17.4.2  Bcl-2 Family Proteins (BH3 
Mimetics and Bcl-2 Antisense)

Bcl-2 family proteins can regulate apoptosis both 
positively and negatively. The Bcl-2 family mem-
bers consist of anti-apoptotic (Bcl-2, Bcl-XL, 

Bcl-W, Bag-1, Mcl-1, and A1/Bfl-1) as well as 
pro-apoptotic (Bad, Bax, Bak, Bcl-xs, Bid, Bik, 
and Hrk) molecules [228, 229]. The balance and 
interaction between Bcl-2 gene family members 
and posttranslational modifications of Bcl-2- 
related proteins have been demonstrated to play 
important roles in regulating cell survival and 
death. The Bcl-2 family is characterized by spe-
cific regions of homology termed Bcl-2 homol-
ogy (BH1, BH2, BH3, and BH4) domains. 
Anti-apoptotic proteins have BH1–BH4 domains 
(e.g., Bcl-2 and Bcl-XL). On the other hand, pro- 
apoptotic proteins have either BH1–BH3 domains 
(e.g., Bax and Bak) or BH3-only domains (e.g., 
Bid, Bim, Puma, Bad, Noxa, Hrk, Bik) [75, 230, 
231]. These domains are critical to the function 
of these proteins, especially their impact on cell 
survival and cell death and their ability to interact 
with other family members and regulatory pro-
teins. The molecular surface of the multidomain 
anti-apoptotic Bcl-2 protein contains a BH3- 
binding groove, which accommodates BH3 
domain from pro-apoptotic Bcl-2 protein family 
members. The BH3-only proteins are known to 
function as antagonists of anti-apoptotic Bcl-2 
family proteins and act as tumor suppressors 
[75]. This forms the basis or platform for subse-
quent drug discovery strategies based on mimick-
ing BH3 peptides with chemical compounds that 
bind to the same groove [232].

The earlier observation that apoptosis deregu-
lation in cancer cells primarily affects the 
upstream of the signaling pathways of Bax/Bak 
and mitochondria, leaving the downstream core 
of the apoptotic machinery mostly intact, has led 
to a therapeutic strategy of which manipulation 
of the equilibrium between the pro- and anti- 
apoptotic Bcl-2 family members could possibly 
restore apoptosis [126, 169]. Since pro-apoptotic 
BH3 domains directly bind to the hydrophobic 
grooves of pro-survival proteins with high affin-
ity, and are necessary and sufficient for initiation 
of apoptosis, agents mimicking the BH3 domains 
may provide some degree of selectivity against 
cancer cells. This is mainly because cancer cells 
are postulated to be more sensitive to inhibition 
of pro-survival proteins compared with their nor-
mal counterparts [9]. Cancer cells often express 
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high levels of Bcl-2-like anti-apoptotic proteins 
to evade the apoptotic fate imposed by aberrant 
cell proliferation, activation of oncogenes, or 
DNA damage [233]. Therefore, it is possible to 
design BH3 mimetics to target specific anti- 
apoptotic proteins that are overexpressed in a 
particular type of cancer for improved specificity 
[169]. Several chemicals mimicking BH3 pep-
tides exclusively targeting the Bcl-2 anti- 
apoptotic proteins have since been described 
[232, 234, 235]. Another antitumor strategy is 
direct inhibition of Bcl-2 mRNA, in the form of 
antisense.

One of the earliest small-molecule BH3 
mimetics or more accurately Bcl-2 and Bcl-XL 
inhibitor that went through several Phase I/II 
clinical trials is gossypol, an orally available 
compound derived from cottonseed extracts 
[236]. It binds to the BH3-binding grooves of 
Bcl-2, Bcl-XL, and Mcl-1 [237]. However, sev-
eral past clinical trials have not indicated this 
compound as an effective anticancer agent. Either 
used alone or in combination, patients treated 
with gossypol failed to show evidence of tumor 
regression or any therapeutic responses in several 
clinical trials [238–240]. A semisynthetic analog 
of gossypol with improved pharmacologic prop-
erties, such as apogossypolone (ApoG2), is found 
to inhibit the growth of diffuse large cell lym-
phoma cells in vitro and in vivo [241]. However, 
this compound has yet to proceed to clinical 
trials.

A derivative of R-(-)-gossypol (AT-101) is 
found to be well tolerated in a Phase I trial involv-
ing CLL patients [242]. Disappointingly, later 
studies showed that AT-101 is either not active in 
patients or the response rates are too low that it 
did not meet the criteria for additional enrollment 
in further trials for small cell lung cancer (SCLC) 
[243, 244]. In NSCLC, patients did not meet the 
primary endpoint of improved PFS when given a 
combination of AT-101 and docetaxel [245]. 
However, AT-101 added to cisplatin and etopo-
side in another small cohort of patients with 
SCLC was reported to be encouraging [246]. The 
slight efficacy gains from AT-101 were probably 
a result of its role in delaying and/or overcoming 
chemotherapy resistance, and, as such, it would 

yield optimal results in the setting of combina-
tion cytotoxic therapy [246]. As first-line therapy 
for metastatic castration-resistant prostate can-
cer, AT-101 was tolerable but did not extend OS 
when combined with docetaxel and prednisone in 
these patients [247]. In another Phase II multi-
center study, where men with castration-sensitive 
metastatic prostate cancer were treated with 
AT-101 and androgen deprivation therapy, the 
combination did not meet the pre-specified level 
of activity [248]. Similarly, the addition of 
AT-101 to docetaxel in patients with recurrent or 
distantly metastatic head and neck squamous cell 
carcinoma did not appear to demonstrate evi-
dence of efficacy [249]. Surprisingly, based on its 
lack of good efficacy in recent studies, several 
clinical trials involving combination with lenalid-
omide and other chemotherapy drugs are 
 currently recruiting patients with multiple 
myeloma, CLL, and advanced laryngeal cancer. 
Biological therapies, such as lenalidomide, may 
stimulate the immune system, and addition to AT-
101 may be an effective treatment for relapsed or 
refractory B-CLL [250].

Obatoclax mesylate (GX15-070) is an indole 
derivative and a broad-spectrum inhibitor of pro- 
survival Bcl-2 family proteins, and it has been 
extensively evaluated in clinical trials. Early 
Phase I clinical trial of obatoclax mesylate in 
patients with refractory leukemia and myelodys-
plasia has demonstrated that the drug is well tol-
erated up to the highest dose. However, only a 
single patient with acute myeloid leukemia 
(AML) with mixed lineage leukemia t(9;11) rear-
rangement achieved complete remission [251]. In 
another Phase I trial, where obatoclax was admin-
istered to patients with advanced CLL, even 
though activation of Bax and Bak was demon-
strated, it had modest single-agent activity in 
heavily pretreated patients [252]. In advanced 
solid tumor and lymphoma, of 35 patients given 
obatoclax infusions, only 1 patient with relapsed 
NHL achieved partial response [253]. In both 
Phase I and II studies in patients with relapsed 
SCLC, obatoclax added to topotecan produced 
no difference in response rates as compared to 
topotecan alone, even though the drug was gener-
ally well tolerated [254, 255]. In patients with 
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extensive-stage small cell lung cancer 
(ES-SCLC), obatoclax failed to significantly 
improve ORR, PFS, or OS [256]. In addition, 
response to this drug in combination with 
docetaxel is also reported to be minimal in 
patients with NSCLC [257]. Obatoclax has also 
showed limited clinical activity in heavily pre-
treated patients with classic Hodgkin’s lym-
phoma (HL) [258]. Single-agent obatoclax is also 
not associated with an objective response in 
patients with acute myeloid leukemia (AML) 
[259] and has limited first-line activity in patients 
with myelodysplastic syndromes [260]. 
Obatoclax appears to have limited efficacy as a 
single agent or even in combination with some of 
the more common anticancer drugs.

Another BH3 mimetic, navitoclax (ABT-263) 
is a selective, potent, and orally bioavailable 
small-molecule Bcl-2 inhibitor. It has high affin-
ity for the anti-apoptotic Bcl-2 family proteins 
and kills cancer cells in a Bax/Bak-dependent 
manner [261]. In a Phase II clinical study, navito-
clax exhibited limited single-agent activity 
against advanced and recurrent SCLC [262]. 
Navitoclax in combination with either carbopla-
tin and paclitaxel or paclitaxel alone produced 
significant hematological and non-hematological 
toxicity and had limited efficacy in the treatment 
of patients with solid tumors [263]. Similarly, 
there is lack of objective responses in patients 
given a regimen of navitoclax combined with 
gemcitabine or irinotecan with solid tumors [264, 
265]. However, when combined with rituximab, 
moderate response rates are observed in patients 
with follicular lymphoma and CLL. The combi-
nation demonstrated higher response rates for 
low-grade lymphoid cancers than observed for 
either agent alone in previous Phase 1 trials 
[266]. In another similar study, navitoclax in 
combination with rituximab yielded higher 
response rates than rituximab alone and resulted 
in prolonged progression-free survival with treat-
ment beyond 12  weeks [267]. Clinical trials of 
navitoclax as a single agent or as combination 
therapy with signaling pathway inhibitors in a 
variety of cancers such as leukemia, non-small 
cell lung cancer, melanoma, and other solid 
tumors are currently ongoing.

Venetoclax (ABT-199) is the first FDA- 
approved treatment that targets the BCL-2 pro-
tein for use in patients with 17p-deleted 
CLL. Venetoclax is an oral medication, taken 
daily with food. As a single agent, it is most 
effective in patients with relapsed CLL and 
mantle cell lymphoma, where response rates of 
80% and complete remission rates of 20% 
are  observed [268]. However, single-agent 
response rates are modest in follicular lym-
phoma, diffuse large B-cell lymphoma, multi-
ple myeloma, and AML. Venetoclax is highly 
selective and known to be more potent than 
navitoclax [269]. Prior to its approval in 2016, 
several major studies were carried out for 
venetoclax in patients with relapsed or refrac-
tory CLL or SLL or with non- Hodgkin’s lym-
phoma [270, 271]. These trials showed the 
potential of BCL-2 antagonism effects of vene-
toclax across a range of doses and its ability in 
producing major reductions in tumor burden in 
all tissue compartments. Side effects were gen-
erally limited to low-grade nausea and diar-
rhea, and the most important toxic effect noted 
was the tumor lysis syndrome, which the risk 
can be reduced by a slow-dose ramp-up, care-
ful monitoring, and adequate prophylaxis 
[272]. Venetoclax has also demonstrated prom-
ising clinical activity and favorable tolerability 
in cohorts of patients with CLL, whose disease 
progressed during or after B-cell receptor path-
way inhibitors (BCRi) (idelalisib or ibrutinib) 
therapy [273, 274]. In addition to CLL, it has 
acceptable safety profile and has shown evi-
dence of single- agent antimyeloma activity in 
patients with relapsed/refractory MM, predom-
inantly in patients with t(11;14) abnormality 
and those with a favorable BCL-2 family pro-
file [275]. Venetoclax with bortezomib and 
dexamethasone has an acceptable safety profile 
and promising efficacy in patients with 
relapsed/refractory MM [276]. Venetoclax in 
combination with hypomethylating agents 
such as decitabine or azacitidine in elderly 
patients with previously untreated AML is also 
well tolerated and has shown promising results 
with the number of patients who achieved 
remission or complete remission [277]. 
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Randomized trials of combination therapy and 
Phase III trials in both CLL and AML are 
underway in all these diseases.

Oblimersen sodium is an 18-mer nuclease- 
resistant phosphorothioate antisense oligonucle-
otide designed to bind to the first six codons of 
the human Bcl-2 mRNA [278]. The use of oblim-
ersen in combination with chemotherapy in a 
variety of cancers has shown diverse response 
rates with good tolerability. In the Oblimersen 
Melanoma Study Group, the addition of oblim-
ersen to dacarbazine improved the multiple clini-
cal outcomes in patients with advanced melanoma 
and increased overall patient’s survival [279]. 
However, in a later prospective double-blind, 
placebo-controlled study, this combination did 
not significantly improve overall survival or 
progression- free survival in patients with 
advanced melanoma [280]. In another Phase III 
trial, the addition of oblimersen to fludarabine 
and cyclophosphamide significantly increased 
the complete response/nodular partial response 
rate in patients with relapsed or refractory CLL 
[281]. In the same study, a significant 5-year sur-
vival benefit was observed with oblimersen in 
combination with fludarabine and cyclophospha-
mide. Among patients with fludarabine-sensitive 
disease who had previously demonstrated maxi-
mum benefit with the same treatment, a 50% 
reduction in the risk of death was observed [282]. 
However, not all combination therapies produce 
desirable outcomes. In the Cancer and Leukemia 
Group B study 10107 (CALGB), although the 
combination of oblimersen and imatinib was safe 
and feasible, no clinical benefits were observed 
in imatinib-resistant chronic myeloid leukemia 
(CML) patients [283]. In a randomized Phase II 
study of carboplatin and etoposide with or with-
out oblimersen for extensive-stage SCLC 
(CALGB 30103), the addition of oblimersen to a 
standard regimen did not improve any clinical 
outcome measure [284]. A randomized study of 
dexamethasone with or without oblimersen 
sodium in patients with advanced multiple 
myeloma (MM) demonstrated no significant dif-
ferences in time to tumor progression or objec-
tive response rate [285].

Interestingly, in another Phase I study, the 
combination of oblimersen, temozolomide, and 
albumin-bound paclitaxel was well tolerated and 
demonstrated encouraging activity in patients 
with advanced melanoma, with objective 
response rate and disease control rate at 40.6% 
and 75%, respectively [286]. Some of the com-
mon adverse effects associated with oblimersen 
sodium administration include fatigue, transami-
nase elevation, and hematological disorders [287, 
288]. So far, the FDA has not approved this drug 
as there was lack of evidence that oblimersen 
inhibits Bcl-2  in CLL patients or that altering 
Bcl-2 is beneficial to them. In addition, adding 
oblimersen to standard chemotherapy has not 
provided significant improvement in time to pro-
gression, overall survival, or secondary endpoints 
although toxicity was increased [289]. Currently, 
there are no more new trials involving oblimersen 
listed in the NIH ClinicalTrials.gov website.

17.4.3  Proteasome Inhibitors

The proteasome is a multicatalytic enzyme com-
plex that degrades intracellular proteins by a tar-
geted and controlled mechanism. The 26S 
proteasome, a large protein complex, composes 
approximately 50 subunits that function as a 
highly specific molecular shredder by hydrolyz-
ing ubiquitinated proteins into small peptides 
[290]. The 26S proteasome can be further divided 
into two sub-complexes, a central 20S proteolytic 
core particle (CP) that is capped at either end by 
one or two 19S regulatory particles (19S RP). 
The 20S CP is the degradation unit and contains 
the active sites required to hydrolyze proteins 
into peptides [290]. On the other hand, the 19S 
RP controls the degradation of ubiquitin-tagged 
substrates by acting as a receptor for poly- 
ubiquitinated proteins and facilitating their ATP- 
dependent translocation into the catalytic 
chamber of the 20S CP [290].

The ubiquitin-proteasome pathway (UPP) is 
responsible for proteolytic degradation of the 
majority of damaged and misfolded proteins 
within the eukaryotic cell. The UPP is essentially 
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important for controlled degradation of key regu-
latory proteins involved in a wide variety of cel-
lular functions such as apoptosis [291], cell cycle 
control, proliferation [292], and transcriptional 
regulation [293]. However, overactivity of the 
UPP results in an accelerated turnover of proteins 
that regulate the cell cycle, leading to a deregu-
lated mitosis, thereby supporting cancer growth 
[294]. A defect in the proteasome function is 
associated with the development of different dis-
eases such as neurodegenerative disorders, car-
diovascular and rheumatoid diseases, and 
cachexia, but not cancer, suggesting that cancer 
cells use the proteasome for their survival [295]. 
In humans, three deubiquitinases (DUBs) are 
associated with the 19S RP.  Two of these 
(UCHL5/Uch37 and USP14/Ubp6) are cysteine 
proteases and members of the ubiquitin 
C-terminal hydrolases (UCH) and ubiquitin- 
specific proteases (USP) families, respectively. 
The expression of the cysteine DUBs UCHL5 
and USP14 is also deregulated in cancer. 
Activities of UCHL5 (along with several other 
DUBs) are found to be enhanced in tumor biop-
sies of cervical carcinoma when compared to 
adjacent normal tissues [296].

The transcription factor NF-κB is inactive in 
the cytoplasm under normal conditions and is 
activated when its binding partner, IκBα, is 
degraded by the proteasome. Constitutive NF-κB 
activity has been observed in a variety of tumors 
including MM; sustained activity of NF-κB may 
lead to aberrant expression of target genes pro-
moting tumor cell proliferation and survival 
[297]. Bcl-2 is identified as a key target of NF-κB 
in B-cell lymphoma [298]. NF-κB, a centrally 
important transcription factor involved in 
immune and inflammatory cellular responses 
affecting both cell growth and survival, appears 
to be pivotally involved in the pathogenesis of 
aggressive lymphoid malignancies [299]. As a 
result, the inhibition of proteasome function 
serves as an important mechanism in anticancer 
therapy. Proteasome inhibitors have recently 
emerged as an interesting and potentially new 
group of chemotherapeutic agents for various 
human cancers, including breast, prostate, and 

lung carcinomas, which function in part by stabi-
lizing the IκBα protein and, finally, inhibiting 
NF-κB activation [119, 300]. Preclinical studies 
have shown that the proteasome inhibitor, bort-
ezomib, decreases proliferation, induces apopto-
sis, enhances the activity of chemotherapy and 
radiation, and reverses chemoresistance in a vari-
ety of hematologic and solid malignancy models 
in vitro and in vivo [301]. Bortezomib is a novel 
synthetic dipeptide boronic acid that reversibly 
inhibits the chymotryptic-like activity, and to a 
lesser extent, the caspase-like activity of the β5- 
and β1-subunits, of the 20S CP [302].

However, the role of NF-κB as a key determi-
nant of bortezomib-induced cytotoxicity is rather 
controversial, as several studies have shown that 
direct inhibition of NF-κB signaling is insuffi-
cient to induce apoptosis in bortezomib-sensitive 
cells [303–305]. Recent studies also found that 
bortezomib exerts no inhibition of constitutive 
NF-κB activity in MM or mantle cell lymphoma 
cells [306, 307]. Results of the genome-wide 
siRNA screen performed by Chen and coworkers 
showed that bortezomib induces cell death by 
interfering with ribosome function and DNA 
damage pathways and through deregulation of 
Myc signaling [308]. A separate screen by Zhu 
and coworkers demonstrates that knockdown of 
cyclin-dependent kinase 5 (CDK5), as well as a 
number of other genes, potentiated bortezomib- 
induced cytotoxicity in MM cells [309]. In addi-
tion, proteasome inhibitors are also potent 
inducers of endoplasmic reticulum (ER) stress 
[304, 310]. Acute ER stress response caused by 
proteasome inhibition results in apoptosis [310]. 
In addition to ER stress, several reports indicate 
that proteasome inhibitors induce the rapid pro-
duction of ROS, known to be involved in apop-
totic signaling [304, 311, 312].

Bortezomib (Velcade®; Millennium 
Pharmaceuticals, Inc., Cambridge, MA, and 
Johnson & Johnson Pharmaceutical Research 
and Development, L.L.C.) is the first protea-
some inhibitor approved by the U.S. Food and 
Drug Administration (FDA) in 2005 for the 
treatment of progressive MM in patients who 
have received at least one prior therapy [313]. 
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The drug was later approved for the treatment 
of mantle cell lymphoma, a lymphoid malig-
nancy derived from mature B-cells [314–316]. 
The regulatory approval of bortezomib was 
based on its efficacy and safety in a large, 
international, multicenter Phase III prospective 
study [313]. This randomized, open-label trial 
compared single-agent bortezomib with single 
agent, high-dose dexamethasone in patients 
with progressive MM after at least one prior 
therapy [317]. Bortezomib manifested signifi-
cant efficacy and safety, supported by an 
improved response rate, including achieving 
near complete responses [313, 317]. 
Subsequently, further Phase I and II trial results 
produced encouraging prospects. In a retro-
spective study [based on data from Phase II 
(SUMMIT or CREST) or Phase III (APEX) 
registration studies] to clarify the utility of 
bortezomib as a repeat therapy, bortezomib 
retreatment was safe and effective in patients 
with relapsed MM [318]. In a separate Phase I/
II trial, weekly bortezomib plus oral cyclo-
phosphamide and prednisone produced more 
than 50% complete response rate and an 
encouraging 1-year survival in relapsed/refrac-
tory patients with MM [319]. A regimen con-
sisting of bortezomib,  cyclophosphamide, and 
dexamethasone as induction therapy in previ-
ously untreated MM patients is also proven to 
be effective and tolerable, suggesting that this 
drug combination induces high response rates 
independently of cytogenetic risk status [320]. 
The survival benefit with bortezomib induc-
tion/maintenance compared with classical 
cytotoxic agents in MM is  also demonstrated 
in  the Dutch-Belgian Cooperative Trial 
Group  for Hematology Oncology Group-65/
German-speaking Myeloma Multicenter 
Group-HD4 (HOVON-65/GMMG-HD4) Phase 
III trial [321].

Updated results of a multicenter Phase II 
PINNACLE study of bortezomib in patients with 
relapsed or refractory mantle cell lymphoma 
indicate that single-agent bortezomib is associ-
ated with lengthy responses and notable survival 
in these patients [315]. On the other hand, bort-

ezomib in combination with rituximab, cyclo-
phosphamide, bortezomib, and dexamethasone is 
also proven to be an effective regimen in relapsed 
low-grade and mantle cell lymphoma [322]. In 
addition, combination with cladribine and ritux-
imab was demonstrated to be effective in both 
advanced relapsed or refractory mantle cell lym-
phoma and indolent non-Hodgkin lymphoma 
[323]. However, clinical trials using bortezomib 
in combination with other chemotherapy drugs in 
cancers such as HL [324], advanced solid tumors 
such as breast, ovarian and prostate [325], and 
metastatic gastroesophageal cancer [326] lacked 
favorable outcomes. In a recent trial, although 
daily subcutaneous dose-dense daily regimen of 
bortezomib showed a dose-dependent plasma 
exposure with evidence of target inhibition and 
preliminary signs of clinical activity in solid 
tumors, the study outcome was limited by cumu-
lative neurological toxicity such as asthenia, 
anorexia, or ataxia [327]. In another study to 
evaluate the impact of the addition of bortezomib 
to rituximab, cyclophosphamide, doxorubicin, 
vincristine, and prednisone (R-CHOP) on previ-
ously untreated patients with non-germinal cen-
ter B-cell-like (non-GCB) diffuse large B-cell 
lymphoma (DLBCL), clinical outcomes were not 
significantly improved by adding bortezomib 
[328]. Interestingly, a Phase II trial which 
 evaluated the efficacy of bendamustine, bortezo-
mib, and rituximab in patients with previously 
untreated low-grade lymphoma revealed that the 
treatment regimen was well tolerated and pro-
duced high response rates [329].

It is clear that although bortezomib has potent 
anti-multiple myeloma activity, not all patients 
responded to bortezomib, and most responders 
ultimately relapsed [330, 331]. To date, however, 
no marker(s) has been identified and validated in 
a manner that would allow clinical use and distin-
guish patients likely to respond to bortezomib 
treatment from those who would not [330]. The 
most common adverse events are gastrointestinal 
symptoms, fatigue, thrombocytopenia, and sen-
sory neuropathy, which comprised a major rea-
son of treatment discontinuation [332]. Despite 
the clinical success of bortezomib in MM and 
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mantle cell lymphoma, resistance to this drug 
remains a clinically significant problem. For 
example, in studies of bortezomib in relapsed 
refractory patients [331, 332], almost all respond-
ing patients ultimately experienced disease pro-
gression. Even when bortezomib was used as a 
single agent in newly diagnosed patients, 52% 
did not achieve a partial response or a better out-
come [333]. Furthermore, the clinical responses 
to bortezomib in other hematologic malignancies 
and solid tumors remain low [331, 334]. Currently 
there are over a hundred clinical trials involving 
bortezomib either as a single agent or in combi-
nation with other chemotherapy drugs in the 
stage of recruiting, and about a quarter of those 
trials are Phase III trials.

There are accumulating evidences which sup-
port the potential of proteasome inhibitors as 
immunosuppressants. Proteasome inhibitors are 
found to interfere with antigen processing and 
presentation, as well as with the signaling cas-
cades involved in immune cell function and sur-
vival, and these agents can be used to reduce 
antibody production and thus prevent antibody- 
induced tissue damage. Although several clinical 
studies have explored the potential of bortezomib 
for treating immune disorders, such as antibody- 
mediated organ rejection and graft-versus-host 
disease (GVHD), and systemic lupus erythema-
tosus, study outcomes were often limited by 
either bortezomib toxicity or lack of improve-
ment [335–338].

Carfilzomib (previously known as PR-171) is 
a tetrapeptide epoxyketone-based irreversible 
proteasome inhibitor, more potent and selective 
and produces more sustained inhibition of the 
proteasome [339, 340]. It has been approved by 
the FDA in 2012 for the treatment of MM. This 
inhibitor differs structurally and mechanistically 
from bortezomib. Carfilzomib functions by irre-
versibly inhibiting chymotrypsin-like activity of 
the proteasome, whereas bortezomib, a boronic 
acid dipeptide, inhibits the chymotrypsin-like 
activity of the 26S proteasome in a reversible 
manner [341]. The pivotal efficacy study was 
PX-171-009 (ASPIRE), a randomized, multi-
center, Phase III study to compare the efficacy 

and safety of carfilzomib with lenalidomide and 
dexamethasone versus lenalidomide and dexa-
methasone alone in patients with relapsed MM 
[342]. The ASPIRE study found that the addition 
of carfilzomib to lenalidomide and dexametha-
sone (carfilzomib group) significantly improved 
progression-free survival (PFS) and has a favor-
able benefit-risk profile as compared with 
lenalidomide and dexamethasone alone (control 
group) in patients with relapsed MM [343]. 
Similar efficacy was reported in Japanese 
patients with MM [344]. The addition of carfil-
zomib to the reference regimen has shown effi-
cacy, clinically meaningful and statistically 
significant improvement in the primary endpoint 
of PFS [341]. Carfilzomib and dexamethasone 
regimen is also reported to be more cost-effec-
tive as compared with bortezomib and dexa-
methasone for relapsed/refractory multiple 
myeloma [345]. A head-to-head comparison of 
these two proteasome inhibitors in a Phase 3, 
open-label, randomized controlled trial in 
patients with relapsed or refractory multiple 
myeloma (ENDEAVOR trial) indicated  that 
carfilzomib  produces  clinically meaningful 
reduction in the risk of death as compared with 
bortezomib [346]. The carfilzomib- 
dexamethasone regimen is also found to be supe-
rior to bortezomib-dexamethasone regardless of 
cytogenetic risk [347]. Combination of carfilzo-
mib with alkylating agent such as cyclophospha-
mide is  found to be effective in patients with 
transplant-ineligible myeloma as well as newly 
diagnosed MM [348, 349]. Currently various 
combinations of carfilzomib with other chemo-
therapy agents such as irinotecan in irinotecan- 
sensitive malignancies and isatuximab in MM in 
different phases of trials are ongoing. Other clin-
ical studies are currently exploring the potential 
benefit of this drug in patients with relapsed 
AML or acute lymphoblastic leukemia (ALL).

The development of carfilzomib, a second- 
generation protease inhibitor, represented signifi-
cant progress toward a less neurotoxic and 
potentially more efficacious treatment as com-
pared with bortezomib. While the incidence of 
grade 3 peripheral neuropathy is markedly dimin-

17 Apoptosis and Cancer



326

ished with carfilzomib, other aspects of the bort-
ezomib toxicity, including thrombocytopenia, 
lymphopenia, and fatigue, persisted [350]. 
However, the dosing frequency and the need for 
parenteral delivery undoubtedly increase the 
degree of inconvenience when incorporating 
these two agents into treatment plans [350]. 
Ixazomib is the first orally bioavailable option for 
the treatment of refractory/relapsed MM.  The 
results of the TOUMALINE-MM1 trial paved 
the way for the approval of ixazomib by the US 
FDA in November 2015 for the treatment of 
RRMM in combination with lenalidomide and 
dexamethasone [351]. However, there is limited 
direct evidence that ixazomib retains the 
improved outcomes bortezomib has produced in 
high-risk disease associated with del(17p) and 
t(4;14) mutations [350]. The exact role for ixazo-
mib remains to be established, although there are 
indications that it may be the ideal choice for 
maintenance regimens.

17.4.4  Inhibitor of Apoptosis Protein 
(IAP) Antagonists

During apoptosis, natural IAP antagonists such 
as Smac/DIABLO and HtrA2/Omi translocate 
from the mitochondria and inactivate IAPs to 
facilitate caspase activation and cell death. Smac/
DIABLO and HtrA2/Omi promote apoptosis by 
antagonizing the IAPs, such as X-IAP, cIAP-1, 
and cIAP-2, which are often upregulated in many 
cancer cells [352]. X-IAP is a potent direct inhib-
itor of caspase-3, caspase-7, and caspase-9 [353]. 
Smac/DIABLO contains an IAP-binding motif 
which forms the basis for the design of the novel 
class of anticancer drugs named Smac mimetics 
[354]. Peptides that mimic Smac/DIABLO func-
tions are capable of inducing death or increasing 
the apoptotic effect of chemotherapeutic agents 
[62, 352]. In a preclinical study, the synthesized 
Smac/DIABLO-N7 peptides are  found to 
increase the apoptosis-inducing potential of che-
motherapeutic drugs (paclitaxel, doxorubicin, 
and tamoxifen) and irradiation; in addition, they 
sensitize TRAIL-resistant cells to undergo apop-
tosis [355].

Currently, there are several Smac mimetics 
undergoing evaluation in early clinical trials as 
cancer therapeutics, including both monovalent 
compounds, which contain one Smac-mimicking 
moiety (i.e., LCL161, GDC-0917/CUDC-427, 
and AT-406/Debio1143) and bivalent agents that 
are composed of Smac-mimicking elements con-
nected via a chemical linker (i.e., TL32711/biri-
napant and HGS1029). Monovalent and bivalent 
Smac mimetics differ in their pharmacologic 
properties; bivalent compounds are administered 
intravenously, whereas monovalent compounds 
are orally bioavailable [356]. AEG35156, an 
X-IAP antisense oligonucleotide, is the first IAP 
antagonist that has advanced to human clinical 
trial. In a randomized Phase II trial of patients 
with primary refractory AML, the addition of 
AEG35156 to idarubicin and cytarabine did not 
improve the rate of remission as compared with 
the control arm consisting of cytarabine and ida-
rubicin alone [357, 358]. The mRNA level of 
X-IAP was not determined in this study; there-
fore, whether efficient knockdown of X-IAP 
mRNA was achieved in this Phase II trial remains 
unknown [357]. Later studies on metastatic pan-
creatic ductal adenocarcinoma also did not pro-
duce significant clinical activity [359]. In 
combination with sorafenib in patients with 
advanced hepatocellular carcinoma, benefit on 
PFS was moderate [360]. Some trials were termi-
nated due to toxicity and failure to reach 
endpoints.

A Phase I report of another novel IAP antago-
nist, LCL161, indicated that this orally bioavail-
able agent was well tolerated in patients with 
advanced cancer. However, no objective 
responses were observed, despite the fact that 
LCL161 treatment resulted in target inhibition, as 
shown by cIAP-1 degradation and cytokine 
induction [361]. Cytokine release syndrome, 
including increased levels of TNF-α in the circu-
lation of patients that were treated with LCL161, 
was identified in a recent Phase I study as a dose- 
limiting toxicity [362]. Several Phase I/II studies 
of LCL161 in combination with paclitaxel or 
topotecan in advanced solid tumors have been 
completed but are yet to be published. New stud-
ies involving combination therapies with other 
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chemotherapeutic drugs in MM and solid tumors 
are currently recruiting patients. Two other small- 
molecule IAP antagonists, HGS1029 and 
TL32711, were also reported to be well tolerated 
in Phase I studies and have produced some evi-
dence of antitumor activity as well as suppression 
of cIAP-1 level [363, 364]. However, dose- 
limiting toxicity after administration of HGS1029 
was observed in about one-third of patients, 
including elevations of aspartate transaminase, 
amylase, or lipase, and fatigue [363]. TL32711 or 
birinapant in two published trials was reported to 
be well tolerated and exhibited some evidence of 
antitumor activity [365].

Survivin is a dual functional protein acting as 
a critical inhibitor of apoptosis (IAP) and key 
regulator of cell cycle progression [366]. Survivin 
is overexpressed in many human tumors and has 
been recognized as a biomarker. Increased sur-
vivin usually correlates with poor clinic outcome, 
tumor recurrence, and therapeutic resistance 
[367–370]. Survivin is an unconventional drug 
target, and several indirect approaches have been 
explored to manipulate its function and the phe-
notype of survivin-expressing cells. Interference 
with the expression of the survivin gene, the uti-
lization of its messenger RNA, its intracellular 
localization, its interaction with binding partners, 
its protein stability, and the induction of survivin- 
specific immune responses are some of the strate-
gies. Some of the therapeutics under investigation 
to target survivin are the low molecular weight 
molecules, antisense oligonucleotides, siRNA, 
ribozymes, and immunotherapy [371]. Examples 
include the use of the low molecular weight mol-
ecule inhibitor sepantronium bromide (YM155), 
the antisense oligonucleotide LY2181308, and 
survivin-directed autologous cytotoxic T lym-
phocytes (CTL). The optimum use of survivin 
inhibitors in the treatment of cancer is thought to 
be likely in combination with conventional can-
cer therapies for different cancers [372].

Sepantronium bromide (YM-155) is a novel 
small molecule which suppresses transactivation 
of survivin through direct binding to its promoter 
and selectively suppresses expression of survivin 
and induces apoptosis [373]. This drug has dem-
onstrated to be safe and to possess antitumor 

activity in Phase 1 studies [374, 375]. However, 
Phase II trials reported modest and limited single- 
agent activity of sepantronium in NSCLC and 
refractory diffuse large B-cell lymphoma, respec-
tively [376, 377]. In patients with stage III or IV 
melanoma, pre-specified primary endpoint was 
not achieved in a Phase II trial [378]. 
Unfortunately, combination of sepantronium 
with other chemotherapeutic drugs such as pacli-
taxel and carboplatin or docetaxel in various can-
cers also did not produce clinically significant 
results [379–382].

Gataparsen sodium (LY2181308), a novel 
2’-O-methoxymethyl modified antisense oligo-
nucleotide (2-MOE-ASO), is a specific inhibitor 
of survivin mRNA and is being investigated for 
efficacy in clinical trials in various groups of can-
cer patients [383]. It has been reported to be safe 
in the first-in-human Phase I study, although fur-
ther studies would be needed to assess its activi-
ties [384]. In the most recent studies, adding this 
drug to standard therapy in patients with NSCLC 
or prostate cancer failed to elicit a clinically sig-
nificant efficacy [385, 386]. Table 17.1 summa-
rizes the various drugs targeting the apoptosis 
pathways and the most recent clinical trial stages 
based on published reports as well as ongoing tri-
als listed in the NIH ClinicalTrials.gov website.

The crosstalk between apoptosis, ER stress, 
and autophagy signaling pathway and future 
directions of cancer therapeutics will be discussed 
in Chap. 18.

17.5  Concluding Remarks

Apoptosis-targeted therapy has been a critical 
and important approach in treating and managing 
cancer. Development of drugs that act either by 
harnessing the TRAIL pathway, by blocking the 
action of anti-apoptotic proteins, such as IAPs, 
small-molecule inhibitors (antisense oligonucle-
otides), or small interfering RNA and BH3 
mimetic, or by targeting the proteasomes  are 
robust strategies for use in cancer therapy. 
Although some of these drugs have not shown 
favorable trial outcomes, newer drug candidates 
such as navitoclax and CPT are potentially useful 
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and need to be explored further. Further under-
standing the underlying molecular events regulat-
ing not just apoptosis but concurrently with 
autophagy and ER stress may uncover novel tar-
geted interference of these cell death pathways.
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18.1  Introduction

The endoplasmic reticulum (ER) is an important 
organelle responsible for protein folding and 
modification and disturbances in the ER environ-
ment will lead to ER stress and subsequently 
causes accumulation of unfolded or misfolded 
proteins. Although ER stress activates the 
unfolded protein response (UPR) mechanism to 
reestablish ER homeostasis, unresolved ER stress 
can lead to cellular processes such as apoptosis or 
autophagy. In cancer, tumor cells are dependent 
on these processes to combat and neutralize the 
chronic stress and harsh conditions of the tumor 
microenvironment, leading to tumor survival and 
tumor expansion; hence, the ER stress response 
is thought to be cytoprotective. It is now known 
that ER stress, apoptosis, and autophagy share 
overlapping molecular pathways and can occur in 
parallel under similar conditions. Fundamental 
knowledge in these processes has also generated 
a great deal of insight into the pathophysiological 
aspects of cancer, and has provided important 
considerations in strategizing cancer pharmaco-
therapy. A number of drugs targeting these pro-
cesses have been developed and were proven to 
be promising in both preclinical and clinical 
studies.

18.2  Endoplasmic Reticulum 
Stress (ER Stress)

The ER is an intracellular organelle that provides 
crucial biosynthetic, stress-sensing, and signal-
ing functions in eukaryotic cells [1, 2]. It is the 
main subcellular compartment for the synthesis, 
folding, modification, and transport of proteins 
which are destined to be secreted or embedded in 
the plasma membrane [3, 4]. The ER is also the 
major site for the biosynthesis of steroid, choles-
terol, and lipid. It is the major intracellular cal-
cium (Ca2+) storage organelle in the cell, and thus 
plays an important role in calcium homeostasis 
and calcium-mediated signaling pathways [5]. 
Nascent proteins are folded and modified cor-
rectly in the ER before being transported via the 
Golgi apparatus to the cell surface or other desti-

nation. It is an orchestrated process involving 
folding, assembly, modification, quality control, 
and recycling of proteins in a highly oxidizing 
and calcium-rich ER environment. Proteins 
translocated into the ER lumen are folded into 
their proper three-dimensional shapes and modi-
fied and assisted by ER-resident enzymes, such 
as chaperones, glycosylating enzymes, and oxi-
doreductases [6–8]. Incomplete or misfolded 
forms are eliminated by quality control systems, 
including the ER-associated degradation (ERAD) 
pathway and autophagy [7, 9, 10].

Physiological and pathological conditions 
such as hypoxia, nutrient fluctuations, altered 
ER-calcium levels, oxidative injury, inflamma-
tion, and viral infections may disrupt the protein 
folding environment in the ER, causing the accu-
mulation of unfolded or misfolded proteins in the 
ER lumen [3]. This cellular condition is known as 
ER stress. ER stress leads to a complex intracel-
lular signal transduction pathway, known as 
unfolded protein response (UPR), an adaptive 
mechanism to reestablish ER homeostasis [5, 
11]. The UPR primarily aims at reestablishing 
ER homeostasis by coordinating temporal shut 
down in protein translation, upregulating ER 
chaperone genes to increase protein-folding 
capacity in the ER, and promoting ERAD path-
way to remove misfolded proteins [4, 5]. 
However, when the initial cellular responses fail 
to restore ER homeostasis, persistent ER stress 
will elicit an alternative response called the “ter-
minal UPR,” which actively promotes cell death 
to eliminate the damaged cells [7, 12, 13]. 
Activation of the UPR represents the defining cri-
terion of ER stress, although the terms UPR and 
ER stress are often used interchangeably [8].

18.3  Unfolded Protein Response 
(UPR)

The UPR in mammalian cells is governed by three 
transmembrane ER stress sensors, namely PERK 
(protein kinase RNA-like ER kinase), IRE1α 
(inositol-requiring enzyme 1α), and ATF6α (acti-
vating transcription factor 6α) [3]. In the absence 
of ER stress, the ER luminal domains of PERK, 
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IRE1α and ATF6α are associated with immuno-
globulin heavy chain binding protein known as 
BIP (also known as GRP78), where this interac-
tion maintains all three transmembrane proteins 
in their inactive state. BIP, a 78-kDa glucose-reg-
ulated protein, is well established as an ER chap-
erone that participates in protein folding and 
assembly and has been widely used as a marker 
for ER stress [14]. During ER stress, the accumu-
lating misfolded or unfolded proteins cause BIP 
to dissociate from the three transmembrane ER 
stress sensors, and subsequently bind to these 
misfolded or unfolded proteins. This is due to 
higher natural affinity of BIP to unfolded proteins 
compared with the ER stress sensor luminal 
domains [4]. The release of BIP causes the 
homodimerization, trans-auto- phosphorylation, 
and activation of both IRE1α and PERK and 
translocation of ATF6α to the Golgi apparatus and 
subsequent activation [8, 12, 15].

Activated PERK phosphorylates eukaryotic 
translation initiator factor 2α (eIF2α) and attenu-
ates general protein translation, thereby relieving 
the protein burden on the stressed ER by reducing 
new protein synthesis and preventing further 
accumulation of unfolded proteins. 

Phosphorylation of eIF2α also regulates transla-
tion via inhibition of rRNA synthesis [5, 8]. 
Paradoxically, eIF2α phosphorylation allows 
selective translation of activating transcription 
factor 4 (ATF4), a transcription factor that con-
trols the expression of genes encoding ER chaper-
ones (e.g., BIP and GRP94), autophagy, and 
apoptosis [16, 17]. ATF4 favors the expression of 
antioxidant response, amino acid biosynthesis, 
and transport genes to sustain cell survival [4]. 
Depending on the severity and duration of stress, 
PERK activation can lead to either survival or cell 
death [18, 19]. Figure  18.1 illustrates the UPR 
pathway upon exposure to moderate ER stress.

During prolonged ER stress, ATF4 stimulates 
the transcription of DNA-damage-inducible tran-
script 3 (DDIT3; also known as CHOP [CCAAT/
enhancer binding protein homologous transcrip-
tion factor] or GADD153 [growth arrest and DNA 
damage-inducible gene 153]), a transcription fac-
tor that is activated by all three arms of the UPR 
[5]. DDIT3 itself is a transcription factor that is 
critical in supporting the ER stress-induced apop-
totic program [20]. In addition to its prodeath 
functions, DDIT3 participates in relieving the 
general block on translation via induction of 

Fig. 18.1 The UPR pathway upon exposure to moderate ER stress
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growth arrest and DNA damage-inducible protein 
34 (GADD34). GADD34 activates protein phos-
phatase 1 alpha (PP1A) to dephosphorylate eIF2α 
and dephosphorylated eIF2α resumes its function 
in general translation. If the protein folding capac-
ity of the ER has not been reestablished, a prema-
ture restoration of protein synthesis will increase 
protein load in the stressed ER, thus amplifying 
the damage [5, 8]. Although eIF2α phosphoryla-
tion is downregulated during prolonged ER stress, 
PERK signaling is sustained, possibly to sensitize 
cells to cell death via DDIT3 induction [17]. 
Figure  18.2 illustrates the UPR pathway during 
severe and prolonged ER stress.

Similar to PERK, the release of BIP allows 
IRE1α to undergo dimerization and autophos-
phorylation. IRE1α is a bifunctional molecule 
with serine/threonine protein kinase and endori-
bonuclease (RNase) activity in its cytosolic 
domain [8]. Hence, this process leads to the acti-
vation of its cytosolic RNase domain, which 
removes a 26-nucleotide intron from the mRNA 
encoding the transcription factor X box-binding 
protein 1 (XBP1), producing mature spliced 
XBP1 mRNA. The spliced XBP1 mRNA is sub-
sequently translated into an active and stable 
transcription factor, termed spliced XBP1 
(XBP1s). XBP1s regulates the transcription of 

Fig. 18.2 The UPR pathway and ER stress-Ca2+ signaling during severe and prolonged ER stress and antitumor 
targets
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several genes involved in protein folding and 
quality control, ERAD, and phospholipid synthe-
sis [21, 22]. ERAD is a process where misfolded 
proteins are retro-translocated from ER to the 
cytosol to be degraded by the 26S proteasome. 
Meanwhile, phospholipid synthesis is required 
for ER membrane expansion during ER stress [5, 
11]. Through a process known as regulated IRE1- 
dependent decay (RIDD) of mRNA, IRE1 RNase 
domain degrades a subset of mRNAs encoding 
certain proteins of the secretory pathways and 
proteins located in the ER [11, 16].

Upon severe ER stress, XBP1s upregulates the 
expression of DDIT3 [5]. On the other hand, pro-
longed activation of IRE1α recruits the adaptor 
molecule TNF receptor-associated factor 2 
(TRAF2), which further recruits apoptosis signal 
regulating kinase 1 (ASK1). This leads to a 
mitogen- activated protein (MAP) kinase activa-
tion cascade that activates c-jun N-terminal 
kinase (JNK) and p38 mitogen-activated protein 
kinase (p38 MAPK) which further activates BIM 
and cause the  inactivation of BCL-2 [3, 5, 23]. 
However, IRE1α is turned off upon prolonged 
ER stress, leading to ablation of the prosurvival 
XBP1s expression. Attenuation of IRE1α signal-
ing is one possible mechanism to explain the 
transition from the adaptive UPR to prodeath 
events [11, 17] (Fig. 18.2).

ATF6α, a type II transmembrane protein, 
translocates to the Golgi apparatus once released 
from BIP, where it is proteolytically cleaved to 
generate a transcriptionally active fragment, 
termed ATF6f transcription factor. ATF6f medi-
ates the adaptive response to ER protein misfold-
ing by increasing the transcription of genes that 
increase ER capacity and the expression of Xbp1 
[24, 25]. The transcription target of ATF6f 
includes genes involved in ERAD, phospholipid 
synthesis, and ER chaperones, thereby enhancing 
cellular folding and degradation capacity [8, 16, 
17] (Fig. 18.1). ATF6f also contributes to upregu-
lation of DDIT3 during prolonged ER stress [5] 
(Fig. 18.2).

Taken together, the three UPR transcription 
factors, ATF4, XBP1s and ATF6f, regulate a large 
set of partially overlapping UPR target genes dur-
ing ER stress which modulates adaptation to 

stress or the induction of cell death under severe 
conditions [11]. The mechanisms underlying the 
switch from adaptive phase to prodeath events are 
still unclear, although it could be possibly through 
programs that sense the duration of the ER stress 
condition [17]. If the UPR is successful to increase 
the protein folding capacity and reduce the 
amount of misfolded proteins in the ER, BIP reas-
sociates with PERK, IRE1α, and ATF6α, thereby 
inactivating these signaling modules. However, in 
case of excessive or prolonged ER stress, signal-
ing pathways leading to cell death, either as apop-
tosis or autophagy, would be initiated [5, 8]. In 
certain situations, UPR may upregulate the 
autophagy machinery to eliminate damaged ER 
and abnormal protein aggregates [11]. In this con-
text, autophagy is activated as an adaptive mecha-
nism to reestablish ER homeostasis. However, if 
autophagy reaches a point of no return, cell death 
will be triggered. Therefore, just like in the case of 
UPR, persistent ER stress switches the cytopro-
tective functions of autophagy to cell death-pro-
moting mechanisms [5, 26].

18.4  ER Stress and Cell Death

Several signaling pathways leading to apoptosis 
and autophagy would be initiated if ER stress is 
too severe to be relieved [27]. DDIT3 plays an 
important role in ER stress-induced cellular death, 
as this factor is a target gene common to all three 
apical ER stress sensors/executioners [1]. Duration 
and/or strength of PERK signaling may determine 
whether prosurvival or prodeath outcome predom-
inates. Transient PERK signaling protects cells by 
temporarily reducing protein synthesis and thus 
reducing misfolded protein levels in the ER, but 
may be insufficient to induce DDIT3 to threshold 
level, given DDIT3’s inherent mRNA and protein 
instability. Since DDIT3 mRNA and protein have 
short half-lives, a strong and chronic activation of 
PERK is necessary to increase steady-state level of 
DDIT3 to promote cell death [28]. Persistent 
PERK signaling during prolonged ER stress is 
known to impair cell proliferation and promotes 
apoptosis via DDIT3 [29]. DDIT3 represses 
BCL-2 expression, upregulates BCL-2-interacting 
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mediator of cell death (BIM) transcription, and 
promotes translocation of BAX to mitochondria 
[30–32]. It is also known to bind and induce the 
promoters of p53 upregulated modulator of apop-
tosis (PUMA), lipocalin 2 (LCN2), tribbles homo-
logue 3 (TRIB3), and death receptor 5 (DR5) 
[33–37].

As a mediator of the mitochondrial apoptotic 
pathway, PUMA is known to result in the dis-
placement and activation of BAX/BAK through 
its binding to antiapoptotic BCL-2 proteins, lead-
ing to mitochondrial dysfunction and caspase 
activation, hence initiating apoptosis [38, 39]. 
LCN2 is known to exacerbate hypoxia-induced 
cytochrome c release from mitochondria and cas-
pase- 3 activation [40]. Meanwhile, TRIB3 
induces both apoptosis and autophagy. It indi-
rectly activates unc-51-like autophagy-activating 
kinase1 (ULK1) which augments autophago-
some formation and reduces autophagy flux. 
TRIB3 levels inhibit the activity of the kinase Akt 
by interacting with it and activating forkhead box 
O1 (FoxO1), a transcription factor that is nega-
tively regulated by Akt, where it is translocated to 
the nucleus, and induces the proapoptotic gene, 
BIM [41]. It is also noted that DDIT3-mediated 
DR5 induction is responsible for ER stress apop-
tosis via caspase 8 [42]. PERK-dependent activa-
tion of ATF4 and DDIT3 has been demonstrated 
to upregulate the transcription of a set of autoph-
agy genes, which are implicated in the formation, 
elongation, and function of the autophagosome 
[43].

In addition, IRE1α promotes cell death by 
recruiting a TRAF2-ASK1 complex, leading to 
the activation of JNK and p38 MAPK cascades 
upon prolonged ER stress. JNK promotes apop-
tosis through the phosphorylation-mediated reg-
ulation of Bcl-2 family members [5, 31, 44]. JNK 
exerts its proapoptotic effect by activating pro-
apoptotic BH3-only protein BIM and by sup-
pressing the antiapoptotic BCL-2 [5]. The p38 
MAPK also phosphorylates and suppresses the 
antiapoptotic BCL-2 protein [45]. BCL-2 not 
only functions as an antiapoptotic protein, but 
also acts as an antiautophagy protein via its 
inhibitory interaction with BECN1. Both JNK 
and p38 MAPK have been proposed to induce 

autophagy by promoting dissociation of BECN1 
from BCL-2. BECN1 is an essential autophagy 
regulator that participates in autophagosome for-
mation [5, 45, 46]. In addition, p38 MAPK is 
known to phosphorylate DDIT3 and enhances 
DDIT3’s ability to function as a transcriptional 
activator [5, 47] (Fig.  18.2). The apoptosis- 
inducing activity of the third arm of UPR, ATF6α, 
has not been widely recognized. This is at least 
partly due to the fact that ATF6α does not induce 
apoptosis in cell lines commonly used in research. 
However, it has been shown that ATF6f mediates 
apoptosis via suppression of antiapoptotic pro-
tein, myeloid cell leukemia sequence 1 (Mcl-1) 
[48].

The mechanisms underlying the switch from 
adaptive phase to prodeath events remain elusive, 
although several hypotheses were suggested. The 
expression of the transcription factor DDIT3 is 
thought to be a decisive effector of the switch 
between adaptive UPR to cell death and the dura-
tion and amount of elevated DDIT3 level were 
hypothesized to be the decisive factor in deter-
mining the cell’s fate [26]. Upon severe ER stress, 
ATF4, XBP1s, and ATF6f transcription factors 
induce the transcription of DDIT3. On the other 
hand, PERK/eiF2α/ATF4 branch is essential to 
upregulate DDIT3 protein expression. The tran-
scriptional activity of DDIT3 is then enhanced 
through the phosphorylation by p38 MAPK [5, 
31]. Prolonged high level of DDIT3 protein 
expression is considered an indicator of the 
switch to proapoptotic module [8]. DDIT3 alters 
the balance between prosurvival and proapop-
totic Bcl-2 family members and thus promotes 
apoptosis through the mitochondrial pathway. In 
addition, a molecular switch to cell death events 
could also involve TRIB3, a downstream tran-
scriptional target of DDIT3. TRIB3 binds directly 
to prosurvival Akt kinase, thereby preventing its 
phosphorylation and reducing its kinase activity. 
During severe or persistent ER stress, induction 
of TRIB3 would be more robust, leading to 
autophagy and apoptosis through TRIB3- 
mediated inhibition of Akt/mTOR axis [5, 31, 49, 
50] (Fig. 18.2).

In fact, IRE1α activities, namely (1) XBP1 
mRNA splicing, (2) regulated IRE1-dependent 
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decay of mRNAs, and (3) JNK/p38 MAPK acti-
vation, are also thought to be responsible for the 
life/death switch under prolonged ER stress con-
ditions [51, 52]. Recently, the role of E2F1 has 
been described as a potential mechanistic sur-
vival/death switch under ER stress conditions [4, 
53]. E2F1 is a member of the E2F family of tran-
scription factors involved in several cellular func-
tions such as proliferation, differentiation, and 
cell death [54, 55]. Upon ER stress induction, 
E2F7 as one of XBP1 target gene has been dem-
onstrated to be positively regulated and the com-
bined activity of E2F7 and activated ATF6 results 
in a specific but timely downregulation of E2F1 
expression. This results in the removal of E2F1- 
dependent basal inhibition of both PUMA and 
NOXA that will induce the apoptotic program 
[4]. Timely and coordinated expression levels of 
E2F1 are crucial for determining the survival/
death cell fate under ER stress conditions [4].

In addition to the three UPR branches, ER 
stress-Ca2+ signaling also leads to cell death dur-
ing severe and prolonged ER stress. As ER is the 
major intracellular calcium storage organelle in 
the cell, ER stress activation is frequently accom-
panied by calcium release into the cytosol, caus-
ing an increase in cytosolic free calcium ions. 
Increases in cytosolic calcium concentration 
upon treatment with different ER stress inducers 
lead to calcium/calmodulin-dependent kinase 
kinase-β (CaMKKβ)-dependent activation of 
AMPK, that ultimately leads to inhibition of 
mTOR and stimulation of autophagy [5, 56]. In 
addition, mitochondrial intake of calcium ions 
following its release into the cytosol from the ER 
causes a collapse in the inner mitochondrial 
transmembrane potential (ΔΨm). A long-lasting 
or permanent ΔΨm dissipation is often associ-
ated with cell death [57, 58].

18.5  ER Stress in Cancer 
and Therapeutic Strategies

Tumor cells are often present within a hostile 
microenvironment and are confronted with 
chronic metabolic stress conditions. Following 
initiation of malignancy, poor vascularization of 

the tumor mass leads to stressful conditions in the 
tumor microenvironment, including low oxygen 
supply, nutrient deprivation, and pH changes. 
Therefore, many tumor types are thought to be 
dependent on an adaptive UPR to combat and 
neutralize the chronic stress and harsh conditions 
of the tumor microenvironment [5, 26, 44]. On 
the other hand, most normal cells are not sub-
jected to stress and their UPR pathways are in an 
inactive state [44].

Both UPR activation and upregulation of BIP 
represent hallmark of several human cancers. 
UPR activation enables cancer cells to survive, 
adapts to adverse environmental conditions, and 
leads to growth arrest driving dormancy, which 
promotes resistance to conventional chemother-
apy [59–62]. In addition, there are emerging evi-
dences that linked mutations in three sensor genes 
such as ATF6α, IRE1α, and PERK in tumorigen-
esis [63–66]. The presence of missense, nonsense, 
and silent mutations in these genes seems to have 
tumor- or tissue-specific significance.

While BIP is generally too low to be detected 
in normal cells, many tumor cell lines display per-
manently elevated levels of BIP, which reflects the 
cancer cells’ ongoing effort to neutralize the 
chronic stress within the cells [26]. Elevated BIP 
is among the critical prosurvival mechanisms of 
tumor cells to withstand and thrive under detri-
mental microenvironmental conditions [8]. 
Similar to BIP, IRE1α/XBP1 signaling pathway is 
important for tumor growth and survival under 
stress conditions. An increase in XBP1 expression 
and splicing has been demonstrated in various 
human cancers, including breast cancer. Moreover, 
sustained IRE1α signaling was shown to enhance 
cell survival and proliferation [44, 67]. PERK/
eif2α/ATF4 pathway also plays a role in cancer 
progression during stress condition. Hypoxia 
induces activation of the PERK pathway in tumor 
cells as an adaptive response to promote survival 
under hypoxic conditions. ATF4 is overexpressed 
in many solid tumors and is involved in promoting 
proliferation and survival during nutrient depriva-
tion and severe hypoxia [44, 67].

In addition, several ER stress-associated 
markers are specifically upregulated in both neu-
roblastoma and melanoma cells under ER stress 
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conditions [68]. DDIT3 and four other genes 
associated with ER stress were induced greater 
than twofold, namely ERdj5 (PDIA19; an 
ER-resident protein containing DnaJ and thiore-
doxin domains), ERp57 (GRP58; PDIA3; an 
ER-resident protein disulfide isomerase), calre-
ticulin, and calnexin (both ER-resident chaper-
ones) [68]. Protein disulfide isomerase (PDI) 
family members such as ERdj5 and ERp57 are 
consistently upregulated in neuroectodermal 
tumors and a generalized inhibition of PDI activ-
ity revealed a significant sensitization of tumor 
cells to ER-stress apoptosis. PDIs are endoplas-
mic reticulum chaperone proteins, catalyze disul-
fide bond breakage, formation, and rearrangement, 
and are required for protein folding in the endo-
plasmic reticulum (ER). The observation that 
knockdown of ERdj5 or ERp57 enhanced the 
extent of cell death induced by chemotherapeutic 
drugs suggests that downregulating ER stress 
responses may be therapeutically valuable; the 
ER resident proteins ERdj5 and ERp57 may thus 
be anticancer targets and PDI inhibition in gen-
eral appears to be a novel therapeutic strategy 
[68–70]. Recently, there are a few synthetic small 
molecule PDI inhibitors such as PACMA31, 
16F16, and CCF642 which have proven efficacy 
in cancer models, but have yet to progress to clin-
ical studies [69, 71–73].

Since tumor cells engage adaptive UPR, only 
a small margin is left for the tumor cells to 
accommodate additional ER stress. Drugs that 
aggravate the preexisting ER stress condition in 
tumor cells may cause a shift from adaptive UPR 
to severe ER stress, leading to cell death. At the 
same time, exposure to ER stress-inducing agents 
causes activation of adaptive UPR in normal 
cells. Thus, moderate intensity ER stress induc-
ers would be required to sufficiently aggravate 
ER stress in tumor cells, but at the same time, 
only modestly trigger ER stress in normal cells, 
in order to produce tumor-selective cytotoxic 
outcome. It was hypothesized that exceptionally 
potent pharmacologic triggers of ER stress might 
not be ideal in this situation [26].

A variety of distinct pharmacologic agents 
have been identified to trigger ER stress by dif-
ferent mechanisms. These agents include protea-

some inhibitors and sarcoplasmic/endoplasmic 
reticulum calcium ATPase (SERCA) inhibitors, 
among others [26]. Although these compounds 
affect the UPR pathway, UPR may not be the pri-
mary mechanism of action of these drugs [44]. In 
the context of cancer research, thapsigargin (an 
inhibitor of SERCA), tunicamycin (an inhibitor 
of protein glycosylation), and brefeldin A (an 
inhibitor of protein transport from ER to Golgi) 
are frequently used in experiments as ER stress 
inducers to investigate the details of ER stress 
response [8].

The degradation of the majority of misfolded 
proteins is mediated by the 26S proteasome 
through the ERAD pathway [44]. Inactivation of 
the proteasome by proteasome inhibitors causes 
accumulation of misfolded proteins bound for the 
ERAD pathway, thereby triggering the UPR [26]. 
Bortezomib is a proteasome inhibitor and was 
approved by the US FDA in 2003 to treat multi-
ple myeloma and mantle cell lymphoma [8]. 
Treatment of multiple myeloma cells with bort-
ezomib causes rapid upregulation of the 
 components in the UPR, including PERK, ATF4, 
and DDIT3, resulting in cell death. On the other 
hand, bortezomib sensitized pancreatic cancer 
cells to ER stress-induced apoptosis by induction 
of DDIT3, GADD34 and JNK, while PERK acti-
vation and eIF2α phosphorylation were not 
detected [44]. Several mechanisms have been 
proposed to explain the cytotoxicity of bortezo-
mib, including effects on NF-kB, cell cycle pro-
teins, apoptosis- regulatory proteins and caspases, 
as well as ER stress. Although ER stress repre-
sents only one of several processes associated 
with bortezomib- induced cell death, it is conceiv-
able that it might indeed represent the key com-
ponent, whereas other observed events might be 
orchestrated secondary to the aggravation of ER 
stress [8]. Bortezomib is further discussed in 
Chap. 17.

Inhibitors of human immunodeficiency virus 
(HIV) protease are known to inhibit the protea-
some [26]. Two widely prescribed HIV protease 
inhibitors, namely nelfinavir and atazanavir, 
cause the accumulation of polyubiquitinated pro-
teins, aggresome formation, and an increase in 
BIP and DDIT3 expression [74, 75]. In addition, 
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nelfinavir has been shown to induce ER stress, 
autophagy, and apoptosis in vitro and in vivo in 
nonsmall-cell lung carcinoma [76]. Nelfinavir is 
currently in clinical trials for repositioning as an 
anticancer agent [26]. A Phase II trial of nelfina-
vir in combination with chemoradiation for 
locally advanced inoperable pancreatic cancer 
(LAPC) revealed that nelfinavir showed accept-
able toxicity and promising survival in pancreatic 
cancer [77]. The study reports the clinical out-
come in 23 patients with LAPC treated with 
chemoradiotherapy plus nelfinavir which shows 
moderate median and 1-year overall survival at 
17.4 months and 73.4%, respectively [77].

In another Phase II trial of nelfinavir in combi-
nation with the proteasome inhibitor bortezomib 
in 12 patients with advanced hematologic malig-
nancies, promising activity in advanced, 
bortezomib- refractory multiple myeloma was 
noted [78]. Nelfinavir alone significantly upregu-
lated the expression of proteins related to UPR in 
peripheral blood mononuclear cells and inhibited 
proteasome activity. Of ten evaluable patients in 
the dose escalation cohort, three achieved a par-
tial response, four stable disease for two cycles or 
more, while three had progressive disease as best 
response [78]. Of nine patients given oral nelfina-
vir before and during radiation therapy for 
advanced rectal cancer, five patients exhibited 
good tumor regression on MRI assessed by tumor 
regression grade (mrTRG) [79]. Unfortunately, 
nelfinavir monotherapy does not result in a mean-
ingful improvement in clinical outcomes among 
patients with recurrent adenoid cystic carcinoma 
[80]. Nelfinavir is currently in clinical trials for 
various cancers such as cervical intraepithelial 
neoplasia and advanced renal cancers (Table 18.1

). However, atazanavir is not on any clinical 
trials involving cancer at this moment.

The SERCA is a transmembrane protein that 
actively imports calcium ions from the cytosol 
into the ER lumen, thereby establishing a steep 
calcium gradient between the ER lumen and 
cytosol. Inhibition of SERCA results in massive 
leakage of calcium ions from ER to the cytosol 
and thus efficiently triggers ER stress. 
Thapsigargin, a naturally occurring sesquiter-
pene lactone, is an exceptionally potent inhibitor 

of SERCA. However, its clinical usage is fraught 
with several challenges; it is quite toxic and not 
well tolerated by experimental animals. A pro-
drug of thapsigargin, also known as mipsagargin 
or G202, has been synthesized and was found to 
produce substantial tumor regression against a 
panel of human cancer xenografts in vivo at doses 
that were minimally toxic to the host [148]. 
Interestingly, mipsagargin demonstrated an 
acceptable tolerability and favorable pharmaco-
kinetic profile in a phase I clinical trial in patients 
with refractory, advanced, or metastatic solid 
tumors [81].

Certain diaryl-substituted pyrazoles, for 
example, celecoxib, are another class of com-
pound that has emerged as SERCA inhibitors 
[26]. Nevertheless, celecoxib might not attain 
sufficient level of ER stress in tumor tissues 
because it was initially developed as COX-2 
inhibitor. However, celecoxib analogues with 
minimized COX-2 inhibitory function, but sig-
nificantly increased ER stress-inducing ability 
have been developed [8]. AR-12/OSU-03012 is 
an antitumor celecoxib-derivative that has pro-
gressed to Phase I clinical trial as an anticancer 
agent and has activity against a number of infec-
tious agents including fungi, bacteria, and viruses 
[149]. It has been shown to suppress tumor cell 
viability through multiple mechanisms including 
activation of endoplasmic reticulum stress, inhi-
bition of PDK-1/Akt signaling and the induction 
of autophagy [150–152]. Although a Phase I clin-
ical trial of AR-12 in adult patients with advanced 
or recurrent solid tumors or lymphoma has been 
completed, its overall outcome remain 
unpublished.

In both oncogenic BRAF melanoma cell lines 
and in patients who failed clinical treatment for 
skin melanomas, the presence of oncogenic BRAF 
was responsible for ER stress induction and cell 
survival [153, 154]. In particular, human skin mel-
anoma is characterized by oncogenic BRAF muta-
tions, such as BRAFV600E. In addition, 
approximately 8–14% of colorectal cancers (CRC) 
in early and advanced stages exhibit the BRAFV600E 
mutation [155–158]. The BRAF serine/threonine 
protein kinase is a downstream signaling protein in 
the epidermal growth factor receptor-mediated 
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MAP kinase pathway, which activates MEK 
through its phosphorylation. BRAFV600E mutation 
leads to constitutive BRAF kinase activity, which 
sustains the MAP kinase signaling pathway. 
BRAFV600E-mediated p38 MAPK activation stimu-
lates both the IRE1α/ASK1/JNK and TRIB3 path-
ways. BCL-XL/BCL-2 phosphorylation by active 
JNK releases BECN1, whereas TRIB3 inhibits the 
Akt/mTOR axes, resulting in an increase in basal 
autophagy [154].

Vemurafenib and dabrafenib are BRAF inhib-
itors which have been approved by the USA FDA 
and EMA for the treatment of BRAF-mutated 
metastatic melanoma. In an open-label, multi-
center 2-year follow-up of vemurafenib in 3219 
patients with BRAFV600 mutation-positive meta-
static melanoma, data suggest that long-term 
vemurafenib treatment is effective and tolerable 
[83]. Although vemurafenib and dabrafenib dem-
onstrated impressive antitumor activity in 
advanced melanoma with objective response 
rates around 50% [85, 159], disappointing results 
were seen for patients with BRAFV600E-mutated 
colorectal cancer. In the Phase II study evaluating 
vemurafenib in patients with metastatic 
BRAFV600E-mutated colorectal cancer, of 21 
patients, only one patient had confirmed partial 
response (5%) and the median progression-free 
survival (PFS) was 2.1 months [82]. Dabrafenib 
monotherapy did not show meaningful clinical 
activity with only one confirmed partial response 
among the 11 patients with BRAFV600E-mutated 
colorectal cancer included in the Phase I trial 
[84]. Encorafenib, another potent and selective 
oral BRAF inhibitor, showed signs of efficacy in 
patients with BRAF-mutant advanced melanoma 
but lack of objective response in patients with 
colorectal cancer [160]. All three drugs are cur-
rently in several clinical trials for other tumors 
(Table 18.1).

Treatment of tumor cells with drugs that trig-
ger further ER stress might result in two desirable 
anticancer outcomes. First, the drugs by them-
selves might result in increased antitumor effects. 
Second, the overload and subsequent breakdown 
of the UPR adaptive system might increase the 
tumor cells’ sensitivity toward conventional che-
motherapeutic agents [26]. Targeting of alterna-

tive pathways is an attractive strategy to improve 
antitumor therapy in apoptosis-resistant cancer. 
In view of the fact that ER stress is basally acti-
vated in many cancers, aggravation of the preex-
isting ER stress condition and the subsequent 
activation of autophagy represent an alternative 
therapeutic target to improve cancer therapy [27].

18.6  Autophagy

The ubiquitin-proteasome system (UPS) and 
lysosomes are two primary intracellular protein 
degradation pathways recognized in eukaryotic 
cells. Differences between these two major pro-
tein degradation systems depend on their func-
tional significance and the type of substrates 
taken in for degradation [161]. The UPS cata-
lyzes the rapid degradation of abnormal proteins 
and short-lived regulatory proteins, leading to a 
control of a diversity of essential cellular pro-
cesses [162]. In the lysosomal protein  degradation 
pathway, degradation of extracellular materials is 
mediated by endocytosis, whereas degradation of 
intracellular long-lived cytoplasmic proteins and 
damaged organelles is mediated by three types of 
autophagy, macroautophagy, microautophagy, 
and chaperone-mediated autophagy (CMA), 
which are classified based on their transport of 
cytoplasmic materials into the lysosome for deg-
radation [163, 164].

Autophagy literally means self-digestion in 
Greek [165]. Macroautophagy, usually  refers to 
autophagy, is responsible for the turnover of 
unnecessary or dysfunctional organelles and pro-
teins, such as damaged mitochondria [166]. 
These processes are important to maintain a well- 
controlled balance between anabolism and catab-
olism to facilitate normal cell growth and 
development. It is also a survival pathway, 
required during starvation or growth factor depri-
vation, as it provides an alternative energy source 
[167, 168]. Autophagy process provides cata-
bolic intermediates for intracellular production of 
ATP when energy supplies are limited. It plays an 
essential role during starvation, cellular differen-
tiation, cell death, cell survival, aging, and tumor 
prevention [164, 166, 169].
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Autophagy pathway is a multistep process 
characterized by induction, vesicle nucleation, 
extension, and completion of an isolation mem-
brane to form an organelle called autophagosome 
[170]. Briefly, the autophagy process begins with 
the formation of a preautophagosomal structure 
known as isolation membrane or phagophore 
[171]. The isolation membrane engulfs and elon-
gates to form the autophagosome, surrounding 
the components destined to be recycled. The 
autophagosome, which is a double membrane- 
bounded structure, undergoes maturation, and 
fuses with both endosomal and lysosomal vesi-
cles to form autolysosome [171–173]. The 
sequestered contents are subsequently degraded 
by lysosomal hydrolases and are recycled. Based 
on morphological features, the term “autophagic 
cell death” has been described in instances of cell 
death that are accompanied by massive cytoplas-
mic vacuolization. 

The core autophagy machinery is composed 
of four major functional groups: (1) the unc-51- 
like kinases (ULKs) (ATG1-ATG13-ATG17 
kinase complex), (2) the Class III 
phosphatidylinositol- 3-kinase catalytic subunit 
type 3 (PI3KC3) complexes, including Class III 
PI3K (the mammalian orthologue of vascular 
protein sorting 34; VPS34), p150/VPS15 (the 
mammalian orthologue of Vps15), BECN-1 (the 
mammalian orthologue of ATG6/Vps30) and 
ATG14L (ATG14), (3) two ubiquitin-like conju-
gation systems: ATG12 and ATG8, and (4) ATG9 
and its cycling system [174]. The ULKs (the 
mammalian orthologues of ATG1, which exist in 
a large complex with mammalian ATG13), focal 
adhesion kinase family interacting protein of 
200 kDa (FIP200; the mammalian homologue of 
ATG17), and the recently identified ATG101 play 
a crucial role in autophagy induction [175–179]. 
ULK1 is part of a family of kinases in humans 
(ULK1–4). Isoform ULK1 is the most important 
component in autophagy and in some cells lines, 
blocking both ULK1 and ULK2 is necessary to 
completely shut down autophagy [180].

The ULK1 kinase regulates proautophagic 
signals by phosphorylating many substrate pro-
teins [181]. The numerous substrates of ULK1 
include itself and other subunits of the ULK1 

complex; other elements of the core autophagy 
machinery, including PI3KC3–C1 subunits such 
as BECN1 and ATG9; and other autophagy- 
related proteins such as AMBRA1 [180, 181]. 
Autophosphorylation of the kinase domain’s acti-
vation loop at Thr180 of ULK1 is essential for 
activation upon autophagy induction [182, 183]. 
Subsequently, phosphorylation of these down-
stream molecules by ULK1 is an important step 
in the initiation of autophagy.

The early stages of the phagophore membrane 
nucleation are dependent on the Class III PI3KC3 
complex which consists of the Class III PI3KC3 
protein, its regulatory protein kinase p150/
VPS15, and BECN1 [184]. BECN1 is a 60-kDa 
tumor suppressor protein and is identified from a 
yeast two-hybrid screen as a BCL-2 interacting 
protein [185]. Several studies have demonstrated 
that several binding molecules positively regulate 
BECN1 activity and autophagosome formation 
and maturation. For example, ultraviolet radia-
tion resistance-associated gene (UVRAG), 
ATG14L, and activated molecule in BECN1 reg-
ulated autophagy protein (AMBRA1) associate 
with BECN1 to activate autophagy [186–190].

The Class III PI3KC3 phosphorylates phos-
phatidylinositol to generate PI(3)P which is an 
essential early event in autophagy initiation, 
downstream of ULK1 [187, 191, 192]. PI3KC3 
forms two distinct complexes, known as com-
plexes I and II (PI3KC3–C1 and PI3KC3–C2) 
which contain the catalytic subunit VPS34/
Vps34, the putative protein kinase VPS15/Vps15 
and BECN1/ATG6 [187, 192]. PI3KC3–C1 con-
tains ATG14L/ATG14, which directs the com-
plex to phagophore initiation sites [186, 187, 
193–196]. PI3KC3–C1 facilitates elongation 
meanwhile PI3KC3–C2, which contains 
UVRAG, directs endosome and autophagosome 
maturation [180].

The next stage of phagophore membrane elon-
gation (expansion and closure of the autophago-
some) requires two ubiquitin-like systems [197]. 
The ubiquitin-like protein ATG12 conjugates 
with ATG5  in an ATG7- and ATG10-dependent 
manner [161]. The ATG5–ATG12 complex inter-
acts with ATG16 to form a stable and large mul-
timeric complex called the ATG16L complex, 
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which localizes on the outer surface of the 
extending autophagosomal membrane [170]. 
This complex is important in the stimulation and 
localization of the microtubule-associated pro-
tein 1 light chain 3 (LC3) conjugation reactions. 
LC3 is first cleaved by ATG4 to expose a 
C-terminal glycine residue required for subse-
quent activation and conjugation reactions [198]. 
It is then conjugated to the lipid phosphatidyl-
ethanolamine (PE), also via ATG7 and E2-like 
ATG3, and is subsequently recruited to both 
outer and inner surfaces of the autophagosomal 
membrane [197, 199]. Actually, two forms of 
LC3 are produced posttranslationally in various 
cells; the unconjugated form (LC3-I) is in the 
cytosol, while the conjugated form (LC3-II) tar-
gets the autophagosomal membrane with the 
assistance of the ATG16L complex [199, 200]. 
ATG16L complex is a ubiquitin-protein ligase 
(E3)-like enzyme that functions as a scaffold for 
LC3-II lipidation by localizing to the source 
membranes during autophagosome formation 
[200, 201]. The association of LC3-II to the 
autophagosome is crucial for membrane elonga-
tion of the autophagosome and the final limita-
tion of the membrane to form the vacuoles [161]. 
The ATG5–ATG12–ATG16 complex is recycled, 
while the LC3 complex stays on the membrane 
until it is degraded by the lysosome [161]. In 
mammalian autophagy, LC3-II protein is used as 
an index of autophagosome formation or as an 
autophagosomal marker [202]. These conjuga-
tion systems are considered to be uniquely impor-
tant to the autophagosome formation and have 
been identified as possible drug targets in cancer 
[203].

ATG9 system is required for phagophore 
expansion. It is the only transmembrane protein 
in the autophagy core machinery and has been 
proposed to play a key role in directing mem-
brane from donor organelles for autophagosome 
formation [204]. ATG9 trafficking from the 
plasma membrane and trans-Golgi network 
involves two conserved sorting signals for proper 
function in autophagy, namely ATG9 interaction 
with the AP1/2 clathrin adaptor complex and 
phosphorylation of ATG9 at Tyr8 by SRC kinase 
and at Ser14 by ULK1. SRC kinase directly 

phosphorylates Tyr8 of ATG9 and promotes the 
interaction of ATG9 with the AP1/2 complex and 
leads to the movement of ATG9 away from the 
juxtanuclear region [205]. As with Tyr8, phos-
phorylation at Ser14 enhances the binding of 
ATG9 with the AP2 complex and promotes 
ATG9-AP1 interaction. Zhou and co-workers 
showed that phosphorylation of ATG9 at both the 
Tyr8 and Ser14 sites is required for maintaining 
proper autophagy under both basal conditions 
and in response to starvation-induced stress 
[205]. Finally, ATG9 binds the small Rab 
GTPases (RABGAP) protein TBC1D5, and both 
TBC1D5 and the AP2 complex contribute to the 
correct sorting of ATG9-containing vesicles dur-
ing the initiation of autophagy [206].

The completed autophagosome membrane 
subsequently fuses with lysosome via the actions 
of the lysosomal proteins including the 
lysosomal- associated membrane protein 1 
(LAMP1), LAMP2, member of RAS oncogene 
family (Rab7), and UVRAG [207]. The eventual 
autolysosome is a single membrane-bound acidic 
vesicle where the contents are digested and recy-
cled by lysosomal hydrolases such as cathepsins 
(CTS), and its nutrient and energy are recycled 
[208]. These single membrane autolysosomes 
filled with degraded cytoplasmic materials can be 
easily observed using transmission electron 
microscopy (TEM) [170]. In addition, the adapter 
protein sequestosome 1 (SQSTM1/p62), which 
targets specific substrates to autophagosomes and 
LC3II are degraded along with other cargo pro-
teins and are used as a measure of autophagy flux 
[209]. The autophagy cargo receptor p62/
SQSTM1 binds ubiquitin on cargo to deliver 
cargo proteins to autophagosomes by docking 
onto LC3 on autophagosomes. P62 itself is an 
autophagy substrate that accumulates when 
autophagy is inhibited [210].

The Nomenclature Committee on Cell Death 
(NCCD) recommends that the term “autophagic 
cell death” be used based on some biochemical 
and functional considerations, before indicating 
that a cell death is mediated by autophagy. Some 
of the considerations include making sure that 
the investigated cell death can be suppressed by 
the inhibition of the autophagic pathway using 
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chemicals and/or genetic means (e.g., gene 
knock-out or RNAi silencing of essential autoph-
agy modulators such as AMBRA1, ATG5, 
ATG12, or BECN1) [211].

One of the most-studied and important path-
ways involved in autophagy regulation is the 
PI3K-Akt-mTOR signaling pathway. The mam-
malian target of rapamycin, commonly known as 
mTOR, is a serine/threonine kinase which 
belongs to the family of phosphatidylinositol 
3-kinase-related kinases. It regulates translation 
and cell growth by its ability to phosphorylate 
both binding protein of eukaryotic translation 
inhibition factor eIF4E (4E-BP1) and p70 ribo-
somal S6 kinase (p70S6k). Upon stimulation by a 
variety of signals including cytokines, growth 
factors, cellular stress such as heat shock, 

hypoxia, and oxidative stress, PI3K is recruited 
to the inner cell membrane via phosphorylated 
receptor tyrosine kinases and catalyzes the phos-
phorylation of phosphatidylinositol-3,4- 
bisphosphate (PIP2) to 
phosphatidylinositol-3,4,5-triphosphate (PIP3). 
The recruitment of inactive Akt from the cytosol 
to the plasma membrane requires that the pleck-
strin homology (PH) domain of Akt binds to PIP3 
synthesized at the plasma membrane by 
PI3K. Akt is then phosphorylated at Thr308 by 
phosphatidylinositol-dependent kinase 1 (PDK1) 
[212, 213]. PTEN phosphatase antagonizes 
PI3K-Akt signaling by converting PIP3 back to 
PIP2 [212]. (Fig. 18.3).

Upstream PI3K and Akt activation by growth 
factors leads to the activation of mTOR and sub-

Fig. 18.3 Autophagy signaling pathway and antitumor targets
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sequently phosphorylation of downstream sub-
strates. Phosphorylation of p70S6k promotes 
ribosome biogenesis, and increases the capacity 
of the translational machinery for protein synthe-
sis [214]. Phosphorylation of 4E-BP1 initiates 
the transcription of a subset of mRNAs important 
for cell growth and proliferation [214–216]. The 
mTOR kinase is a key regulatory component that 
controls the induction of autophagy [217]. 
Inhibition of mTOR (by nutrient depletion, star-
vation, or rapamycin) leads to cell cycle arrest, 
inhibition of cell proliferation, immunosuppres-
sion, and induction of autophagy. Increased lev-
els of the mTOR kinase are found to inhibit the 
autophagy process, resulting in an increased in 
cell growth and tumor development [173]. 
Rapamycin, a specific mTOR inhibitor, com-
plexes with the cytosolic receptor FK506-binding 
protein (FKBP12), and subsequently binds to a 
distinct region of mTOR upstream of the cata-
lytic domain [218]. It induces autophagy and 
inhibits the proliferation of a variety of cells 
[219].

In eukaryotic cells, mTOR exists in two differ-
ent complexes: mTORC1; a rapamycin-sensitive 
complex defined by its interaction with the sup-
plementary protein Raptor (regulatory-associated 
protein of mTOR) and mTORC2; a rapamycin- 
insensitive complex defined by its interaction 
with Rictor (rapamycin-insensitive companion of 
mTOR) [220–222]. mTORC1 and mTORC2 
accessorial complexes consist of mTOR, mam-
malian lethal with SEC13 protein 8 (mLST8) 
(also known as GßL) and DEP domain- containing 
mTOR-interacting protein (Deptor) [223]. 
mLST8 binds to the kinase domain of mTOR, 
and stabilizes the interaction of Raptor with 
mTOR in a rapamycin-sensitive pathway [224]. 
Raptor is the first protein shown to bind directly 
to mTOR that is required to mediate mTOR regu-
lation of p70S6k and 4E-BP1 activities [221, 
225]. On the other hand, PRAS40 and Deptor 
play roles as distinct negative regulators of 
mTORC1 [226, 227].

In a rapamycin-sensitive mTOR signaling 
pathway, much of the knowledge about mTORC1 
function comes from the use of rapamycin, a bac-
terial macrolide antibiotic [228]. Upon entering 

the cell, rapamycin binds FK506-binding protein 
(FKBP12), its intracellular receptor, which sub-
sequently binds to the FKBP12-rapamycin bind-
ing domain (FRB) of mTOR, thus inhibiting the 
mTORC1 functions [229, 230]. Rapamycin 
weakens the interaction between mTOR and 
Raptor [231]. However, the exact mechanism of 
how rapamycin and several rapamycin deriva-
tives bind to FKBP12 to inhibit mTORC1 signal-
ing is not completely understood [232]. Various 
conditions including starvation or lack of nutri-
ents such as amino acids and/or glucose mimic 
rapamycin treatment, hence inhibit mTOR func-
tion in cultured cells, as indicated by rapid inacti-
vation of p70S6k and hypophosphorylation of the 
4E-BP1 [233].

Studies have shown that mTORC1 controls 
autophagy through the regulation of a protein 
complex consisting of ULK1, mAtg13, and 
FIP200 [176, 178, 234]. ULK complex is directly 
controlled by mTOR, leading to maintenance of 
the mAtg13 hyperphosphorylation state and 
 suppression of autophagy induction [235]. A 
study has demonstrated that inhibition of mTOR 
by rapamycin leads to dephosphorylation of 
ULK1, ULK2, and mATG13, and activates ULKs 
to phosphorylate FIP200. These results suggested 
that the ULK-ATG13-FIP200 complexes are 
direct targets of mTOR and important regulators 
of autophagy in response to mTOR signaling 
[178]. One of the most important proteins 
involved in the regulation of mTORC1 activity is 
the tuberous sclerosis complex (TSC), which is a 
heterodimer of two proteins, TSC1 (also known 
as hamartin) and TSC2 (also known as tuberin) 
[230]. TSC1 and TSC2 function as a GAP 
(GTPase-activating protein) that negatively regu-
lates a small GTPase called Rheb (Ras 
homologue- enriched in brain). TSC1 and TSC2 
inhibit mTORC1 signaling by transforming Rheb 
into its inactive GDP-bound state [236, 237].

On the other hand, mTORC2 consists of 
mTOR, mLST8, Rictor, Deptor, mammalian 
stress-activated map kinase-interacting protein 1 
(mSIN1; also known as MAPKAP1), and the 
recently identified protein observed with Rictor 
(PROTOR) [223, 238]. Rictor is defined as a 
novel mTOR-interacting protein defining a sec-
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ond raptor-independent mTOR complex [220, 
239]. Unlike mTOR-Raptor, the mTOR-Rictor 
complex does not bind to FKBP12-rapamycin, 
and is insensitive to rapamycin treatment [220, 
222]. Therefore, rapamycin treatment does not 
represent a complete inhibition of mTOR func-
tion [240]. mTORC2 stimulates cell signaling 
through activation and phosphorylation of the 
proproliferative and prosurvival kinase Akt [241]. 
Akt regulates cellular processes such as metabo-
lism, survival, apoptosis, growth, and prolifera-
tion by phosphorylating various effectors. 
mTORC2 activates Akt directly by phosphoryla-
tion at Ser473, which is a site needed for its max-
imal activation [242, 243].

In addition, mTORC2 controls various mem-
bers of the AGC subfamily of kinases which 
includes serum and glucocorticoid-induced pro-
tein kinase 1 (SGK1) and several members of 
PKC family including PKCα [220], PKCε [244], 
PKCδ [245], and PKCζ [246]. mTORC2 is also 
known to phosphorylate mammalian Ste20-like 
kinases 1 (MST1) which is a core component 
kinase in the Hippo signaling pathway [247]. The 
Hippo pathway is composed of a group of evolu-
tionarily conserved protein kinases that inhibit 
cellular growth and promote apoptosis [248, 
249]. MST1 phosphorylates and activates large 
tumor suppressor (LATS) kinases, which in turn 
phosphorylate and inhibit Yes-associated protein 
1 (YAP1), a co-transcription factor that promotes 
proliferation and survival [250]. mTORC2 is 
reported to be involved in the regulation of cyto-
skeletal organization through Rho GTPases and 
PKCα [220, 239]. Inhibitors of mTOR kinase 
domain have been developed to suppress the 
activity of both mTOR complexes (mTORC1 and 
mTORC2) [251, 252]. Figure 18.3 illustrates the 
simplified autophagy signaling pathways.

18.7  Autophagy and Cancer

The role of autophagy in cancer is rather perplex-
ing. It is widely known that the autophagic path-
way is deregulated in tumor cells. Several 
proteins and pathways related to autophagy sig-
naling are deregulated during cancer develop-

ment [189, 253]. Cell lines derived from hepatic, 
pancreatic, and breast carcinoma exhibit low 
autophagic activity, as compared with normal 
cells from the same origin [189, 254]. Autophagic 
capacity is known to increase during premalig-
nant stages of pancreatic carcinogenesis, and 
then decreases during the transition of pancreatic 
adenoma into adenocarcinoma, suggesting that a 
decreased autophagic activity possibly contrib-
utes to the malignancy of pancreatic cancer [255, 
256]. A decrease in autophagic capacity is also 
observed during animal experimental carcino-
genesis, where cells from preneoplastic liver 
nodules or primary hepatocellular carcinomas 
induced by chemical carcinogens showed a 
decreased autophagic capacity as compared to 
normal liver cells [256, 257]. In addition, BECN1 
is found to be mono-allelically deleted in a high 
percentage of ovarian, breast, and prostate can-
cers (based on the 17q21 and gene mapping stud-
ies). However, BECN1 is adjacent to the known 
tumor suppressor gene breast cancer 1 (BRCA1) 
on chromosome 17. Genomic analysis of 
BECN1  in The Cancer Genome Atlas (TCGA) 
demonstrated that allelic loss of BECN1 does not 
occur independently of codeletion with BRCA1, 
suggesting instead that BRCA1 loss is the driver 
mutation in hereditary and sporadic breast cancer 
[258–260].

There is a direct link between tumorigenesis 
and the disruption of the autophagy signaling 
pathways. PTEN deletions as well as the amplifi-
cations of both Class III PI3K and Akt are found 
in several cancers [261, 262]. The mTOR signal-
ing pathway is constitutively activated in many 
tumor types. For example, the mTOR pathway is 
frequently found to be hyperactive in cancers 
such as breast cancer, suggesting that mTOR is 
an attractive target for cancer drug development 
and therapy [263–265]. The mTOR signaling 
network contains a number of tumor suppressor 
genes which includes PTEN, LKB1 (liver kinase 
B1), TSC1/2, and a number of proto-oncogenes 
such as PI3K, Akt, and eIF4E genes [266]. 
Several alterations in genes such as KRAS, EGFR, 
LKB1, PTEN, PIK3CA (encoding the p110 cata-
lytic subunit of PI3K), as well as Akt1 mutations, 
EGFR and PIK3CA amplification, and PTEN 
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deletion have been described in NSCLC, which 
lead to uncontrolled mTOR pathway signaling 
[267]. In addition, dysregulation of the mTOR 
pathway appears to be more common in squa-
mous lung carcinoma than adenocarcinoma [267, 
268].

Cancer-related changes in pathways at the 
downstream of mTOR such as p70S6k and eIF4E 
are reported in breast carcinoma [269, 270]. In 
addition, malignant cell types undergo massive 
autophagosomes and eventually cell death when 
responding to anticancer agents and traditional 
herbs indicate the potential utility of autophagic 
cell death induction in cancer therapy [173, 271, 
272]. Autophagic cell death characterized by an 
increase in the number of autophagic vacuoles in 
the cytoplasm, followed by cell demise has been 
observed in various diseases such as Alzheimer’s 
disease [273], Huntington’s disease [274–277], 
and Parkinson’s disease [278]. Thus, manipula-
tion of autophagy is considered an attractive 
strategy to increase the efficacy of cancer treat-
ments, prevent cancer development, and limit 
tumor progression.

However, autophagy is divergent in nature in 
both tumor suppression and tumor progression 
[279]. Although the argument supports that if 
cells cannot activate autophagy, protein synthesis 
will predominate over protein degradation and 
cellular growth continues (typical characteristic 
of tumor cells), that was not the case for most. 
For example, a study in human epidermoid lung 
carcinoma cells revealed that the autophagic 
pathway in response to nutrient deprivation is not 
downregulated when compared to their normal 
counterparts [280]. Human colon cancer cells 
which are able to survive for long period of time 
in the absence of nutrients have a high rate of 
autophagic activity [281]. Studies in colorectal 
cancer cells revealed that these cancerous cells 
harbor functional autophagic machinery to pro-
long cell survival during shortages of nutrients 
[282]. A study by Fuji and coworkers has also 
shown that strong LC3 expression in the periph-
eral area of pancreatic cancer tissue is correlated 
with poor outcome and short disease-free period 
[283]. Activated autophagy observed in pancre-
atic cancer cells is thought to be a response to 

factors in the cancer microenvironment, such as 
hypoxia and poor nutrient supply. In addition, 
autophagy was found to be upregulated in RAS- 
transformed cancer cells to promote cancer cells 
growth, survival, tumorigenesis, invasion, and 
metastases [284–286]. Upregulation of autoph-
agy in cancer cells is caused by direct activation 
of the transcription factors of the microphthalmia- 
associated transcription factor (MiTF)/TFE fam-
ily that control autophagy and lysosomal 
biogenesis or by removal of a repressive phos-
phorylation on the autophagy initiation machin-
ery [286–288].

In lung cancer, deletion of Atg7 dramatically 
alters tumor pathology from carcinomas to that 
of benign oncocytomas [289, 290]. ATG7- 
deficient tumors accumulate dysfunctional mito-
chondria and prematurely induce p53 and 
proliferative arrest. As defective mitochondria is 
a major autophagy substrate, this indicates that 
benign human tumors manifest a phenotype of 
defective autophagy, perhaps explaining their 
benign status [286]. Autophagy has been identi-
fied as the key mechanism of cell survival in 
estrogen receptor-positive (ER+) breast cancer 
cells undergoing treatment with 
4- hydroxytamoxifen (4-OHT) [291]. 
Antiestrogen therapy is the standard treatment 
for ER+ breast cancers which improves overall 
survival and provides chemoprevention [292, 
293]. Unfortunately, approximately half of the 
women treated with antiestrogen therapy either 
do not respond or their breast cancer ultimately 
acquires resistance during treatment [294, 295]. 
Studies have shown that autophagic activity 
reduces the efficacy of chemotherapy and tamox-
ifen therapy in ER+ breast cancer cells [291, 296, 
297], supporting the thesis that blocking autoph-
agy signaling pathways may provide a new 
mechanism of anticancer therapy for resistant 
tumors.

In another example, electron microscopy 
examination of autophagic vesicles in melanoma 
tumors from 12 patients enrolled in a Phase II 
clinical trial of temozolomide and sorafenib ther-
apy revealed that autophagic index (mean num-
ber of autophagic vacuoles per cell) is significantly 
higher in patients who derived little or no clinical 
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benefit from the combination of temozolomide 
and sorafenib treatment. Patients who had stable 
disease or responded to therapy had low levels of 
autophagy in their tumors. These findings further 
validate the preclinical evidence that autophagy 
plays a critical role in resistance to chemother-
apy. Results of this study indicate that pretreat-
ment levels of autophagy can predict resistance 
to therapy. Patients with aggressive melanoma 
are more likely to have higher levels of autoph-
agy in their tumor and therefore may respond to 
autophagy inhibition as a therapeutic strategy 
[298]. Hence, the divergent nature of autophagy 
has resulted in strategies for using proautophag-
ics or autophagy inhibitors depending on the 
inherent nature of the cancer involved.

18.8  Autophagy Signaling 
Pathways and Therapeutic 
Strategies in Cancer

18.8.1  mTOR Signaling Pathway 
Inhibitors

Rapamycin (Sirolimus) as the first prototype of 
an mTOR inhibitor has poor aqueous solubility 
and strong immunosuppressive properties. 
Therefore, its utilization at doses capable of 
exerting anticancer effects is rather limited [299]. 
Nevertheless, trials utilizing rapamycin as a sin-
gle agent or combination therapy are still being 
carried out. In a Phase I study of rapamycin and 
sunitinib in patients with advanced NSCLC, 
combination of rapamycin and sunitinib is 
reported to be well tolerated and has warranted 
further investigation in Phase II trials [300]. 
However, the same was not observed in another 
recent study. Combination of sunitinib and 
rapamycin was observed to be quite toxic in all 
cohorts of patients with refractory solid malig-
nancies [93]. The addition of rapamycin was 
thought to be able to decrease the sunitinib- 
induced VEGF production, but on the contrary, 
VEGF levels went further up along with sunitinib 
and rapamycin administration; it only came down 
during the sunitinib-off weeks [93]. However, in 
another recent Phase I trial, combination of oral 

rapamycin, topotecan, and cyclophosphamide 
was well tolerated in patients with relapsed/
refractory solid tumors. Biomarker studies dem-
onstrated modulation of angiogenic pathways 
with reduction of thrombospondin-1 and soluble 
vascular endothelial growth factor receptor-2 lev-
els, respectively [92]. Several Phase II trials with 
rapamycin in combination therapy are currently 
recruiting patients with bladder, thyroid, prostate, 
and central nervous system (CNS) tumors 
(Table 18.1).

Various rapamycin analogues have since been 
developed. Temsirolimus (CCI-779) is the first 
mTOR inhibitor approved by the US FDA for 
cancer treatment, and is considered a first-line 
treatment for patients with advanced renal cell 
carcinoma (RCC) with poor prognostic features 
[301]. A number of clinical trials were carried out 
for this drug, mainly as combination therapy with 
other chemotherapy drugs. Moderate clinical 
activity was observed in patients with bone and 
soft-tissue sarcoma given a combination of tem-
sirolimus and cixutumumab in a Phase II trial 
[302] and in patients with metastatic adrenocorti-
cal carcinoma, the same combination therapy 
resulted in 40% of patients achieving prolonged 
stable disease [303]. Similarly, in a recent Phase 
I study of temsirolimus in combination with 
cetuximab in patients with advanced solid 
tumours, both the median PFS and overall sur-
vival (OS) were <1 year and less than half of the 
patients had stable disease at the end of the trial, 
indicating modest clinical activity [94].

In another recent Phase I study combining 
perifosine (an Akt inhibitor) and temsirolimus, 
although stable disease was seen in 9 of 11 sub-
jects with high-grade gliomas, no partial or com-
plete responses were achieved [95]. However, the 
combination of these Akt and mTOR inhibitors 
was considered safe and feasible in patients with 
recurrent/refractory pediatric solid tumors [95]. 
When temsirolimus was tested as a single therapy 
in patients with relapsed or refractory primary 
CNS lymphoma in a Phase II trial, complete 
response was seen in five patients (13.5%), par-
tial response in 12 patients (32.4%), and an over-
all response rate of just 54% [98]. In 
platinum-refractory/resistant ovarian cancer or 
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advanced/recurrent endometrial carcinoma, 
although temsirolimus treatment was well toler-
ated, it did not meet the predefined efficacy crite-
ria [99]. Phase I and Phase II clinical trials with 
temsirolimus and sorafenib carried out in patients 
with metastatic melanoma did not produce suffi-
cient activity to justify further use [304, 305]. 
Similarly, in a Phase II trial for metastatic 
colorectal cancer, temsirolimus had limited effi-
cacy in chemotherapy-resistant KRAS mutant 
disease [306].

Everolimus is another rapamycin analogue 
which was already approved as an anticancer 
agent. Everolimus (RAD001; rapamycin deriva-
tive 001) is a hydroxyethyl ether derivative of 
rapamycin that has been developed for oral 
administration [307]. This drug was approved by 
FDA for use in a variety of cancers, including 
advanced renal cell carcinoma, advanced pancre-
atic neuroendocrine tumors, renal angiomyoli-
poma, and HER2-negative breast cancer. 
Everolimus is structurally similar to temsiroli-
mus, binds to an intracellular protein, FKBP12, 
forming a complex that inhibits the mTOR 
kinase. In a recent Phase I trial to assess safety 
and efficacy of everolimus in combination with 
liposomal doxorubicin and bevacizumab in 
patients with advanced metaplastic triple nega-
tive breast cancer, only patients with the presence 
of PI3K pathway aberration were associated with 
a significant improvement in objective response 
rate, but not the clinical benefit rate [101]. A ran-
domized Phase II study indicated that combina-
tion therapy of everolimus with tamoxifen 
increased the clinical benefit rate (defined as the 
percentage of all patients with complete or partial 
response or stable disease at 6 months), time to 
progression (TTP), and overall survival com-
pared with tamoxifen alone in postmenopausal 
women with aromatase inhibitor-resistant meta-
static breast cancer [308]. Further Phase III trials 
in combination therapy with aromatase inhibitors 
and adjuvant hormone therapy in hormone recep-
tor positive metastatic cancer are currently 
underway.

Everolimus given for 14 days in combination 
with R-CHOP-21 (rituximab plus cyclophospha-
mide, doxorubicin, vincristine, and prednisone 

delivered in a 21-day cycle) in patients with dif-
fuse large B-cell lymphoma was proven to be 
safe. A total 23 of 24 patients achieved an overall 
response, and all 23 attained a complete meta-
bolic response by PET, suggesting that drugs that 
target the PI3K-mTORC pathway added benefit 
when combined with standard R-CHOP [102]. 
The combination of everolimus plus CHOP was 
also effective in patients who are newly diag-
nosed with peripheral T-cell lymphomas, with 
objective response rate up to 90% [110]. The 
combination of mFOLFOX6 and everolimus in 
patients with metastatic gastroesophageal adeno-
carcinoma was also considered to be an active 
regimen with 83% of the patients experiencing a 
partial response [103]. Everolimus as a single 
therapy has demonstrated clinically relevant anti-
tumor activity in patients with advanced 
 differentiated thyroid cancer; median PFS and 
OS were 9 and 18 months, respectively [108].

Ridaforolimus (deforolimus or AP23573) has 
been tested in Phase I and Phase II clinical trials, 
and has shown promising results in several tumor 
types including sarcoma [299, 309]. 
Ridaforolimus received fast track and orphan 
drug status from the US FDA, as well as orphan 
status from the European Medicines Agency. 
Latest Phase I trials indicate that ridaforolimus as 
single therapy or in combination with other che-
motherapy drugs was safe and well-tolerated 
[113, 114]. However, in a previous Phase II trial 
study on the efficacy and safety of single-agent 
ridaforolimus in patients with relapsed or refrac-
tory hematologic malignancies, results were 
unremarkable. Of the 52 patients evaluated, par-
tial responses were noted in five subjects, while 
hematologic improvement and stable disease 
were observed in less than half of the patients 
[310]. In addition, the combination of ridaforoli-
mus and dalotuzumab was no more effective than 
exemestane in patients with advanced ER-positive 
breast cancer, and the incidence of adverse events 
was higher [116]. Thus, the combination was not 
further pursued.

PI3K/Akt/mTOR pathway is often constitu-
tively activated in human tumor cells and thus 
has been considered as a promising drug target. 
BEZ235 is a potent imidazo (4,5-c) quinoline 
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derivative that inhibits PI3K and mTOR kinase 
activities by binding to the ATP-binding cleft of 
these enzymes, and induces G1 arrest [311]. 
Preclinical studies have suggested that BEZ235 
is a potent dual PI3K/mTOR modulator with 
favorable pharmaceutical properties. For exam-
ple, it inhibits VEGF-induced HUVEC cell pro-
liferation and survival in vitro and VEGF-induced 
angiogenesis in vivo [312]. The compound also 
inhibits microvessel permeability in BN472 
mammary carcinoma grown orthotopically in 
syngeneic rats, suggesting that this compound is 
potentially antiangiogenic [312]. Deregulated 
angiogenesis and high tumor vasculature perme-
ability are known VEGF-mediated characteristics 
of human tumors. In addition, BEZ235 is found 
to produce significant tumor growth inhibition in 
xenograft models of pancreatic cancers and 
breast cancer cells [313, 314]. However, in a 
Phase II trial of the BEZ235  in patients with 
everolimus-resistant pancreatic neuroendocrine 
tumours, BEZ235 was poorly tolerated by 
patients. Although evidence of disease stability 
was observed, the study did not proceed to stage 
two [117]. Similarly, BEZ235 showed modest 
clinical activity and an unfavorable toxicity pro-
file in patients with advanced and pretreated tran-
sitional cell carcinoma, with just a minority of 
patients experienced a clinical benefit [118]. 
Several Phase I/II clinical trials of BEZ235  in 
patients with advanced solid malignancies such 
as prostate and breast cancer were completed, but 
reports on the safety and efficacy of this drug 
have yet to be published.

18.8.2  Proautophagics

Temozolomide is the first proautophagic cyto-
toxic drug used to overcome apoptosis resistance 
in cancer cells, and was approved for use in glio-
blastoma multiforme (GBM) [119]. It has dem-
onstrated therapeutic benefits in patients with 
glioblastoma, and has been evaluated for several 
types of apoptosis-resistant cancers [315]. 
Temozolomide is a prodrug, a monofunctional 
alkylating agent, and is chemically related to 
dacarbazine. It is the 3-methyl derivative of the 

experimental anticancer drug, mitozolomide. The 
ability of temozolomide in inducing autophagic 
cell death was reported in various preclinical 
studies [316–319]. In addition, temozolomide 
has demonstrated proapoptotic activities in 
malignant melanoma cells [320]. In a systematic 
assessment of three randomized controlled trials 
addressing whether temozolomide holds any 
advantage over conventional therapy for high- 
grade gliomas, it was shown that temozolomide 
is an effective therapy for GBM. The drug pro-
longs survival, delays disease progression, and 
has a low incidence of early adverse events [321]. 
Similar outcomes were observed in a Phase II 
study involving erlotinib in combination with 
radiation therapy and temozolomide to treat 
GBM and gliosarcoma. Patients treated with the 
combination of erlotinib and temozolomide 
 during and following radiotherapy had better sur-
vival than historical controls [322].

In a later Phase II trial, patients with unresect-
able or multifocal glioblastoma, an upfront regi-
men of temozolomide and bevacizumab was well 
tolerated, and provided a significant level of dis-
ease stabilization [323]. In patients with recurrent 
glioblastoma, either used as a single agent in a 
dose-intense schedule or in combination with 
other chemotherapeutic agents, temozolomide 
was proven to be well tolerated and safe [324–
326]. In pediatric patients with recurrent solid 
tumors or brain tumors, low-dose temozolomide 
improved tolerability and was convenient as out-
patient therapy [327]. However, in a recent Phase 
II trial, bevacizumab plus irinotecan combination 
resulted in a superior PFS-6 rate and median PFS 
compared with temozolomide in patients with 
glioblastoma that harbors a nonmethylated O(6)-
methylguanine DNA methyltransferase promoter 
[124]. Patients with an O(6)-methylguanine–
DNA methyltransferase (MGMT) nonmethylated 
(nmMGMT) glioblastoma (GBM) have a partic-
ularly short median survival of 12.6 months and 
do not substantially benefit from temozolomide 
chemotherapy [124, 328].

The combination of adjuvant temozolomide 
and lomustine, an alkylating agent, was associ-
ated with a significant improvement in OS and 
event-free survival (EFS) compared with adju-
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vant temozolomide alone in the Children’s 
Oncology Group ACNS0126 study [125]. This 
effect was most apparent in patients whose 
tumors had MGMT overexpression, as well as 
those who did not undergo gross-total resection 
and in those with glioblastomas. In a current 
Phase II study, neoadjuvant temozolomide was 
associated with an encouraging favorable long- 
term survival with acceptable toxicity in patients 
with glioblastoma [131]. Temozolomide in com-
bination with vorinostat was also well tolerated 
in children with recurrent CNS malignancies 
with myelosuppression [329]. Vorinostat is a 
broad inhibitor of histone deacetylase (HDAC) 
activity which induces apoptosis, inhibits angio-
genesis, and downregulates immunosuppressive 
interleukins. Several Phase III trials using temo-
zolomide in combination with targeted monoclo-
nal antibodies or interferon-alpha in glioblastomas 
and high-grade gliomas are currently recruiting 
patients (Table 18.1).

However, poor therapeutic effects were 
observed in patients with NSCLC.  In a current 
efficacy and safety study of temozolomide in a 
total of 31 pretreated patients with NSCLC, only 
two patients achieved partial response and three 
had stable disease [330]. Moreover, the research-
ers pointed out that prolonged low daily doses of 
temozolomide produce minimal activity in 
patients with advanced NSCLC. In a recent Phase 
II study, combination therapy of pemetrexed and 
temozolomide group achieved the same efficacy 
in PFS and OS as the pemetrexed and cisplatin 
group, but with less toxicity. High-dose peme-
trexed plus temozolomide may be a better regi-
men for treating NSCLC with brain metastasis 
due to its better safety profile [126]. A further 
Phase III study in patients with extensive small- 
cell lung cancer is currently underway.

Arsenic trioxide (ATO) has recently been 
introduced as part of a regimen in the therapy and 
management of acute promyelocytic leukemia 
(APL) [331]. It is now considered to be “the most 
biologically active single drug in APL” by a 
panel of International Leukemia Experts for the 
European Leukemia Net. The North American 
Intergroup Study Cancer and Leukemia Group B 
(CALGB) 9710 demonstrated that adults with 

APL receiving two cycles of ATO consolidation 
had significantly improved OS and decreased 
relapse risk (RR) [332]. It also achieves great 
success as a single agent and in combination with 
all-trans retinoic acid (ATRA) in the treatment of 
APL.

Arsenic trioxide (ATO) is known to induce 
both autophagy and apoptosis depending on cell 
types; therefore, its role as an autophagy inducer 
remains largely uncertain. In some preclinical tri-
als, ATO induces the autophagy pathway in ovar-
ian carcinoma cells, and synergizes with 
everolimus to induce the cytotoxicity of ovarian 
cancer cells. The enhanced cytotoxicity is accom-
panied by the upregulation of ATG5-ATG12 con-
jugate and LC3-II, a hallmark of autophagy 
[333]. In another recent study, ATO induces the 
autophagic degradation of the BCR-ABL1 
 oncoprotein, known to cause chronic myeloid 
leukemia (CML) and Ph+ acute lymphoblastic 
leukemia (ALL) [334]. However in other studies, 
in the presence or absence of ionizing radiation 
and in specific low concentrations, ATO 
induces apoptosis in MTLn3 cells, known to be 
highly malignant and resistant to both radio- and 
chemotherapy [335]. Interestingly, in human gli-
oma cells, ATO induces both autophagy and 
apoptosis in  vitro and in  vivo, mediated by the 
inhibition of PI3K/Akt and activation of MAPK 
signaling pathway [336].

In a Phase I clinical study, ATO given con-
comitantly with radiation therapy in children 
with newly diagnosed anaplastic astrocytoma, 
glioblastoma, or diffuse intrinsic pontine glioma, 
was safe and well tolerated by patients through-
out the entire dose escalation [337]. ATO was 
also reported to be well tolerated when used in 
combination with temozolomide and radiother-
apy in malignant gliomas [338], or when used in 
combination with bortezomib, high-dose mel-
phalan, and ascorbic acid in multiple myeloma 
(MM) patients [339]. A Phase II study to evaluate 
the efficacy and feasibility of a sequential treat-
ment consisting of induction and consolidation 
with ATO followed by autologous hematopoietic 
cell transplantation for relapsed APL revealed 
that ATO demonstrates outstanding efficacy. Of 
the 23 patients who underwent autologous hema-
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topoietic cell transplantation with PML-RARα- 
negative PBSC graft, posttransplant relapse 
occurred only in three patients, and there was no 
transplant-related mortality. The 5-year event- 
free and overall survival rates were 65% and 
77%, respectively [340].

A recent study showed that the combination of 
ATO and ATRA exerts at least equal and proba-
bly superior antileukemic efficacy compared 
with ATRA and standard chemotherapy in low- 
and intermediate-risk APL [136]. In a Phase III 
study in which a chemotherapy-free ATRA and 
ATO treatment regimen was compared with the 
standard chemotherapy-based regimen (ATRA 
and idarubicin) in both high-risk and low-risk 
patients with APL, ATRA and ATO have a high 
cure rate and less relapse and a lower incidence 
of liver toxicity [138]. Similarly, a recent Phase 
III trial showed that ATRA-ATO had an edge 
over ATRA-chemotherapy over time and that 
there was significantly greater and more sus-
tained antileukemic efficacy in low- and 
intermediate- risk APL [139]. ATO consolidation 
cycles are well tolerated in pediatric patients with 
APL and allow significant reduction in cumula-
tive anthracycline doses while maintaining excel-
lent survival and a low relapse risk for both 
standard and high-risk patients with APL [140]. 
Other Phase III clinical trials using ATO as com-
bination therapy with other chemotherapy drugs 
and/or tretinoin are currently ongoing for APL.

18.8.3  Autophagy Inhibitors

The knowledge that autophagy plays a role as a 
cell survival pathway in response to therapeutic 
and cellular stresses in the tumor microenviron-
ment (which is highly acidic and hypoxic) implies 
that autophagy may work in favor of cancer cells. 
Therefore, inhibition of protective autophagy 
may break the resistance mechanism for survival 
of the harsh tumor microenvironment and lead to 
cell death [341]. Since autophagy activities are 
known to differ according to stages of cancer, 
modulation of autophagy is postulated to enhance 
efficacy of anticancer therapy. In a preclinical 
study, effects of imatinib, with or without differ-

ent types of autophagy inhibitors, on human 
malignant glioma cells were investigated [342]. It 
was demonstrated that suppression of imatinib- 
induced autophagy by 3-methyladenine (3-MA) 
or siRNA against ATG5 (which inhibits autoph-
agy at an early stage) attenuates the imatinib- 
induced cytotoxicity. On the other hand, 
inhibition of autophagy at a late stage by bafilo-
mycin A1 or RTA 203 enhances imatinib-induced 
cytotoxicity through the induction of apoptosis 
[342]. The therapeutic efficiency of imatinib may 
be augmented by inhibition of autophagy at a late 
stage, which could help sensitize the glioma cells 
to anticancer therapy [342].

The current autophagy inhibitors used in trials 
for human cancer are chloroquine (CQ) and 
hydroxychloroquine (HCQ). Both drugs are 
widely used as antimalarial  agents and have 
gained much attention as potential chemosensi-
tizers in treating tumors when used in combina-
tion with cytotoxic chemotherapeutic agents 
[343–345]. CQ inhibits lysosomal acidification 
and prevents autophagy by blocking autophago-
some fusion and degradation [344, 346, 347]. CQ 
also sensitizes cancer cells to chemotherapeutic 
agents through autophagy-independent mecha-
nisms and has other anticancer effects that are 
independent of its effects on autophagy [348].

A number of clinical trials have revealed the 
promising role of CQ, an autophagy inhibitor, as 
a novel antitumor drug. In an early glioblastoma 
study, where patients were treated with CQ in 
conjunction with radiation and temozolomide, 
the results showed a significantly prolonged 
median survival compared with controls [349]. 
Addition of CQ to conventional treatment for 
GBM also improves mid-term survival of patients 
[350]. Gemcitabine–CQ combination as a first- 
or late-line treatment in patients with metastatic 
or unresectable pancreatic cancer  is well toler-
ated and shows promising effects on the clinical 
response [141]. A number of Phase I/II trials in 
solid tumors such as breast cancer are currently 
recruiting patients.

Although initial glioblastoma studies that 
used CQ in combination with chemotherapy and 
radiation therapy revealed median survival 
greater than control, there was no significant 
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improvement in survival of patients with glio-
blastoma treated with HCQ [145]. A Phase II trial 
of HCQ as a single agent in patients with previ-
ously treated metastatic pancreatic cancer dem-
onstrated no clinical benefit and provided 
inconsistent evidence of autophagy inhibition 
[147]. Since this study was carried out in patients 
with advance disease, thus, there was a limitation 
for HCQ to improve end-stage disease outcome 
[348]. The results appear to be similar to an ear-
lier Phase I study involving patients with 
advanced NSCLC. Although HCQ, with or with-
out erlotinib, was found to be safe and well toler-
ated, the overall response rate was as low as 5% 
[351]. In other Phase I/II trials, HCQ in combina-
tion therapy with other drugs such as temozolo-
mide, vorinostat, bortezomib, and gemcitabine 
are proven to be safe and tolerable among patients 
with advanced solid tumors and myeloma [142–
144, 146]. So far, clinical trials of CQ and HCQ 
as autophagy inhibitors have demonstrated the 
safety of targeting autophagy for cancer therapy. 
More potent and autophagy-specific inhibitors 
such as Lys05 and drugs that target ULK1, 
VPS34, and ATG4B are in development and early 
preclinical stage [348]. Table  18.1  summarizes 
the various drugs targeting the autophagy path-
ways and clinical trial stages based on published 
reports as well as other trials listed in the NIH 
ClinicalTrials.gov website.

18.9  Crosstalk in ER Stress, 
Autophagy, and Apoptosis

Many cellular processes including apoptosis, 
autophagy, translation, and energy metabolism 
are controlled by the ER stress and mTOR signal-
ing pathway. However, the crosstalk among these 
three signaling pathways has been identified only 
recently. It has been shown that Akt inactivation 
mediates ER stress-induced cell death. Long- 
term exposure to ER stress dephosphorylates 
Akt, induces DDIT3 expression, and causes cell 
death. Treatment with PI3K inhibitor alone also 
decreases phosphorylation of Akt, upregulates 
DDIT3 expression, and causes cell death, sug-
gesting that PI3K/Akt inhibition specifically 

induces DDIT3 expression. Thus, Akt inactiva-
tion is important in ER stress-induced DDIT3 
expression and cell death [352]. In addition, ER 
stress-induced apoptosis has been reported to be 
partly mediated by reduced insulin signaling 
through reduced Akt phosphorylation and 
increased glycogen synthase kinase 3β (GSK3β) 
activity. GSK3β is a proapoptotic Akt substrate 
whose activity is inhibited by Akt phosphoryla-
tion [353]. Prolonged ER stress has been shown 
to inhibit Akt/TSC/mTOR pathway, induce 
DDIT3 expression, and trigger apoptosis cell 
death [354]. On the other hand, ER stress nega-
tively regulates Akt/TSC/mTOR pathway to 
enhance autophagy-mediated cell death [355].

It has been suggested that ER stress promotes 
autophagy and/or apoptosis via TRIB3-dependent 
inhibition of Akt/mTOR pathway [49, 50]. It was 
also proposed that ATF4 negatively regulates 
mTOR via DNA damage inducible transcript 4 
(DDIT4, also known as Redd1) expression in 
response to ER stress. DDIT4 is a cellular stress 
responsive gene that has been shown to inhibit 
mTOR activity [356, 357]. ER stress also leads to 
CaMKKβ-dependent activation of AMPK, which 
ultimately leads to inhibition of mTOR and stim-
ulation of autophagy [358]. In addition, it has 
been demonstrated that ER stress induces BIP 
expression and promotes an interaction between 
BIP and Akt. The physical interaction between 
BIP and Akt at the plasma membrane of cells fol-
lowing induction of ER stress prevents Akt phos-
phorylation [359]. To sum up, these observations 
suggest that ER stress may negatively regulate 
Akt and/or mTOR activity via various pathways, 
and ultimately leads to cell death.

It is also widely accepted that reactive oxygen 
species (ROS) generation precedes downstream 
cellular cascades, including those that determine 
cell fate either survival (autophagy) or death 
(apoptosis). Excessive ROS production disrupts 
the electron transport chain and produces reactive 
oxygen molecules, leading to depolarization of the 
mitochondrial membrane and initiation of mito-
chondria-induced apoptosis. However, ROS gen-
eration has also been shown to occur downstream 
after apoptotic stimulation (TRAIL- induced), or 
autophagy inhibition [360–362]. However, cell 

M. L. Tan et al.

http://clinicaltrials.gov


385

fate outcomes are largely dependent on the amount 
of ROS generated and the cell’s antioxidant 
response. During starvation, reactive oxygen mol-
ecules are produced as a result of Class III PI3K 
activation that stimulates autophagy through oxi-
dation of ATG4, ultimately increasing the forma-
tion of lipidated LC3-rich autophagosomes [363]. 
Both O2− and H2O2− induce autophagy through 
AMPK activation and subsequent mTOR inhibi-
tion, and by transcriptional regulation of autoph-
agy genes such as SQSTM1 (p62) and BECN1 
[364–366]. A number of studies have similarly 
demonstrated that exogenously applied ROS leads 
to autophagy induction or apoptosis.

Functional relationships between apoptosis 
and autophagy are gaining much interest, as both 
cell deaths are not mutually exclusive. 
Perturbations in the apoptotic machinery, such as 
caspase inhibition, have been reported to induce 
both autophagic cell death and necroptosis [367, 
368]. Inhibition of autophagy in cancer cells 
results in an accelerated cell death that manifests 
the hallmarks of apoptosis including chromatin 
condensation, MOMP, and activation of caspases 
[369]. In some cases, mixed phenotypes of both 
autophagy and apoptosis are detected in response 
to common stimuli [346, 369]. Studies in a vari-
ety of experimental systems indicate that autoph-
agic cell death is likely to be context- and cell 
type-dependent. Autophagy can delay the onset 
of apoptosis following starvation, DNA damage, 
and hemodynamic stress [173]. For example, 
1-day fasting causes liver autophagy in rats, but 
when starvation is prolonged for a few days, 
hepatocytes succumb to apoptosis [370]. 
Similarly, hematopoietic cell lines withdrawn 
from growth factor first activate autophagy, and 
eventually apoptosis [167]. Studies have also 
demonstrated that certain compounds have the 
ability to trigger both apoptosis and autophagic 
cell deaths simultaneously in cancer cells [371, 
372]. Blocking of one pathway will trigger the 
activation of another [373]. Researchers have 
also hypothesized that there are factors (either 
external or internal) that may affect the preferen-
tial shunting into either biochemical cascades 
that will ultimately result in either apoptosis or 
autophagic cell death [374].

Crosstalks between autophagy and apoptosis 
exist at multiple levels because both pathways 
share mediators and pathway regulators. Several 
signals and pathways involved in autophagy are 
in common with apoptosis. Starvation and oxida-
tive stress can trigger both apoptosis and autoph-
agy. BCL-2 proteins function to inhibit both 
apoptosis and autophagy, providing another clue 
to the interplay between both processes. BECN1, 
the essential autophagy protein and haplo- 
insufficient tumor suppressor, interacts with sev-
eral cofactors such as AMBRA1, BIF-1, and 
UVRAG to activate the lipid kinase Class III 
PI3K, and induce autophagy [375]. In normal 
conditions, BECN1 is bound to and inhibited by 
BCL-2 or the BCL-2 homologue BCL-XL, well- 
characterized apoptosis regulators, which involve 
an interaction between the BH3 domain in 
BECN1 and the BH3 binding groove of BCL-2/
BCL-XL. BH3-only proteins can competitively 
disrupt the interaction between BECN1 and 
BCL-2/BCL-XL to induce autophagy. Nutrient 
starvation can stimulate the dissociation of 
BECN1 from its inhibitors, either by activating 
BH3-only proteins (such as BAD) or by post-
translational modifications of BCL-2 (such as 
phosphorylation) that may reduce its affinity for 
BECN1 and BH3-only proteins [375]. 
Antiapoptotic BCL-2 family members partici-
pate in the inhibition of autophagy, whereas the 
proapoptotic BH3-only proteins participate in the 
induction of autophagy.

A recent finding suggests a link between 
autophagy and the extrinsic apoptotic pathway 
mediated by p62/SQSTM1. Autophagy is 
recently known to be responsible in selective 
degradation of polyubiquitinated proteins via 
SQSTM1, which encodes for p62 protein. P62 
interacts with LC3 via its LC3 interacting region 
(LIR). Recent studies indicate that p62 is 
recruited to damaged mitochondria via binding to 
ubiquitinated outer mitochondrial membrane 
proteins, suggesting that p62 may serve as an 
autophagy receptor for ubiquitinated proteins and 
damaged mitochondria [376–378]. In addition to 
its role in autophagy, p62 mediates a cell’s deci-
sion to undergo apoptosis or survival through its 
organization of signaling complexes in the cyto-
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plasm [377, 379, 380]. Upon cytokine stimula-
tion, p62 activates the NF-κB pathway, which 
subsequently induces the prosurvival genes, such 
as antiapoptotic and cell proliferation genes, and 
induces the expression of inflammatory genes 
such as cytokines, chemokines, and adhesion 
molecules [380–383]. However, p62 is also found 
to activate caspase-8  in the extrinsic apoptosis 
pathway, resulting in the initiation of apoptosis 
and cell death [379].

The expression of Patched (Ptc) induces apop-
tosis, but this activity is suppressed by its ligand, 
sonic hedgehog (SHH). Interestingly, hedgehog 
inhibition is found to induce autophagy through 
upregulation of BNIP3, and is also found to 
increase apoptosis in hepatocellular carcinoma 
cells at the same time [384]. In a recent study, 
apoptosis suppressed by the knocking down of 
PP2A can be reversed by the administration of 
3-MA, a known autophagy inhibitor. The ele-
vated accumulation of LC3-II and the decline of 
the autophagy substrate p62 are also observed in 
PP2Ac-small interfering RNA transfected cells. 
However, overexpression of PP2Ac suppresses 
the accumulation of LC3-II and restores p62 
[385]. Interestingly, 3-MA increases cell death 
induced by diamindichloridoplatin (DDP), which 
suggests the protective function of autophagy in 
DDP-induced cell death [385].

18.10  Future Directions

There are increasing evidences that three major 
processes, i.e., apoptosis, ER stress, and autoph-
agy, share overlapping molecular pathways and 
can occur in parallel under similar conditions. 
Fundamental knowledge in apoptosis, ER stress, 
and autophagy has also generated a great deal of 
insight into the pathogenesis of cancer, and has 
provided important considerations in strategizing 
cancer pharmacotherapy. Much effort and invest-
ment have been devoted to experimental drugs 
modulating apoptosis, ER stress, and autophagy. 
A number of drugs have proven to be promising 
during preclinical and clinical studies, but these 
drugs appear to be effective in one type of cancer 
and not in other. The percentage of patients who 

totally responded or partially responded to these 
treatments, either as single agent or in combina-
tion therapies, is relatively low, even though the 
outcome of these trials suggests some potential. 
These unforeseen effects are probably due to the 
specific-targeted nature of the therapy, in addi-
tion to the interconnected relationships between 
these cell death pathways. The contradictory role 
of autophagy and the status of autophagy in the 
human tumors concerned remain speculative, and 
further complicate the response to conventional 
anticancer treatment.

Currently, modulating apoptosis, ER stress, 
and autophagy by various means may be an 
important strategy to fight against the disease. 
Cancers which are resistant to the apoptotic 
effects of certain chemotherapy drugs may be 
sensitive to drugs that evoke ER stress or autoph-
agic cell deaths. An intact autophagy pathway 
has a role in promoting carcinogenesis as well as 
in suppressing it. It also has a role in the develop-
ment of resistance to treatment. Therefore, if 
autophagy response and activity are normal in 
tumors, combining standard chemotherapy drugs 
with autophagy inhibitors may sensitize tumor 
cells to anticancer agents. Cancer cells which 
present defects in the autophagy pathway may be 
managed by replacement of autophagy-inducing 
signals, e.g., proautophagics, or by inhibiting 
mTOR kinase. In some other cases, utilizing both 
autophagy and apoptosis inducers may present a 
deadly strategy against highly resistant tumors. 
Thus, devising personalized pharmacotherapeu-
tic strategy based on the autophagy status of the 
tumors has become an attractive option and offers 
significant potential to be translated into the 
clinic.

Combination of anticancer drugs of many dif-
ferent classes with autophagy inhibitors and 
inducers is underway but with little rationale for 
deciding or selecting patients who are most likely 
to benefit from these therapies. So far, targeted 
drugs like oblimersen, bortezomib, and mTOR 
inhibitors such as everolimus and ridaforolimus 
have shown to be useful in some clinical trials. 
These novel classes of drugs appear to work syn-
ergistically in combination with other chemo-
therapeutics, and have also shown specific 
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activities against certain cancers. Clinical trials 
of CQ or HCQ as autophagy inhibitors have also 
demonstrated the safety of targeting autophagy 
for cancer therapy. Since these drugs are specifi-
cally targeted against certain molecules or recep-
tors in the pathway, further unveiling of the 
tumor’s characteristics such as receptor or pro-
tein status may be critical in assessing patient’s 
response and clinical trial success. Furthermore, 
a number of known genes that play a role in these 
cell death pathways are either activated or inacti-
vated in several cancers. This will certainly affect 
not only the promotion and progression of can-
cer, but also their response to treatment. 
Therefore, to optimize and personalize treatment 
strategies, the genetic profile of the tumors is 
important.

For example, RAS- and BRAF-mutant tumours 
are often associated with high levels of autophagy 
and exhibit autophagy dependency. These would 
be good markers to select patients in which 
autophagy can be inhibited therapeutically [285, 
348, 386–388]. Other markers include signal 
transducer and activator of transcription 3 
(STAT3) and IL6  in breast cancer cells [389], 
JNK1 in colon cancer [390], and EGFR-mutated 
or amplified tumors [391]. Some clinical trials 
have already used these markers to evaluate 
efficacy and for validation. This may provide 
information on the optimal point in the pathway 
to be targeted, and can also be identified as 
prognostic markers. At the same time, the 
development of both robust tissue markers and 
relevant techniques that can be used in the clinical 
context needs to occur along with novel treatments, 
which will be another challenge.

Although recent studies have incorporated 
some predictive biomarkers by examining tumor 
status, the utility of such practice remains non-
conclusive. For example, the expression of pepti-
dyl O-glycosyltransferase GaLNT14 has been 
proposed to be a potential marker of dulanermin 
or Apo2L/TRAIL activity in NSCLC as high 
GaLNT14 mRNA and protein expression in 
tumor cell lines are associated with Apo2L/
TRAIL sensitivity [392]. An increase in PFS and 
OS was observed in GaLNT14-positive patients 
with advanced NSCLC in the dulanermin arm, 

indicating the potential predictive response bio-
marker for Apo2L/TRAIL-based cancer therapy 
[393]. On the other hand, in a Phase Ib/II trial on 
mapatumumab, a humanized mAb against 
TRAIL-R1, strong expression of TRAIL-R1 
(indicated by immunohistochemical staining) did 
not appear to be a prerequisite for the effective-
ness of mapatumumab in patients with relapsed or 
refractory follicular lymphoma [394]. 
Noteworthy, in the two patients who experienced 
a partial or complete response, the TRAIL-R1 
staining was either undetected or weak [394]. 
However, this could be an isolated case, and trials 
with bigger sample size should be carried out. 
Tumor profiling would remain as a good strategy 
to identify patients who may respond to the rele-
vant treatment.

Fundamental knowledge of cell death path-
ways remains an area of major interest among 
scientists in the field of cancer. More studies to 
characterize these pathways and identify poten-
tial targets, and further evaluation of the efficacy 
of the current drugs in various cancers are cer-
tainly warranted.
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19.1  Introduction

Human carcinogenesis is a dynamic process that 
depends on a large number of variables and is 
regulated at multiple spatial and temporal scales 

[1–4]. According to the theory of multistep carci-
nogenesis, cancer cells accumulate a number of 
molecular changes to eventually become fully 
malignant. The “reductionist” view of cancer 
expressed in myriads of molecular biology-based 
investigations stated that all the information nec-
essary for a cell to transform itself into a neoplas-
tic cell can be attributed to changes at the genomic 
level [5]. This is mainly based on the fact that the 
genome carries all of the information related to 
any cell process, and that any cellular transforma-
tion is due to a specific genomic change [6]. 
Cancer is recognized as a highly heterogeneous 
disease: more than 200 distinct types of human 
cancer have been described, and various tumor 
subtypes can be found within specific organs. In 
addition, tumors have somatic mutations and epi-
genetic changes, many of which are specific to 
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the individual neoplasm [7]. This genetic and 
phenotypical variability primarily determines the 
self-progressive growth, invasiveness and meta-
static potential of neoplastic disease, and its 
response or resistance to therapy, and it seems 
that the multilevel complexity of cancer explains 
the clinical diversity of histologically similar 
neoplasia [8–11]. Carcinogenesis might be 
depicted as a nonlinear process, the behavior of 
which does not follow clearly predictable and 
repeatable pathways. The behavior of a linear 
system changes progressively in response to an 
environmental factor. In contrast, the behavior of 
nonlinear complex systems may be perceived as 
surprising and unpredictable. Periods of inactiv-
ity may be punctuated by sudden change, appar-
ent patterns of behavior may disappear, and new 
patterns may unexpectedly emerge [2, 12]. 
Moreover, nonlinear systems do not react propor-
tionally to the magnitude of their inputs and 
depend on their initial conditions, i.e., small 
changes in the initial conditions may generate 
very different end points [13]. These characteris-
tics are commonly highlighted by the frequency 
with which differences in progression or thera-
peutic response are seen in the same tumor type, 
and by the fact that cancer morphology does not 
always reveal a similar underlying biology [14]. 
Gliomas and glioblastoma, the most aggressive 
and most common of all primary malignant brain 
tumors, are genetically heterogeneous, are rela-
tively less antigenic, and are less responsive to 
immunotherapy than other cancers [15]. It is now 
accepted that tumors grow in a complex network 
of epithelial and mesenchymal cells, vascular and 
lymphatic vessels, and inflammatory and immune 
cells [16–18]. The interactions of the neoplastic 
cells with their microenvironment are tortious, 
taking advantage of energy and nutriments car-
ried by the blood vessels and growth factors pro-
duced by inflammatory and stromal cells and 
fighting for space to expand and escape the 
immune attack [19, 20]. Hypoxic conditions also 
affect the stromal compartment, where stromal 
cells are in close contact with the cancer cells 
[10]. When tumor cells metastasize in distant 
organs, the crosstalk starts again and the overall 
aggressiveness of a cancer, and therefore, the 

clinical outcome of the patient will greatly 
depend on these complex interactions.

19.2  Immune Infiltration 
as a Major Player 
of the Tumor 
Microenvironment

Among the various factors, which influence 
tumor establishment, growth, local invasion, and 
metastasis, the impact of immunity has been 
debated for a long time [21, 22]. While inflam-
mation is now recognized as an enabling charac-
teristic of human cancer [23, 24], the immune 
system is programmed to recognize tumors from 
their inception. Immune surveillance against the 
tumor is stimulated by the presence of tumor- 
associated antigens (TAA) and by stress-induced 
molecules [24]. It is known that tumor-associated 
antigen targets in solid tumors exhibit heteroge-
neity with regard to intensity and distribution, 
posing a challenge for chimeric antigen receptor 
(CAR) T-cell therapy. Novel CAR designs, such 
as dual TAA-targeted CARs, tandem CARs, and 
switchable CARs, in conjunction with inhibitory 
CARs, are being investigated as means to over-
come antigen heterogeneity [24]. Only in the past 
decade, however, studies in murine models led to 
the understanding of the role of the immune sys-
tem in cancer progression, a process termed can-
cer immunoediting [25]. Immunoediting is a 
process composed of three phases: first, the elim-
ination of tumor cells by immune surveillance; 
then an equilibrium phase, during which the 
tumor is subjected to immune-mediated latency 
and the immune system is in balance with the 
tumor; and the last phase, during which tumor 
cells escape immune restraints and co-opt the 
immune system to promote malignancy. Tumor 
cells mediate a complex and dynamic immu-
noediting procedure that results in increased 
 vascular efflux into the draining lymphatics, an 
immunosuppressive microenvironment rich in 
regulatory T lymphocytes, dysfunctional anti-
gen presentation, and downregulation of normal 
effector lymphocyte responses [26]. Tumor cells 
employ diverse mechanisms to escape from 
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immune surveillance and manipulate the 
immune system and the microenvironment to 
facilitate the development of a malignant pheno-
type. These include mechanisms that promote 
escape, such as the downregulation of TAA and 
the decrease in expression/secretion of pro-
inflammatory cytokines, as well as mechanisms 
that induce immune suppression, such as the 
production of immune suppressive cytokines, 
metabolites, and immune checkpoint molecules. 
Immunoediting enables tumor cells to evade 
immune system detection, disseminate from the 
initial niche, survive in the circulation, and set-
tle at new metastatic sites.

Histopathological analyses of solid tumors 
reveal that they are infiltrated by cells of the innate 
and adaptive immunity (Fig.  19.1) [27–29]. 
Macrophages are heterogeneous, multifunctional, 
myeloid-derived leukocytes that are part of the 
innate immune system, playing wide- ranging  
critical roles in basic biological activities,  
including maintenance of tissue homeostasis 
involving clearance of microbial pathogens [30]. 
Macrophages represent a significant portion of 
the tumor mass, where they are commonly termed 
tumor-associated macrophages (TAMs) [31]. 
These cells are generated from blood monocytes 

[32], which differentiate into two distinct macro-
phage types, identified as M1 (or classically acti-
vated) and M2 (or alternatively activated). 
M1- and M2-polarized macrophages are endowed 
with opposite functional roles in terms of tumor 
suppression and immune stimulation. Several 
transcription factors, such as peroxisome 
proliferator- activated receptors, signal transduc-
ers and activators of transcription, CCAAT- 
enhancer- binding proteins, interferon regulatory 
factors, Kruppel-like factors, GATA-binding pro-
tein 3, nuclear transcription factor-κB, and 
c-MYC, were found to promote the expression of 
specific genes, which dictate the functional polar-
ization of macrophages [33, 34]. Indeed, whereas 
M1 cells, by virtue of their ability to elicit Toll- 
like receptor (TLR) pathway, enhance immune 
responses and restrain tumor progression, M2 
macrophages switch off the immune system and 
promote tumor development. Mast cells, myeloid-
derived suppressor cells (i.e., the most abundant 
type of hematopoietic cells in the immune sys-
tem) [35, 36], and neutrophils [37, 38] have also 
been reported to invade the intratumoral space. 
Dendritic cells (DCs) are found in different loca-
tions within a tumor, most immature Langerhans 
cell-type DCs home in the tumor nests and are 
tightly linked to malignant cells, whereas both 
immature interstitial DCs and plasmacytoid DCs 
are located in the stroma [39]. The ability to 
mount an effective antitumor immune response 
requires coordinate control of CD4+T- cell and 
CD8+T-cell function by antigen presenting cells, 
most importantly DCs. In some cases, tumors cre-
ate an immunosuppressive microenvironment that 
helps protect tumor cells from immune recogni-
tion. In many cases, this defect can be traced back 
to a failure of DCs to recognize, process, and 
present tumor antigens to T-cells [40, 41]. Mature 
DCs concentrate in lymphoid islets adjacent to the 
tumor nests and some draining lymph nodes. NK 
cells are usually found in the stroma of most 
tumors [42, 43] but can be also found in close 
contact with tumor cells in renal cell carcinoma. 
The distribution of lymphocytes may be differ-
ently orchestrated depending on the tumoral spa-
tial organization [44]. T lymphocytes are mainly 
located in the core, often referred as the center of 
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Fig. 19.1 Histopathological analyses of solid tumors 
reveal that they are infiltrated by cells of the innate and 
adaptive immunity. Cancer cells and unmodified genetic 
cells might be depicted as a “microunit” whose behavior 
is determined by complex relationships among the micro-
environment components
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the tumor, its invasive margin [45], and in adja-
cent lymphoid islets. Among T lymphocytes, 
most of them have a memory phenotype, naïve 
cells being found mostly in adjacent lymphoid 
islets [46]. Some CD8+ T lymphocytes contact 
malignant cells, whereas others are dispersed in 
the stromal compartment. Forkhead/winged helix 
transcription factor (FoxP3)+ T lymphocytes, 
T-lymphocyte helper 17 (Th17), T-follicular cells 
help (TFH), and B lymphocytes concentrate in the 
stromal tissue and in lymphoid islets. A similar 
organization is found in metastatic sites, as in the 
primary tumors, although diversity is observed 
within tumors and between patients. Correlations 
between the levels of immune cell infiltration of 
tumors and clinical outcome have been investi-
gated in several cancers of unrelated histological 
origin [47–50]. A strong lymphocytic infiltration 
has been reported to be associated with good clin-
ical outcome in different tumor types and sub-
types, including melanoma, head and neck, breast, 
bladder, ovarian, colorectal, renal, prostatic, and 
lung cancer [47, 48, 50–55]. The analysis of other 
T lymphocytes has also yielded apparently con-
tradictory results. Th17 cells have been reported 
to be associated with poor prognosis in colorectal, 
lung, and hepatocellular carcinoma or have been 
reported to predict better survival in some esopha-
geal and gastric cancers [56]. The effect of intra-
tumoral B lymphocytes in cancer remains far 
from clear; B-cells have recently been appreciated 
as paracrine mediators of solid tumor develop-
ment [57], although their capability to enhance 
T-cell activation might have a positive impact in 
the organization of the antitumor immune 
response [58]. Here, we discuss the role played by 
innate and adaptive immune system in the local 
progression and metastasis of human cancer of 
unrelated histological origin and the prognostic 
information that we can currently understand and 
exploit.

19.3  Cellular Players of the Innate 
Immunity in Cancer

Rudolf Virchow (1821–1902) first observed 
infiltrating leukocytes in tumors and proposed 
the inflammation as a primary site of cancer 
occurrence [59]. Later, epidemiological and 

experimental studies have associated chronic 
infections to about 15–20% of tumors [60, 61] 
and linked inflammation to tumorigenesis, by 
modulation of a variety of complex processes, 
including the increased cell proliferation, rate of 
mutagenesis, angiogenesis [62], and inhibition 
of apoptosis. For these reasons, inflammation 
has been acknowledged as a critical element in 
cancer occurrence and has been included as a 
new “hallmark of cancer” [23]. The inflamma-
tion is the protective response of the body against 
various harmful stimuli; however, the aberrant 
and inappropriate activation tends to become 
harmful [63].

19.3.1  Tumor-Associated 
Macrophages (TAM)

A number of studies appraised tumor-associated 
macrophages (TAM) as crucial mediators of the 
connection between inflammation and cancer 
occurrence [64–68]. TAMs secrete a plethora of 
cytokines and chemokine, which are the soluble 
mediators of inflammation and are mainly 
responsible to mediate such processes [69]. It is 
widely accepted that in the majority of cancers, 
TAMs have a pro-tumoral effect [70]. However, 
these cells are intrinsically “plastic” in their func-
tions, and in the complexity of tumor microenvi-
ronment, they were shown to acquire antagonistic 
properties ranging from immune suppressive to 
immune-stimulatory properties. While the antitu-
mor role of TAM has been previously linked to 
the orchestration of T-lymphocyte antitumor 
immune response, recent findings have shown 
that tumor immune surveillance can be firmly 
directed by TAMs when “educated” by specific 
treatments in a T-cell independent fashion [71]. 
The functional plasticity of macrophages is regu-
lated by environmental stimuli; thus, their 
immune profile results in the identification of two 
distinct polarized functions, schematically sim-
plified as M1/M2 classification. Macrophages are 
recruited at peripheral sites by locally secreted 
chemotactic factors and cytokines, including 
inflammatory chemokines and growth factors 
[i.e., vascular endothelial growth factor (VEGF), 
platelet-derived growth factor (PDGF), and mac-
rophage colony-stimulating factor (M-CSF)] 
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[72]. These cytokines can also promote macro-
phage survival and polarization. Although mobi-
lization of the circulating pool of monocytes is 
the main mechanism of macrophage recruitment, 
local proliferation can contribute to macrophage 
accumulation at the tumor site [73]. In the tumor 
context, both tumor and stromal cells secrete a 
variety of chemo-attractants for blood circulating 
monocytes, including CCL-2, originally discov-
ered as a tumor-derived chemotactic factor [74]. 
Molecular profiling analyses of both human and 
murine TAMs have evidenced a profile closer to 
that of M2 macrophages [75, 76], whose remod-
eling, immunosuppressive activities, and produc-
tion of trophic factors for tumor and stromal cells 
functionally correlate to important pro-tumor 
activities [77], including proteolytic activity [78], 
remodeling of the extracellular matrix [79], and 
induction of angiogenesis [80]. Liu et  al. have 
shown that M2-polarized TAMs increased fibro-
blastic morphology, upregulated mesenchymal 
markers (i.e., Vimentin and Snail) at the mRNA 
and protein levels, and increased proliferation, 
migration, and metalloproteinase MMP2 and 
MMP9 proteolytic activity in pancreatic cancer 
cells [81]. In addition, it has been shown that the 
inhibitor of MMP-9 has been associated with 
decreased survival in breast cancer [82]. Leifler 
et  al. identified MMP-9 as a potent player in 
modulating the innate immune response into 
antitumor activities [82]. Notably, TAMs exert 
their pro-tumor functions both directly acting on 
tumor cells and indirectly, by orchestrating the 
suppression of the adaptive immune response. 
Macrophages, whether adequately activated, 
have the capability to both directly kill tumor 
cells [83, 84], a property mediated by contact 
dependent [85] as well as independent mecha-
nisms [71], and orchestrate an antitumor adaptive 
immune response, through the activation of cyto-
toxic lymphocytes.

19.3.2  Tumor-Associated 
Neutrophils (TAN)

Although TAMs are the most prevalent innate 
cellular components of the tumor microenviron-
ment, the role of tumor-associated neutrophils 
(TANs) on tumor progression has been reconsid-

ered [86, 87]. Accordingly, TANs have been 
shown as a source of cytokines and chemokine 
and in different settings also anti-inflammatory 
mediators, thus likely to mediate a dual effect on 
tumor progression depending on their polariza-
tion state, i.e., N1 and N2 [88, 89]. TAMs and 
TANs functional polarization and prognostic 
value reflect the intrinsically plasticity as it varies 
along the tumor type, location in the tumor tissue 
(i.e., necrotic and hypoxic areas), and the tumor 
stage. Studies have demonstrated specific exam-
ples of tumor-mediated signals (such as trans-
forming growth factor-β, TGF-β) that induce the 
formation of a pro-tumorigenic N2 phenotype 
capable of supporting tumor growth and sup-
pressing the antitumor immune response. 
However, there are also studies showing that 
TAN can also have an antitumorigenic N1 pheno-
type [90]. Many patients with advanced cancer 
show high levels of neutrophilia, tumor neutro-
phils are connected to dismal prognosis, and the 
neutrophil-to-lymphocyte ratio has been intro-
duced as a significant prognostic factor for sur-
vival in many types of cancer. Neutrophils 
constitute an important portion of the infiltrating 
immune cells in the tumor microenvironment, but 
controversy has long surrounded the function of 
these cells in the context of cancer. In particular, 
it remains unclear whether these different popu-
lations represent bona fide subsets or simply acti-
vation/polarization states in response to local 
cues [91, 92].

19.4  Cellular Players 
of the Adaptive Immunity 
in Cancer

It has been accepted that immune cells infiltrate 
the tumor stroma, and they are essential players 
of the tumor microenvironment. The cells of the 
adaptive immune system are mainly represented 
by CD8+ cytotoxic T lymphocytes (CTLs) and 
CD4+ T-helper lymphocytes. The main function 
of CD4+ T lymphocytes is to sustain activation of 
other cells, including macrophages, B-cells, and 
CTLs, by release of several cytokines, such as 
interleukn-2 (IL-2), tumor necrosis factor alpha 
(TNFα), and interferon gamma (INFγ). 
Identification and specific elimination of tumor 
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cells are mediated by CTLs CD8+ T-cells [93, 
94], which produce perforin and granzyme B 
[95]. The recognition by lymphocytes of antigens 
after first encounter is kept at a higher activation 
level compared to the baseline. Activated T lym-
phocytes have long life, are more reactive to 
stimulation than naïve T lymphocytes, and are 
detectable by specific surface molecules, sug-
gesting that their presence in the context of solid 
tumors has important implications. Accordingly, 
antigen-experienced CTLs phenotypically switch 
CD45 isoform from CD45RA to CD45RO when 
they are activated [96].

T-lymphocyte activation is also modulated by 
a subpopulation of T lymphocytes indicated as 
T-regs, which suppress immune responses [97]. 
The transcription factor FOXP3 is a specific 
T-reg cell marker [97, 98]. T-regulatory cells 
were discovered more than 20 years ago and have 
remained a topic of intense investigation by 
immunologists [99]. T-reg lymphocytes include 
different subpopulations, although the most 
investigated are CD4+ CD25+ [97, 100]. However, 
these markers are not completely specific for 
T-regs because CD25 and FOXP3 might also be 
expressed by activated CTLs [96]. Accordingly, 
the specificity of tumor-infiltrating T-reg cell 
antigen has yet to be determined in humans. 
T-regs may exert different functions according to 
the tumor contexture, i.e., they might block anti-
tumor immunity or decrease chronic pro-tumor 
inflammation [96].

In the clinical setting of some human cancers, 
the lymphocytic reaction can comprise different 
components beside dispersed tumor-infiltrating 
lymphocytes (TILs) and include discrete “lym-
phoid aggregates,” resembling lymph-node-like 
structures. These aggregates are similar to those 
observed in chronic inflammatory conditions, 
where tissues harboring target antigens are infil-
trated by cellular effectors of the adaptive 
immune system, which organize anatomically 
and functionally as in secondary lymphoid 
organs, with recruitment of B-cells and T-cells, 
follicular dendritic cells with germinal centers, 
and specialized vessels suited to mediate traffic 
of immune cells [101, 102]. Those structures are 
named tertiary lymphoid tissue (TLT) and might 

be involved in the organization of the immune 
response. Few reports exist that TLTs are present 
also in cancer [103, 104]. Moreover, the concept 
of ectopic lymphoid structures within solid 
tumors has only recently become appreciated, 
and it is still unclear whether these structures 
retain functional immune activities to mediate 
recruitment and activation of TILs.

19.5  Prognostic Value of Innate 
and Adaptive Cells 
of the Immune System 
in Cancer

The stromal compartment of solid tumors is infil-
trated by immune and inflammatory cells express-
ing a wide array of specific markers and exerting 
critical effects on tumor outcome depending on 
their specific subset, density, spatial location [105] 
and the staging of tumor at diagnosis [106–108]. It 
is widely accepted that in preclinical studies, cel-
lular mediators of the innate immunity favor 
tumor progression [23, 77, 109]. Accordingly, the 
quantification of the number of CD68+ TAMs 
was linked to a poor prognosis in pancreatic can-
cer and Hodgkin’s lymphoma [110, 111]. 
Recently, it has been shown that tumor and 
stroma DC, NK cells, M1-polarized TAMs, CD8+ 
T-cells, and B-cells were associated with 
improved prognosis and tumor PD-L1, and stro-
mal M2 TAMs and T-reg cells had poorer prog-
nosis in non-small-cell lung cancer [112]. In the 
case of pancreatic cancer, expression of M1 
markers of macrophage polarization was associ-
ated with better prognosis, while M2 markers 
were linked to worst prognosis [111]. In lung 
cancer, IL10+–CD68+ TAMs were associated 
with worst prognosis in patients with late-stage 
disease at diagnosis [113], while in a subsequent 
study, a high ratio of M1/M2 macrophages was a 
feature of patients with good outcome [114]. 
Thus, according to the simplified view of macro-
phage polarization provided by Mantovani et al., 
in clinical studies, macrophages infiltrate tumor 
nest as a heterogeneous population, which seem 
to retain different functional and molecular prop-
erties that may vary according to the instructions 
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provided by the tumor milieu. On the contrary, in 
colorectal cancer, it was shown a correlation of 
high number of TAMs with a better prognosis 
[85, 115], and in a later study, this correlation 
held true regardless of TAM polarization [116]. 
Discrepancies among clinical studies on prog-
nostic abilities of innate immune cells underline 
the importance of the tumor type when trying to 
determine TAM’s influence on tumor progres-
sion. Wu et al. found that TAMs identified only 
with CD68 have no significant correlation with 
the prognosis and clinicopathological parameters 
of bladder cancer patients. However, TAMs 
detected with CD163 could serve as a prognostic 
marker for bladder cancer patients. These find-
ings invite further research on the role of TAM 
subsets in bladder cancer patients [117]. Beside 
the parenchymal cells, the liver also contains res-
ident and infiltrating myeloid cells involved in 
immune responses to pathogens and much less is 
known about their interplay with hepatitis B virus 
(HBV). While it is still unclear if liver macro-
phages play a role in the establishment and per-
sistence of HBV infection, several studies 
disclosed data suggesting that HBV would favor 
liver macrophage anti-inflammatory phenotypes 
and thereby increase liver tolerance. In addition, 
alternatively activated liver macrophages might 
also play in the long term a key role in hepatitis 
B-associated pathogenesis, especially through 
the activation of hepatic stellate cells [118]. 
Further clinical data are warranted to study 
whether TAM effect might differ along tumor 
progression and, in a clinical relevant scenario, 
with regard to chemotherapy treatments. Several 
retrospective clinical studies on colorectal, mela-
noma, ovarian, breast, and non-small-cell lung 
tumors generally underlined the adaptive immune 
cell tumor infiltration as a prognostic indicator of 
good patient’s prognosis [103, 105, 119–123]. 
Variability with respect to prognostic potential of 
the markers employed relies on the specific popu-
lation of T lymphocytes and the type of tumor 
settings investigated. In this view, colorectal can-
cer represents a paradigm since its milieu is 
highly permeated by adaptive immune cells with 
potential antitumor abilities. A seminal paper by 
Galon et al. claimed that concomitant local infil-

tration of CD3+ lymphocytes at the tumor inva-
sive margin and in the intratumoral location was 
a better predictor of survival than the tumor- 
node- metastasis (TNM) staging system [105]. 
However, TNM is still the gold standard to pre-
dict CRC patient prognosis, while TILs are not 
employed to date in clinical practice. A subse-
quent study from Laghi et  al. raised doubts on 
previous claim and showed that while CD3+ 
T-infiltrating lymphocytes (TILs) were not inde-
pendent by TNM staging in predicting patient’s 
prognosis, TILs were a strong prognostic factor 
only among lymph-node negative but not among 
lymph-node-positive CRCs [106]. Later, Mlecnik 
et  al. showed that an immune score was re- 
proposed, although represented by partly over-
lapping subpopulations of TILs (i.e., CD8+ and 
CD45RO+), which had to be concomitantly 
located at the tumor invasive margin and intratu-
moral in each CRC specimen [124]. By these 
means, these immune features identified a bench-
marking population with a dismal prognosis and 
devoid of TILs, representing only 6.5% of the 
CRCs (stages I–III) [124]. This strategy fostered 
statistical analysis but might not provide proper 
clinical prognostic relevance when addressing 
surveillance strategies and allocation to chemo-
therapy in the overall population of CRC.  The 
biological relevance of tumor lymph-node infil-
tration in the context of TIL prognostic abilities 
was previously shown in ovarian cancer in a 
study suggesting a negative interaction of nodal 
status with antitumor immunity [107]. In CRC, 
the density of activated CD8+TILs decreased in 
patients with metastatic lymph nodes and 
advanced tumor staging, suggesting that immune 
escape might occur along CRC disease progres-
sion [125]. Accordingly, in a different study, the 
expression of eomesodermin, a transcription fac-
tor critically involved in the production of perfo-
rin, is inversely associated with tumor 
lymph-nodal involvement [126]. In melanoma, 
these observations were supported by the fact 
that a primary tumor devoid of TILs was shown 
to predict sentinel lymph node metastasis. These 
studies underline that the plasticity of TILs with 
regard to their recruitment and antitumor activity 
seems to differ along the clinical progression of 
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different solid cancers [108]. Therefore, future 
design of clinical trials aimed to employ TILs as 
diagnostic tools or novel immunotherapy strate-
gies should take into account these consider-
ations. Recruitment of T-reg cells to the tumor 
milieu is another mechanism of tumor immune 
evasion. In ovary cancer, recruitment of T regs 
decreased specific antitumor TILs and associated 
with a worst prognosis [127]. In hepatocellular, 
renal cell, and breast carcinomas, the number of 
CD4+CD25+Foxp3+ cells was associated with 
worst patient’s outcome [128–130], although  
not independently by other histopathological  
features in the case of breast cancer. 
Counterintuitively, different CRC studies showed 
that a high density of Foxp3+ cells was indepen-
dently associated with better prognosis [131–133]. 
This discrepancy might be explained by hypoth-
esizing that Foxp3+ cells instead of inhibiting 
antitumor immunity seem to decrease chronic 
pro-tumor inflammation. However, the biological 
basis explaining the differing roles of T-reg cells 
in tumor progression with respect to the tumor 
type is still unknown. New experimental models 
properly simulating tumor development will be 
helpful in better understanding T-reg activity on 
tumor. It is indubitable that the estimation of risk 
of recurrence for patients with CRC must be 
improved. A robust immune score quantification 
is needed to introduce immune parameters into 
cancer classification. Recently, an International 
Panel assessed the prognostic value of total tumor-
infiltrating T-cell counts and cytotoxic tumor-
infiltrating T-cell counts with the consensus 
Immunoscore assay in patients with stage I–III 
CRCs. The Immunoscore provides a reliable esti-
mate of the risk of recurrence in patients with 
colon cancer. These results support the imple-
mentation of the consensus Immunoscore as a 
new component of a TNM-Immune classification 
of cancer [45].

19.6  Concluding Remarks

Solid tumors contain a heterogeneous mixture of 
malignant and nonmalignant cells within an extra-
cellular matrix supported by an irregular vascular 

network [134, 135]. The cancer microenviron-
ment makes up the stroma of the neoplasm and is 
the tissue that determines tumor growth, progres-
sion, and ability to initiate metastases. Because of 
the role that the cancer microenvironment plays in 
each stage of tumor development, better knowl-
edge about the interactions of the tumor with its 
microenvironment would seem to be of the utmost 
importance for developing new treatment strate-
gies [136, 137]. It has been ascertained that can-
cerous stroma coevolves alongside tumor 
progression, thereby promoting the malignant 
conversion of epithelial carcinoma cells [138]. 
However, tumor stroma is infiltrated by a variety 
of immune cells with the ability to influence 
tumor development and with a relevant impact on 
prognosis. The understanding that the immune 
system plays a dual role in cancer progression has 
led to the recent development of targeted immu-
notherapies [139]. Immune surveillance against 
the tumor is stimulated by the presence of TAA 
and by stress-induced molecules. Only in the past 
decade, however, have studies in murine models 
led to the understanding of immune system roles 
in cancer progression, a process termed cancer 
immunoediting [25].

It is indubitable that the analysis of the type, 
quantity, location, and the functions of the 
immune infiltrate becomes a primary step in 
understanding the history of cancer in a clinical 
relevant perspective. A comprehensive analysis 
of all components of the lymphocytic infiltrates 
in the context of their localization, organization, 
and impact at various steps of tumor progression 
remains largely, if not entirely, to be addressed in 
prospective studies [140, 141]. As recently 
reported by Hamada et al., further studies exam-
ining tumor molecular alterations and additional 
factors in the tumor microenvironment may 
inform development of immunoprevention and 
immunotherapy strategies [142]. In parallel, 
understanding the mechanisms of efficient 
immune reactions, the place where they are initi-
ated, the cellular and molecular mediators 
involved, and their impact at different stages of 
the disease should provide new tools and goals 
for more effective and less toxic-targeted 
therapies.
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20.1  Introduction

The influence of genes in the development of 
cancers can be very high, very well depicted in 
numerous hereditary cancers or very low in some 
cancers. Although the roles played by genes in 
the pathophysiology and prognosis of the malig-
nant transformation are highly variable in differ-
ent cancers, their role cannot be ignored. For 
sure, polymorphisms in immune-related genes, 
known as immune polymorphisms, have an unde-
niable role in shaping undeniable but complex 
interactions between the immune system and 
malignancies which can significantly influence 
the face of malignancy with respect to predispo-
sition, nature, prognosis, and response to treat-
ment in each individual.

20.2  Cancers: Why Are There 
Different Faces?

It has long been observed that individuals are dif-
ferent with respect to predisposition nature, prog-
nosis, and response to treatment in cancer [1, 2]. 
Since the first observations, scientific minds have 

been preoccupied with the question that, what is 
the reason for this high interindividual variation. 
Nowadays, it is obvious that behind the ugly 
scene of cancers, there is a complex interplay 
between genes and environment and this question 
can be answered straightforwardly by the high 
variability of genetic and environmental factors 
for each individual [1]. Although it is estimated 
that less than 0.1% of the genome is different 
between any two individuals, this variability is 
equal to at least several million nucleotide differ-
ences per individual [3, 4]. Genetic effect in the 
development of cancers is investigated by analyz-
ing the rate of heritability in twin studies with 
shared and unshared environment [5]. The influ-
ence of genes can be very high in melanoma, leu-
kemia, and prostate cancer as well as numerous 
hereditary cancers like familial adenomatous pol-
yposis, or it can be very low in some cancers like 
cancer of the cervix or head and neck [5, 6] 
(Fig. 20.1). Although the roles played by genes in 
the pathophysiology and prognosis of the malig-
nant transformation are highly variable in differ-
ent cancers, their role cannot be ignored [7, 8]. 
Malignant transformation is not just a result of a 
cell-autonomous process and is shaped by intrin-
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sic properties, but also its cross talk with micro-
environment governed by the immune and 
endocrine systems, stroma, vascular system, and 
other systems [7]. Therefore, this heritability 
results from additive effects of low-penetrance 
genetic factors, each one contributing a small 
amount of risk [7].

20.3  Immune Polymorphism

The role of immune system in defense against 
malignancies was proposed in the early 1990s by 
Paul Ehrlich [9]. So far this book, page by page, has 
tried to show the undeniable but complex interac-
tions between the immune system and malignan-
cies. This complex interaction mostly results from 
the manipulation of the immune system by cancer 
cells evoluting to prevent self- destruction [9]. Four 
phenomena contribute to the escape of malignant 
cells from the immunosurveillance:

 1. Immunoedition: Natural selection of malig-
nant cells which are most successful in deceiv-
ing the immune system occurs by the pressure 
of the immune system itself. This pressure 
combined with the genetic instability of the 

cancers leads a somatic evolution toward vari-
ants proficient in immune escape in primary 
tumor lesions [10–12]. This struggle between 
cancer and immune cells is bidirectional 
wherein immune response is also programmed 
according to cancer antigen presentation.

 2. Downregulation of the local immune system: 
Several tumors can manipulate the local defense 
by producing inhibitory molecules such as 
indoleamine 2,3-dioxygenase (IDO) and differ-
ent cytokines or expression of apoptose- 
inducing ligands such as Fas-ligand [10, 13].

 3. Tolerance induction and losing immunogenic-
ity: The absence of costimulatory molecules, 
localization in natural environment of healthy 
cells and therefore absence of danger signals, 
losing human leukocyte antigen (HLA) class I 
molecules, and aberrant expression of immu-
nomodulatory nonclassical HLA class I anti-
gen (Ag) can all induce tolerance in the 
immune system [10, 13, 14].

 4. Host immunodeficiency: Any deficiency in the 
immune status of individuals can predispose 
them to various malignancies.

In addition, once the immune escape occurred, 
the immune system can profoundly influence the 
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prognosis, natural history, and response to differ-
ent therapies either by direct effects on malignant 
cells or indirect effects on angiogenesis and 
inflammation [10, 13–15].

The immune system of each individual is sub-
ject to variability due to different environments, 
different diets and nutritional status, and different 
antigenic exposures and most importantly due to 
an uncountable number of polymorphisms in 
genes governing the immune system elements 
and cells [16, 17].

Genetic polymorphisms are defined as varia-
tions in human genome present in at least 1% of 
the population [18]. These polymorphisms were 
beneficiary either in their cross talk with certain 
environmental factors alone or in combination 
with their associated polymorphisms, or they 
were at least neutral enough not to compromise 
the life of the individual bearing them; therefore, 
they were not erased by the evolutionary pressure 
[16, 18, 19]. Immune response-associated genes 
are not an exception, and they have an uncount-
able number of polymorphisms [16]. For exam-
ple, HLA region includes the most polymorphic 
genes in the human genome [16]. This high vari-
ety in immune-associated genes is a product of a 
long interaction with an environment consisting 
of numerous ever-evolving pathogens [16]. In 
this context, the majority of polymorphisms had 
the chance to be beneficiary in defense against 
some pathogens [17, 20, 21].

Single nucleotide polymorphisms (SNPs), 
variable number of tandem repeats (VNTRs) (a 
repeat unit includes 15–100 nucleotides), and 
microsatellites are three important types of poly-
morphisms [22].

SNP is defined as a difference in a single 
nucleotide in the DNA sequence and is estimated 
to account for 90% of the human genome varia-
tions. Microsatellites, scattered through the 
genome with an average density of one in every 
2000 pb, are variable tandem repeats of 2–8 bp, 
most commonly CA dinucleotide, and their 
alleles are differentiated by the number of repeats 
(Fig. 20.2) [22, 23].

Polymorphisms are able to change the immune 
function at several levels from expression pat-
terns to posttranslational modifications:

 1. Some polymorphisms might change DNA 
methylation and consequently chromatin 
structure and expression patterns [24, 25].

 2. Some polymorphisms may disrupt transcrip-
tion factor binding sites (TFBSs) and conse-
quently influence the expression [22, 26, 27].

 3. mRNAs splicing patterns can be modified by 
polymorphisms as a result of deletion of a 
splice site, creation of a new splice site, or 
modification of exon-splicing enhancers and 
silencers [26].

 4. MicroRNAs (miRNAs) are important ele-
ments in gene regulation with various actions. 
Their binding sites might be disrupted as a 
result of polymorphisms [26].

 5. Some polymorphisms can cause mRNA insta-
bility and its early destruction [22, 28].

 6. Polymorphisms may create premature termi-
nation codons [26].

 7. Exonic polymorphisms can substitute an 
amino acid in protein sequence, change pro-
tein structure, and consequently alter protein 
function [22, 27, 28].
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Fig. 20.2 Different types of polymorphisms in the human genome
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 8. Some polymorphisms may change posttransla-
tional modification (PTM) site and consequently 
influence posttranslational modifications [26].

Therefore, it seems that this high genetic vari-
ability in immune response-associated genes 
known as immune polymorphism contributes to 
the observed interindividual differences [16, 21]. 
The aforementioned differences aside from can-
cer development contribute in various cancer 
manifestations, behavior, prognosis, and response 
to different treatment strategies [29–31].

20.4  Immunogenetics

20.4.1  Background

Immunogenetics, as the meeting point of two 
exciting fields of immunology and genetics, is a 
new but rapidly expanding field of science study-
ing this immune polymorphism in order to under-
stand the governance of genetics on the immune 
system [16, 32, 33].

Although the term “immunogenetics” was 
used earlier [34], the first milestone in the history 
of immunogenetics was coincident with the failed 
study of blood transfusion in 1952 [35]. This fail-
ure resulted in the discovery of HLA system [16, 
36], which attracted the attention of biomedical 
researchers to interindividual differences in the 
immune system. From that point on, for decades, 
investigators tried to associate different complex 
diseases with various HLA types using serologi-
cal methods [37, 38]. However, modern immuno-
genetics required more than one century of 
biomedical advances remarked by Mendel’s laws 
of heredity in 1865 [18, 39], discovery of chro-
mosomes as the cellular basis of heredity in 1902, 
discovery of DNA double helix as the molecular 
basis of heredity in 1953 [40], decoding the 
genetic codes, and last but not least the comple-
tion of Human Genome Project in April 2003 
[18, 41, 42]. Human Genome Project not only 
contributed to the discovery of genetic polymor-
phisms but also provided an infrastructure for 
other large-scale projects like International 
HapMap Project and “1,000 Genomes Project” 

[43]. Discovery of approximately 25–35% of 
estimated nine to ten million SNPs is just one of 
the uncountable achievements of such projects 
[16, 42–44]. Genetic polymorphisms in the 
immune system contribute to a large part of the 
interindividual variation in immune response, 
and today, immunogenetic studies have provided 
a vast knowledge of the effects of immune poly-
morphism on the host defense. However, just the 
estimation that there is one SNP per every 290 bp 
shows that there is much more to be brought to 
light [43, 44].

20.4.2  Immunogenetic Tools

Along with the concert of conceptual advance-
ments, tools employed in this field have changed 
in order to gather immunogenetic information 
more accurately, in less time and less cost [16]. 
Twin studies recruit twins in order to remark the 
importance of genetic component in susceptibility 
to traits and diseases [18, 45]. The result of such 
studies provides a rough estimation of genetic con-
tribution to interindividual differences in immune 
system by comparison of concordance rates of 
immune traits between monozygotic and dizygotic 
twins [18, 38, 45]. The higher the concordance dif-
ference is, the greater the heritability [8, 18].

Upon introduction of immune polymorphism, 
several association studies tried to show the con-
tribution of specific genes using the candidate 
gene approach or hypothesis-driven approach 
[18, 46]. This approach includes looking into the 
differences between patients and controls in 
allele frequencies of SNPs in genes selected 
based on the known pathophysiologic pathways 
of the disease. These studies at first employed 
restriction enzymes to identify specific SNPs 
called restriction fragment length polymorphisms 
(RFLPs) in the restriction site of the enzyme 
[47]. This approach is also known as a reduction-
ist approach, since studies employing this 
approach investigate only a few genes and poly-
morphisms at a time [18, 46, 48].

In the early 1990s, discovery of hundreds of 
informative microsatellites provided the possi-
bility of a dramatic change in the approach of 
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immunogenetic studies from a hypothesis-
driven approach to positional approach [4, 18, 
49]. The information from this project provided 
the immunogenetic scientists with the most suit-
able SNPs for genotyping in order to indirectly 
gather as much as information about the genome 
variation of an individual [18, 50]. These SNPs, 
which are representative of a block of SNPs, are 
known as tagSNPs. The extent of LD in a region 
determines the number of tagSNPs required to 
cover a region. The lower the LD is in a region, 
the higher number of tagSNPs is needed and 
therefore the higher the cost of genotyping the 
region is [51]. Nowadays, availability of high-
throughput gene technologies such as gene 
chips or microarrays has enabled investigators 
to genotype cost- effectively, rapidly, and almost 
effortless hundreds of thousands to millions of 
SNPs at the same time [4, 38, 46, 49]; therefore, 
this approach is also known as “nonreduction-
ist” approach [4]. These technological advance-
ments were employed in community-based and 
large-scale GWASs in order to identify trait-
associated regions with higher resolution. The 
results of such studies are trait-associated SNP 
(TAS) as a representative of the true casual vari-
ant which might be each of the known and 

unknown variants in whole TAS block. The TAS 
block is defined as all known and unknown 
polymorphisms in strong LD with the tagSNP 
[4, 18, 52]. Therefore, LD along with techno-
logical advances turned SNPs, the most com-
mon and more importantly the most stable 
genetic variations in human DNA, into applica-
tion [53].

However, there are major limitations in 
GWASs to be overcome.

 1. Generally, the genetic component of complex 
diseases originates from several major suscep-
tibility loci and a component of as many as a 
dozen minor susceptibility loci known as poly-
genes (Fig.  20.3). These polygenes individu-
ally have small to medium impact on the 
overall genetic component; therefore, GWASs 
require a large study sample with homogenous 
ethnicity and phenotype to have enough high 
power to identify these polygenes [4, 23, 52, 
54]. This is a major problem in immunogenetic 
studies of cancers as patients with cancers 
present with highly variable phenotypes. As a 
result, the odds ratio for each allele is typically 
below 1.5, and the P value should be less than 
10−6 to show a significant association [7, 55].
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 2. The genetic component and therefore effect 
of any risk allele decreases by increased 
exposure of populations to environmental 
risk factors which is the reason why some 
results could not be replicated in different 
populations [7]. For example, increased 
prevalence of acquired immune deficiency 
syndrome (AIDS) in some African popula-
tions predisposes population to different 
cancers disregarding their genetic back-
ground [56, 57]. This is also the case in 
regard to some extreme dietary patterns, 
smoking habits, and other environmental 
factors [58, 59].

 3. Some cancer susceptibility variants have non-
additive interactions with other genetic and 
environmental factors. It is possible that the 
effect of one variant depends on the presence 
of one or several specific alleles in another 
locus or even certain environmental risk fac-
tors. Therefore, such susceptibility variants 
can be detected only in GWASs with samples 
of patients with particular genetic and envi-
ronmental background [7].

 4. At least 10% of SNPs within a range of 1 kpb 
of hotspots are untaggable which means they 
do not have any LD with tagSNPs [51]. The 
presence of these numerous untaggable SNPs 
always limits the power of GWASs in finding 
all possible genetic associations [44]. 
Therefore, GWASs should employ additional 
sequencing within known recombination 
hotspots [44].

 5. GWASs are less effective in some old popula-
tion like African countries, since LD is gener-
ally lower in these populations due to the 
longer duration being affected by genetic 
recombination [4, 18, 52, 53].

 6. The different LD, hotspots, and haplotype pat-
terns in different populations might  complicate 
replication studies in different populations 
[53]. For example, in some population, the 
causal variant may be separated from the 
associated TAS block by a hotspot.

 7. Sometimes the associated TAS block does not 
include a causative allele but an allele benefi-
ciary for the affected individuals with the dis-
ease, and therefore the natural selection has 

selected them instead of those affected indi-
viduals without the allele [16].

 8. Population stratification is another source of 
bias in such studies as the association of the 
trait and TAS block may be due to an ancient 
branching of the population bearing both 
causal trait alleles and the TAS block; how-
ever, this bias can be minimized by the careful 
selection of the control group or by assessing 
population structure and correcting for it [18, 
53, 60].

 9. If certain alleles are associated with a more 
aggressive disease and lower survival, they 
are less presented in patients and may not be 
detected as a susceptibility allele [61].

After identification of associated TAS blocks 
by GWASs, the actual functional variant in the 
associated TAS block can be found by further 
genetic association studies employing more 
accurate low-throughput technologies and other 
SNP markers in order to finely map the associ-
ated genes and alleles in the associated TAS 
block [49]. In these studies, allele frequencies of 
polymorphisms are compared in groups of cases 
and controls. However, results of such associa-
tion studies are often contradictory due to the het-
erogeneous nature of the cancers, numerous 
gene–gene and gene–environment interactions 
[62, 63]. In addition, another source of discrep-
ancy between these studies is the limitation in 
study design. For example, using hospital-based 
controls can result in a serious selection bias 
since polymorphisms under investigation might 
have association with the diseases that hospital- 
based controls may have [64, 65]. Moreover, 
some association studies failed to consider other 
genetic and environmental risk factors such as 
socioeconomic status, nutritional statues, smok-
ing patterns, etc. [60]. Lacking such information 
may cause serious confounding bias [66]. 
Therefore, in order to get the most benefit from 
results of genetic association studies and to sys-
tematize their findings, employing meta-analyses 
as a powerful statistical method is essential [28, 
67]. Meta-analysis by pooling the results of old 
studies allows us to see the whole picture of the 
effect of a certain polymorphism [28].
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Regardless of interspecies differences, there 
are similarities in cancer development between 
humans and rodents, and therefore mouse studies 
are a complementary tool for genetic association 
studies within human population [7, 68, 69]. 
Numerous genetically engineered mouse (GEM) 
models provide a simplified model of various 
cancers with controllable genetic and environ-
mental background in which the effects of a 
unique polymorphism on the malignancy can be 
studied [7, 70].

Exact mechanism of action of polymorphisms 
can be identified using different bioinformatic 
tools and in vitro studies [26]. Numerous bioin-

formatic online and offline tools are available 
which can predict the effect of polymorphisms 
by considering amino acid biophysical proper-
ties, active site residues, metal and lipid binding 
sites of gene product, TFBSs, splice sites and its 
regulatory motifs, miRNA binding sites, and 
PTM sites (Table 20.1) [26]. However, bioinfor-
matics is limited by the extent of our knowledge 
[24, 26].

Different in vitro methods are developed to 
identify functional polymorphisms. The most 
important ones are reporter gene assay and 
electrophoretic mobility shift assay (EMSA) 
(Figs.  20.4 and 20.5) [24]. The reporter gene 

Table 20.1 A small example of different bioinformatic tools

Title Address Description
dbSNP http://www.ncbi.nlm.nih.

gov/SNP/
A database for SNP information

Ensembl http://www.ensembl.org/ A database for genome information, comparative genomics, variation, 
and regulatory data

HapMap 
Consortium

http://www.hapmap.org/ A database for haplotype blocks

SNPper http://snpper.chip.org/ Online tool available for SNP analysis
SNP3D http://www.snps3d.org/ Online tool available for functional analysis of SNPs based on structure 

and sequence analysis
SNPeffect http://snpeffect.vib.be/

index.php
A database for phenotyping human SNPs and for finding information 
regarding SNPs effect on structure stability functional sites, structural 
features, and PTM sites

MutDB http://www.mutdb.org/ Online database for human variation data with protein structural 
information and other functionally relevant information

Construct of oligonucleotides with
different alleles of the polymorphism

under study

Allele with higher affinity

Allele with lower affinity

polymorphism Transcription factor

Mixture with
transcription factors Electrophoresis

Fig. 20.4 EMSA, an in vitro experiment to measure binding affinities of different TFBS for transcription factors
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assay employs a reporter gene with a quantifi-
able product and clones the promoter of interest 
in its upstream [24, 71, 72]. Therefore, quantifi-
cation of reporter gene product can provide 
information about the promoter strength [24, 
71, 72]. On the other hand, EMSA can measure 
the effect of different polymorphisms on the 
affinity of TFBS sequence for different tran-
scription factors. In these studies, double-
stranded oligonucleotide containing the 
polymorphism of interest is mixed with nuclear 
extract with various transcription factors [24, 
73, 74]. Higher affinity for these  factors results 
in the formation of more protein–DNA com-
plex resulting in retardation of mobility in elec-
trophoresis [24, 73, 74].

The results from immunogenetic studies 
should always be interpreted with consider-
ation of information from immunogenomics 
and immunoproteomics [38]. It should be 
noted that information from each type of study, 
i.e., GWASs, genetic association studies, 
in vitro and mouse studies, and bioinformatics, 
are just pieces of the complex puzzle of immu-
nogenetics and cancer. No individual method is 
precise enough to see the final picture 
(Fig. 20.6).

20.5  Immunogenetics: 
A Champion in Fighting 
the Losing Battle Against 
Cancer

The application of immunogenetics in cancer is 
more than promising. Some variations in immune 
polymorphism reduce the immune capacity in 

Promoter under study

Promoter with higher activity

Promoter with lower activity

Construct of reporter vector
with the promoter under study

transcription and
translation

Quantification of
reporter product
(measured by

light or enzyme
activity)

Reporter gene

Fig. 20.5 Reporter gene assay, an in vitro tool to measure strength of different promoters

Meta analysis

Mouse studies

Bioinformatic
tools

In vitro studies

Twin studies

Family studies

GWAS

Genetic
association

studies

Fig. 20.6 Different methods in immunogenetic studies 
are pieces of a complex puzzle
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clearing either malignant transformations or 
cancer- inducing infectious agents and predispose 
bearing individuals to various cancers as exag-
gerated in case of most primary immunodefi-
ciency diseases [4, 18, 21, 38]. Although each 
individual variant has a little informative poten-
tial for clinical application, understanding their 
interactions and therefore their cumulative effect 
is of high clinical importance [7].

Immunogenetic studies not only can help cli-
nicians in risk assessment of individuals for sus-
ceptibility to certain cancers in order to employ 
preventive strategies but also may open new win-
dows for treatment [4, 18, 21, 38, 52, 75–77]. 
GWASs might result in the identification of unex-
pected genes which in turn result in identification 
of new pathways in pathophysiology of cancers 
[52]. These new pathways not only provide a 
broader insight into how and why of the cancers 
but also may suggest new molecular targets for 
prevention and immunopharmacology and 
immunotherapy [4, 18, 38, 47, 52]. Keeping in 
mind that immune system provides the only anti-
neoplastic reaction completely specific to cancer 
cells, it is vital to completely understand the 
genetic factors governing the immune system–
cancer interactions and employ this knowledge in 
eliminating the cancers [4, 78]. In addition, this 
knowledge might begin a post-genomic era in 
individualized medicine [4, 38]. The presence of 
some variants in immune-associated genes might 
affect the success or failure in applying a particu-
lar therapy and immunogenetic information pro-
vides a way to predict toxicity and clinical 
effectiveness of different immune-based thera-
pies [4, 16, 22, 38]. Therefore, employing the 
knowledge from immune polymorphism in pre-
diction of treatment outcome may justify the 
application of an expensive partly effective treat-
ment option [4, 16, 38, 79].

20.6  Human Leukocyte Antigen

20.6.1  Background

Human leukocyte antigens are specialized ele-
ments of the immune system in recognition of 

self from non-self. HLA is responsible for pre-
senting Ags to T-cells and therefore serves as a 
door to the specific immune system. HLA class I 
Ags are on the surface of almost all nucleated 
cells and generally present processed endoge-
nous antigens to CD8+ cells [15, 80]. Presentation 
of abnormal Ags derived from intracellular 
pathogens or malignant transformations poten-
tially initiates a cytotoxic T lymphocyte (CTL) 
response and consequently targets cell lysis [81]. 
By their interaction with killer cell 
immunoglobulin- like receptors (KIRs) on the 
surface of natural killer (NK) cells, HLA class I 
antigens regulate lytic activity of NK cells. 
Therefore, any change in either expression or 
structure of HLA class I profoundly influences T 
and NK cell mediated immunity [11].

On the other hand, HLA class II Ags are 
exclusively expressed on the surface of profes-
sional antigen-presenting cells (APC) and pres-
ent processed exogenous Ags to T helper (Th) 
cells. Following presentation of unfamiliar Ags 
and in the presence of appropriate costimulatory 
molecules, Th cells activate effector elements of 
the immune system [15, 81].

Both classes of Ags comprise an intracellular, 
transmembrane, and an extracellular part which 
includes highly polymorphic antigen binding 
groove. From the evolutionary view, this high 
variety favors the chance of heterozygosity and 
consequently Ag presenting potential for each 
individual along with a significant increase in the 
general repertoire of the whole species for Ag 
presentation [16, 81].

20.6.2  Genes Behind HLA

HLA loci, located in 6p21.3 region, occupy only 
a small part of major histocompatibility complex 
(MHC) genetic system which is home to at least 
220 genes [82, 83] (Fig. 20.7). MHC is divided 
into three classes of genes distributed from cen-
tromere to telomere. Class II with 0.9 mb is the 
nearest one to the centromere; class I with 1·9 Mb 
is near telomere, and class III with 0·7 Mb lies in 
between [84]. The first two classes encode for 
HLA class I and II and the third class consists of 
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a group of genes encoding some members of the 
complement system, some cytokines like tumor 
necrosis factor alpha (TNF-α), heat shock pro-
teins (HSP), and an enzyme called 21-OH 
hydroxylase [36, 84].

In class I, there are three highly polymorphic 
classic genes known as HLA-A, HLA-B, and 
HLA-C, while there are a number of nonclassical 
genes known as HLA-E, HLA-F, and HLA-G [85, 
86]. Class I genes encode the highly polymorphic 
heavy chain of HLA class I (45 kDa) which later 
joins the non-polymorphic B2 microglobulin 
encoded by chromosome 15 [85, 86]. Classic 
genes consist of eight exons, but the most impor-
tant exons are exons 2 and 3 encoding for peptide 
binding groove. Other exons encode for trans-
membrane region and cytoplasmic tail [36, 87]. 
There are two HLA haplotypes based on HLA-B 
leader peptide dimorphism, one that supplies the 
CD94/NKG2 ligands and the other that supplies 
KIR ligands. Genotypes harboring the first vari-
ant have more diverse and potent NK cells [88]. 

Beside these highly polymorphic classic HLA 
class I genes, there are three other HLA genes in 
class I known as HLA-E, HLA-F, and HLA-G 
which are more conserved. Most probably, they 
are not involved in Ag presentation but in interac-
tion with more conserved parts of the immune 
system. For example, HLA-E, which is minimally 
polymorphic, regulates cytotoxic activity of NK 
cells by interacting with CD94/NKG2 lectin-like 
receptors. The conservation within this gene 
guarantees that there is a constant protection for 
healthy cells in most people and provides a mini-
mum safeguard for autoimmunity [37, 89, 90]. 
Some of them like HLA-G are expressed on tro-
phoblastic cells and placental chorionic endothe-
lium and induce immune tolerance during 
pregnancy [85, 91–95].

Class II consists of classic genes called DP, 
DQ, and DR and nonclassic genes known as DM 
and DO. Classic genes encode for one highly 
polymorphic beta chain (26–28 kDa) and a less 
polymorphic alpha chain (33–35  kDa) [84]. 

6p21. 1-21.3

B

HLA2

Exogenous
antigen

APC

HLA2

Th cells

B2
microglobulinHLA1

TCR

Endogenous
antigen

CD 8 + cells Malignant
cell

Antigen presentation
by HLA1 to CD8+

cells

polarization and amplification of
the adaptive immune response

Absence of HLA 1 on
the surface in

interaction with NK cells

NK cells

α chain

β chain

0.9 x 106 bp
HLA3
0.7 x 106 bp

HLA1
1.9 x 106 bp

C E A G F
DP
B A B A B A MICA

21-OH C4 BF  C2 HSP70 LTB TNF LTA

MICB
DQ DR

Fig. 20.7 HLA as the gate of adaptive immunity from genes to function

20 Immunogenetics of Cancer



428

Therefore, there are six classic D genes in this 
region. Genes for alpha chain consist of five 
exons, while beta chains are encoded by six 
exons. The exons 2 and 3 in both set of genes are 
responsible for encoding peptide binding 
domains [36].

HLA class I and II genes are the most polymor-
phic genes in the human genome with 2365, 3005, 
and 1848 alleles for HLA-A, HLA-B, and HLA-C, 
respectively, and 2156 alleles for class II genes 
(based on IMGT/HLA database, release 3.13 on 
July 2013) [96]. This high polymorphism is 
mostly clustered in several hypervariable blocks 
in exons 2 and 3 which are responsible for encod-
ing antigen binding groove. Therefore, a unique 
combination of sequence motifs in these hyper-
variable regions determines each allele [15]. This 
genetic structure is accompanied by high LD not 
only between HLA genes but also non-HLA genes 
constituting extended haplotypes [97]. The major-
ity of polymorphisms in hypervariable regions 
result in amino acid substitutions in peptide bind-
ing grooves, which in turn dramatically changes 
Ag binding affinity of the final product [15]; on 
the other hand, variants in noncoding regions 
influence transcription, translation, and splicing 
and thereby expression levels [81].

Nowadays, with a few exceptions, HLA alleles 
are named by six or even eight digits. The first 
two digits are representative of the serological 
family the allele belongs to, while the third and 
fourth digits distinguish between different 
sequences affecting amino acid sequences. The 
next two digits are identifiers of synonymous 
polymorphisms, and seventh and eighth digits are 
used to distinguish intronic polymorphisms or 
ones located into untranslated regions [98].

20.6.3  From Polymorphisms to Clinic

HLAs are involved in cancer immunity and there-
fore in susceptibility and prognosis mainly by 
presenting certain Ags known as tumor- associated 
antigens (TAAs). TAAs are the first contact of 
malignant cells with adaptive immunity. Since 
introduction of the first TAA in melanoma 
patients in 1991, a broad heterogeneous group of 

Ags was discovered and associated with different 
malignancies. This heterogeneous group can be 
divided into four classes of Ags [9, 99]:

 1. Cancer–testis Ags are a result of epigenetic 
alterations leading to reactivation of silence 
genes. One of the famous examples is Ags 
from MAGE family. These Ags are not exclu-
sive to just one type of cancer. The reason for 
this naming is that they are normally expressed 
in MHC-negative testicular germ cells and 
placental trophoblasts.

 2. Differentiation Ags are normally expressed in 
the tissue of origin of the tumor, like melan-A, 
and tyrosinase in melanomas.

 3. Unique tumor Ags are products of mutated 
tumor suppressor genes and oncogenes like 
abnormal product of RAS or p53. Fusion pro-
teins as a result of chromosomal aberrations 
are also included in this group.

 4. Infectious tumor Ags are expressed by onco-
genic viruses associated with some malignan-
cies. The examples are latent membrane 
proteins 1 and 2 (LMP-1 and LMP-2) in 
Epstein–Barr virus (EBV)-associated 
Hodgkin’s lymphoma (HL) and E6 and E7 
associated with human papillomavirus (HPV)-
associated cervical cancer.

Nowadays, hundreds of HLA association studies 
prove that HLA alleles are important elements in 
predisposition to cancer. Seven mechanisms are 
suggested for complex relationship of HLA gen-
otypes and susceptibility, prognosis, recurrence, 
and clinical response to immunotherapy and 
tumor vaccines:

 1. Efficiency in TAA presentation: One of the 
major factors in Ag presenting ability of differ-
ent HLA is the affinity of their Ag binding 
grooves to different epitopes. This affinity is 
highly dependent on the amino acid sequence 
in the hypervariable regions. Even one change 
in this sequence due to polymorphisms pro-
foundly influences binding affinities to TAAs 
and Ags used in tumor vaccines and therefore 
susceptibility prognosis and response to tumor 
vaccines [37, 86, 100–102]. For instance, HLA-
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A∗0207 is associated with susceptibility to 
EBV-associated lymphoma in East Asian pop-
ulation, while HLA-A∗0201 is a protective fac-
tor; however, this huge difference at the clinical 
level is a result of a single amino acid change 
(Y99 to C) at the protein level [103, 104].

 2. Interaction with T-cells and NK cells: Change 
in variable regions and constant regions 
involved in interaction with T-cells and NK 
cells can change HLA potential for inducing 
an effective immune response [101, 105]. This 
includes changes in cytokine profile, the other 
mainstay of immunity against cancers [106].

 3. Efficiency in inducing immune response to 
infectious agents: Antigen binding abilities of 
different HLA alleles influence immune reac-
tion to infectious agents associated with 
malignant transformation. For example, EBV 
is frequently emphasized as an important 
environmental factor in the pathogenesis of 
HL and nasopharyngeal carcinoma (NPC) 
[107]. Latent membrane protein-1 (LMP-1) 
and Epstein–Barr virus nuclear antigen 
(EBNA-4 and EBNA-6) proteins produced 
during latent infection by EBV are efficiently 
presented by A∗0201 and A∗1101, respec-
tively [87]. Therefore, these alleles can induce 
a strong immune response which conse-
quently results in resolving the infection and 
lower chance of malignant transformation. 
Another example is the protective effect of 
DQB1∗0301 allele on hepatitis C virus (HCV) 
infection, HCV-associated liver cirrhosis, and 
HCV-associated hepatocellular carcinoma 
(HCC). This allele can efficiently present 
majority of immunodominant epitopes of 
HCV [108]. Another supportive finding is that 
increased level of HLA-A expression is asso-
ciated with uncontrolled HIV activity through 
blocking the NK cell mediated immunity 
[109]. Virus-induced cancers specifically 
HPV-associated cancers further induce 
somatic mutations in HLA genes and related 
gene families [110].

 4. Change in HLA expression patterns: In some 
malignancies like melanoma, Burkitt’s lym-
phoma, and carcinoma of the cervix and lung, 
HLA expression and Ag processing machinery 

are disturbed in order to prevent TAA presen-
tation and consequently immune recognition 
of malignant cells. This mechanism is one of 
the major pathways for the immune escape of 
tumoral cells [11, 111]. Some polymorphisms 
within the noncoding regions can influence 
expression levels [37]. In addition, some HLA 
alleles are specifically lost during malignant 
transformation [112]. Loss of HLA-A2  in 
colorectal cancers, breast cancer, and cervical 
cancer or lower  expression levels of HLA-DR4 
and HLA-DR6 in melanoma is a good exam-
ple for these phenomena [113, 114]. On the 
contrary, some alleles like HLA-B∗4405 are 
not dependent on some elements of the regular 
Ag processing machinery like transporter 
associated with Ag presentation (TAP) and 
therefore can present antigens without suscep-
tibility to viral- induced diminished TAP func-
tion [115]. Moreover, the polymorphic nature 
of HLA is lost during the evolution of cancer 
cells. The loss of heterozygosity in HLA 
(LOHHLA) is a method to evaluate the preva-
lence of HLA loss in cancer clonal and sub-
clonal microenvironments [116]. The increased 
HLA homozygosity leads to the loss of neoan-
tigen identification and subsequent subclonal 
propagation of cancer cells.

 5. Increased susceptibility to chronic infections or 
autoimmunity: Some HLA haplotypes and 
alleles are associated with various chronic 
inflammatory diseases which in turn predis-
pose individuals to various cancers [79, 117]. 
Excess growth factors and prolonged prolifera-
tion in the background of chronic destruction 
increase the risk of malignant transformation 
[117]. In addition, chronic immune stimulation 
of B-cells and prolonged and repeated DNA 
double-strand breaks associated with somatic 
hypermutation (SHM) and class switch recom-
bination (CSR) significantly increase the 
chance of malignant transformation, and there-
fore, autoimmunity and chronic infection are 
important risk factors for some hematological 
malignancies like non- Hodgkin’s lymphoma 
(NHL) [117]. In these cases, HLA alleles can 
affect the extent of immune reaction and stimu-
lation of B-cells [117]. For instance, HLA-
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DRB1∗0301, HLA- B∗0801 HLA-DRB1∗0101, 
and HLA- DRB1∗0401, the susceptibility alleles 
of NHL are associated with autoimmune dis-
eases such as systemic lupus erythematosus 
(SLE), rheumatoid arthritis (RA), Sjögren’s 
syndrome, and celiac disease [102, 108, 118]. 
The more prominent example is the paradoxi-
cal relationship of DQB1∗0301 with HCV 
infection and HCV-related B-cell lymphoma. 
While DQB1∗0301 is associated with a better 
immunologic control of HCV and a self-limit-
ing infection, it is a susceptibility factor for 
HCV- related NHL.  In this case, efficient pre-
sentation of viral antigens by DQB1∗0301  in 
the context of persistent HCV infection results 
in CD4+-dependent chronic stimulation of 
B-cells [108].

 6. Sensitivity to mutation: It is suggested that 
some HLA alleles are more susceptible to 
mutations like rearrangements of the DNA 
material and crossover. Such dramatic altera-
tions might influence the function of onco-
genes or tumor suppressors in the proximity of 
HLA genes. An example of such an oncogene 
is Waf1/p21 gene, located in 6p21.1 [105].

 7. Linkage disequilibrium: LD with non-HLA 
genes of class III or even nonclassical HLA in 
the form of extended haplotypes can justify 
some of the founded associations. LD with 
non-HLA genes like TNF-α, in context with 
extended haplotype, can influence the rela-
tionship between toxicity of immunotherapy 
and HLA alleles. For example, high TNF-α 
increases the IL-2 toxicity in patients with 
melanoma [119, 120].

 8. HLA subtypes naturally suppressing the 
immunity against tumors: HLA-G and HLA-E 
are both involved in cancer development 
through inhibiting NK cell mediated cytotox-
icity by immunoglobulin-like transcript 2 
(ILT2) [121]. Thus, polymorphisms resulting 
in higher expression of these HLAs are asso-
ciated with poor prognosis and high recur-
rence, as studied about HLA-G+3027  in HL 
[122]. Hypoxia-induced factor 1 (HIF-1) 
which is released in hypoxic conditions of 
cancer hypermetabolic states is a regulator of 
HLA-G expression [123].

20.6.4  HLA Typing and HLA 
Association Studies: Lessons 
from the Past

HLA has a history as long as immunogenetics 
itself. An observation of transfusion failures in 
1952 paved the road to the discovery of the first 
HLA allele by Dausset [124]. Since 1958, there 
was a continuous international effort in order to 
share experimental data and HLA typing tech-
nologies, identify new HLA alleles and sero-
types, and uncover the role of HLA system in 
pathogenesis of numerous diseases [36]. The 
result of such effort was the identification of over 
9500 alleles for HLA class I and II over a short 
period of four decades [36]. Along with the dis-
covery of new alleles, the first nomenclature 
committee was held in 1987 followed by several 
nomenclature committees to unify the nomencla-
ture and classification [36].

Early studies employed low-resolution sero-
logical methods which detected HLA on T-cells 
or B-cells [125]. Although these serological 
methods were subject to huge development in 
detection methods from complement-dependent 
cytotoxicity test to ELISA method, flow cytome-
try, and Luminex technique, the real break-
through in HLA association studies was the 
introduction of PCR and high resolution DNA- 
based typing methods [36]. This technology 
allowed not only detection of high HLA poly-
morphisms with higher sensitivity and specificity 
but also the detection of new alleles with more 
flexibility by simply adding new probes to the old 
panels [126]. Nowadays, the old DNA-based 
method employing PCR-RFLP has been replaced 
by more rapid tests [126]. Generally, they either 
identify PCR products containing hypervariable 
regions by hybridization with sequence-specific 
probes (SSO) or employ sequence-specific prim-
ers (SSP) to identify variants as part of PCR pro-
cess itself [15, 36, 127]. The latter was extensively 
used back in mid-1990s [15, 36, 127]. Even 
though aberrant typing as a sign of new allele can 
be followed by direct DNA sequencing, both 
methods are ineffective in case there is a new 
allele [15]. Later this limitation was overcome by 
polymerase chain reaction-sequence-based 
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 typing which can directly detect the sequence of 
alleles. In this method which is based on dye ter-
minator chemistry, dye bounded 2,3 dideoxynu-
cleotides are used as substrates for PCR process. 
Randomly addition of labeled dideoxynucleo-
tides, and consequently, a stop in elongation of 
DNA chain result in the development of numer-
ous DNA fragments with different sizes. These 
DNA fragments can easily be separated by capil-
lary electrophoresis, and the ending dideoxynu-
cleotides can be identified by specific fluorescence 
emitted from the related dye.

In parallel, huge efforts were made to under-
stand the role of these alleles in etiology and natu-
ral history of several diseases. In oncology, the first 
association was found in HL in 1967 [37]. This 
finding triggered a series of HLA association stud-
ies on different cancers worldwide. The fruit of this 
global movement was finding association between 
HLA alleles and susceptibility to several hemato-
logical malignancy including HL, NHL, childhood 
acute lymphoblastic leukemia, Kaposi’s sarcoma, 
chronic myeloid leukemia (CML), and also non-
hematological malignancies including nasopha-

ryngeal carcinoma, thyroid cancer, renal cell 
carcinoma (RCC), cervical cancer, and both mela-
noma and non-melanoma skin cancers [15, 128]. 
Moreover, investigations on natural history of can-
cers showed relationship of several alleles from 
both classes with mortality in ovarian cancer, non- 
small cell lung carcinoma, head and neck squa-
mous carcinoma, and local recurrence in melanoma 
[77, 101, 105]. Several studies showed importance 
of HLA context in the outcome of immunotherapy 
and tumor vaccines in melanoma, RCC, cervical 
carcinoma, and CML [77, 100, 120, 129].

Although the result of such studies was incon-
sistent in some cases, most studies pointed to the 
undeniable role of HLA polymorphism in suscep-
tibility, prognosis, natural history, and response to 
immunotherapy in different cancers [37].

These past experiences emphasize that a pres-
tigious HLA association study is a complex art 
rather than a simple case–control study and sev-
eral factors should be considered in interpreting 
their results. In this regard, results of meta- 
analysis of these association studies are more 
reliable (Table 20.2).

Table 20.2 Significant results from published meta-analysis of HLA associations with cancers

Alleles Cancer site
Number 
of cases

Number of 
controls OR ± 95% CI Population included References

DQB1∗03 Hepatocellular 
carcinoma

398 593 0.65 (0.48–0.89) China, Italy, Spain, 
Egypt

Xin et al. 
[130]

Cervical cancer 163 410 0.85 (0.74–0.97) USA, England, Senegal, 
Sweden, Uppsala, Japan, 
Venezuela, China, Brazil, 
India, Mexico, Tunisia

Zhang et al. 
[131]

DQB1∗0301 Cervical cancer 917 2742 1.14 (1.06–1.23) USA, England, Senegal, 
Sweden, Uppsala, Japan, 
Venezuela, China, Brazil, 
India, Mexico, Tunisia

Zhang et al. 
[131]

DQB1∗02 Hepatocellular 
carcinoma

398 593 1.78 (1.05–3.03) China, Italy, Spain, 
Egypt

Xin et al. 
[130]

Cervical cancer 441 1361 0.91 (0.82–0.99) USA, England, Senegal, 
Sweden, Uppsala, Japan, 
Venezuela, China, Brazil, 
India, Mexico, Tunisia

Zhang et al. 
[131]

DQB1∗0402 Cervical cancer 142 1731 1.31 (1.04–1.64) USA, England, Senegal, 
Sweden, Uppsala, Japan, 
Venezuela, China, Brazil, 
India, Mexico, Tunisia

Zhang et al. 
[131]

DQB1∗05 Cervical cancer 213 823 1.18 (1.01–1.38) USA, England, Senegal, 
Sweden, Uppsala, Japan, 
Venezuela, China, Brazil, 
India, Mexico, Tunisia

Zhang et al. 
[131]

(continued)
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Alleles Cancer site
Number 
of cases

Number of 
controls OR ± 95% CI Population included References

DQB1∗0502 Hepatocellular 
carcinoma

257 349 1.82 (1.14–2.92) China, Spain Xin et al. 
[130]

DQB1∗0602 Hepatocellular 
carcinoma

173 226 0.58 (0.36–0.95) China, Spain Xin et al. 
[130]

DQB1∗0603 Cervical cancer 236 3608 0.62 (0.53–0.72) USA, England, Senegal, 
Sweden, Uppsala, Japan, 
Venezuela, China, Brazil, 
India, Mexico, Tunisia

Zhang et al. 
[131]

DRB1∗01 Hepatocellular 
carcinoma

2030 2817 0.53 (0.29–0.96) Liu et al. 
[132]

Nasopharyngeal 
carcinoma

786 1282 0.55 (0.39–0.78) USA, China, Greece, 
Tunisia, Singapore

Yao et al. 
[133]

DRB1∗03 Nasopharyngeal 
carcinoma

1152 1600 1.55 (1.30–1.86) USA, China, Greece, 
Tunisia, Singapore

Yao et al. 
[133]

Cervical cancer 272 1352 0.74 (0.59–0.91) China Wei et al. 
[134]

DRB1∗07 Hepatocellular 
carcinoma

281 466 1.65 (1.08–2.51) China, Italy, Spain, 
Egypt

Lin et al. 
[135]

156 224 2.1 (1.06–4.14) China Lin et al. 
[135]

125 242 1.41 (0.83–2.42) Italy, Spain, Egypt Lin et al. 
[135]

DRB1∗08 Nasopharyngeal 
carcinoma

786 1282 1.44 (1.08–1.92) USA, China, Greece, 
Tunisia, Singapore

Yao et al. 
[133]

Cervical cancer 87 967 0.68 (0.52–0.90) China Wei et al. 
[134]

DRB1∗09 Nasopharyngeal 
carcinoma

786 1282 1.33 (1.06–1.67) USA, China, Greece, 
Tunisia, Singapore

Yao et al. 
[133]

DRB1∗10 Nasopharyngeal 
carcinoma

686 1123 1.82 (1.02–3.26) USA, China, Greece, 
Tunisia

Yao et al. 
[133]

DRB1∗11 Hepatocellular 
carcinoma

2030 2817 0.58 (0.38–0.88) Liu et al. 
[132]

Nasopharyngeal 
carcinoma

786 1282 0.62 (0.42–0.91) USA, China, Greece, 
Tunisia, Singapore

Yao et al. 
[133]

DRB1∗12 Hepatocellular 
carcinoma

281 516 1.59 (1.09–2.32) China, Italy, Spain, 
Thailand

Lin et al. 
[135]

206 324 1.73 (1.17–2.57) China, Taiwan Lin et al. 
[135]

75 192 0.3 (0.04–2.47) Spain, Italy Lin et al. 
[135]

Nasopharyngeal 
carcinoma

786 1282 0.62 (0.47–0.81) USA, China, Greece, 
Tunisia, Singapore

Yao et al. 
[133]

2030 2817 1.49 (1.08–2.07) Liu et al. 
[132]

DRB1∗14 Hepatocellular 
carcinoma

2030 2817 1.89 (1.27–2.82) Liu et al. 
[132]

DRB1∗15 Hepatocellular 
carcinoma

281 466 1.7 (0.8–3.59) China, Italy, Spain, 
Egypt

Lin et al. 
[135]

156 224 3.22 (1.63–6.37) China Lin et al. 
[135]

125 242 0.8 (0.34–1.89) Spain, Egypt, Italy Lin et al. 
[135]

Cervical cancer 362 1307 1.62 (1.36–1.93) China Wei et al. 
[134]

Table 20.2 (continued)
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20.6.5  Typing Methods

Indeed, immunogenetic studies are deeply influ-
enced by technological advances. Low-resolution 
serologic HLA typing was one of the major limi-
tations in early studies [87]. Serologic typing is 
only enabled to identify the family of alleles. 
This family often comprises a heterogeneous 
group of alleles with different affinities and dif-
ferent potential for Ag presentation. Since distri-
bution of alleles belonging to the same serotype 
is different in various populations, such studies 

often obtained conflicting results in different 
populations. One of the best historical examples 
is HLA association studies in nasopharyngeal 
carcinoma (NPC).

NPC, as an epithelial carcinoma of the head 
and neck origin, was one of the main focuses of 
early HLA association studies. Early serological 
studies showed an association between HLA-A2 
and NPC in Chinese population, while studies in 
Caucasians found HLA-A2 as a protective allele 
for both NPC and EBV-associated HL [115, 137–
141]. Later, higher-resolution studies showed 

Table 20.2 (continued)

Alleles Cancer site
Number 
of cases

Number of 
controls OR ± 95% CI Population included References

DRB1∗0701 Cervical 
squamous cell 
carcinoma

1445 2206 1.59 (1.09–2.35) Iran, USA, England, 
Sweden, France, Brazil

Yang et al. 
[136]

1083 1248 1.29 (1.02–1.63) Caucasians Yang et al. 
[136]

DRB1∗1301 Cervical 
squamous cell 
carcinoma

2743 3904 0.63 (0.52–0.78) Iran, USA, England, 
Sweden, France, Brazil

Yang et al. 
[136]

2013 2360 0.61 (0.48–0.77) Caucasians Yang et al. 
[136]

DRB1∗1302 Cervical 
squamous cell 
carcinoma

1877 2966 0.49 (0.36–0.68) Iran, USA, England, 
Sweden, France, Brazil

Yang et al. 
[136]

2013 2360 0.75 (0.57–0.98) Caucasians Yang et al. 
[136]

DRB1∗1501 Cervical 
squamous cell 
carcinoma

1915 2628 1.42 (1.23–1.65) Iran, USA, England, 
Sweden, France, Brazil

Yang et al. 
[136]

2191 2628 1.22 (1.01–1.47) Yang et al. 
[136]

DRB1∗1502 Cervical 
squamous cell 
carcinoma

1424 2184 1.87 (1.08–3.26) Iran, USA, England, 
Sweden, France, Brazil

Yang et al. 
[136]

DRB1∗1503 Cervical 
squamous cell 
carcinoma

432 894 3.4 (1.69–6.87) Iran, USA, England, 
Sweden, France, Brazil

Yang et al. 
[136]

DRB1∗1602 Cervical 
squamous cell 
carcinoma

1314 2234 0.61 (0.38–0.98) Iran, USA, England, 
Sweden, France, Brazil

Yang et al. 
[136]

DRB1∗0403 Cervical 
squamous cell 
carcinoma

1796 2050 2.05 (1.02–4.12) Caucasians Yang et al. 
[136]

DRB1∗0405 Cervical 
squamous cell 
carcinoma

1496 1700 6.13 
(1.03–36.33)

Caucasians Yang et al. 
[136]

DRB1∗0407 Cervical 
squamous cell 
carcinoma

1796 2050 2.71 (1.11–6.61) Caucasians Yang et al. 
[136]

DRB1∗0901 Cervical 
squamous cell 
carcinoma

1796 2050 0.58 (0.34–0.99) Caucasians Yang et al. 
[136]
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HLA-A∗02:07, a common allele in Chinese pop-
ulation but rare among Caucasians, as the main 
risk factor, while HLA-A∗02:01, a common 
allele in Caucasians, was shown to be the actual 
protective factor in this population [142, 143]. 
Further associations among DRB1 and DQB1 
variants with cervical squamous cell and hepato-
cellular cancers were identified, which are 
depicted in Table 20.2. It is possible that future 
studies employing higher-resolution methods 
reveal even new causal variants within the current 
associations.

20.6.6  Environmental Factors

Various environmental and genetic factors play 
roles behind scenario of cancer, and malignant 
transformation is the result of a complex interaction 
between these factors. It is often the case that certain 
genetic factors need certain environmental factors 
to play their role in pathogenesis of cancer. The role 
of environmental factors in HLA association studies 
is more prominent in  virus- associated malignancies 
like HL, NPC, and cervical cancer. Each virus has 
different strains with different Ags and the preva-
lence of these strains is not the same in different 
populations. Each strain is best presented by certain 
HLA alleles. Therefore, one HLA allele efficient for 
presenting Ags of one population’s prevalent strain 
may not present Ags of another population’s preva-
lent strain efficiently [87]. Such a phenomenon 
might be extended to other environmental factors 
like virus prevalence, viral load, diet, cigarette 
smoking, and socioeconomic status, all of which 
are highly dependent on the population under study 
[78, 144]. For instance, pathogenesis of cervical 
cancer is dependent on persistent infection with 
high-risk human papillomavirus (HPV) and this 
risk factor itself is highly related to socioeconomic 
status, sexual relationship, and prevalence of high-
risk variants in the region [144, 145].

20.6.7  Linkage Disequilibrium

MHC region is home to more than 200 genes 
beside classic HLA genes. Due to the low recom-
bination rates, these genes are often in strong 

linkage disequilibrium together [82]. This strong 
LD can complicate finding the actual causal 
allele. The problem gets worse when the causal 
allele is an unknown allele in strong LD with the 
associated allele. This limitation can be over-
come by whole genome sequencing (WGS) of 
the region in close proximity of the associated 
allele [107]. One example is the association of 
NPC with HLA-A∗0207 and HLA-B∗4601 
which are in strong LD. In this case, either allele, 
both of them, or even a third allele in LD with 
both of them might influence the pathogenesis of 
NPC [143].

Some studies reported extraordinary LD in 
MHC region between alleles from one class and 
alleles of other classes and even non-HLA genes. 
This extraordinary haplotypes are known as 
extended haplotypes [87]. Thus, in interpreting 
results of HLA association studies or design of 
one, non-HLA genes such as the transporter 
associated with Ag processing (TAP) MHC class 
I chain-related A (MIC-A), heat shock proteins 
(HSP), and TNF-α which are located nearby or 
within the classic HLA genes should be consid-
ered [82, 87]. These extended haplotypes are 
especially of importance in immunogenetic stud-
ies of cancers, since numerous elements of the 
immune system are in the front line of defense 
against cancer.

For instance, the ancestral haplotype 8.1 (AH 
8.1: HLA-A∗01-B∗08-Cw∗07-DRB1∗03-TNF- 
G308A), in which HLA alleles are in LD with 
TNF-α, is the most frequent extended MHC hap-
lotype in Caucasian populations [119]. Primarily, 
this extended haplotype was associated with clin-
ical course of NHL [79, 119]; however, later 
studies showed that polymorphism in TNF-α 
gene has a more prominent effect in this associa-
tion compared to Cw∗07 and DRB1∗03 alleles 
[9, 79]. In this case, polymorphisms in TNF-α 
promoter influence TNF-α expression levels. 
TNF-α level consequently affects the extent of 
immune activation upon tumor challenge. In 
addition, increased TNF-α impairs Ag presenta-
tion potential of APCs and by its effect on cyto-
kine profile results in a bias toward Th2 immune 
responses [79]. All these factors can contribute to 
the exacerbation of systemic symptoms, anemia, 
hypoalbuminemia, and poor outcome [9].
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Another example is the association of HLA- 
A∗03 and chronic myeloid leukemia (CML) [82]. 
A translocation between t(9,22)(q34;q11) creat-
ing a truncated chromosome 22 known as 
Philadelphia chromosome is present in majority 
of patients with CML [146]. Depending on the 
precise location of the fusion, different fusion 
proteins are encoded. Keeping this in mind and 
the absence of costimulatory molecules on CML 
cells, it is improbable that the association of 
HLA-A∗03 is due to its efficiency in presenting 
fusion proteins and its ability to induce an effec-
tive immune response [82]. However, this allele 
is in LD with the C282Y mutation of the hemo-
chromatosis gene, a susceptibility marker for 
CML [82].

In some cases, an optimal immune response is 
dependent on optimal Ag presentation by both 
HLA classes and the presence of certain alleles in 
non-HLA genes. An absence of one of these 
 optimal alleles may result in anergy and immune 
escape. In some populations, these alleles might 
be in LD in form of an unknown extended haplo-
type, while in other populations this haplotype 
might be absent [61]. One of such associations 
has been reported between cervical squamous cell 
carcinoma and multi-locus haplotype of B∗4402-
Cw∗0501-DRB1∗0401-DQB1∗0301 [61].

20.6.8  HLA and Cancer Diagnosis, 
Prognosis, and Treatment

HLA typing and studying their association with 
cancer development would be beneficial if uti-
lized in improving the early diagnosis, defining 
the prognosis of cancers and their response to 
treatment strategies. Quantifying HLA-G expres-
sion level regardless of the HLA subtype may be 
a predictive tool in distinguishing benign and 
malignant lesions and determining the prognosis 
of cancerous lesions [147, 148]. Moreover, tar-
geting HLA-G by siRNA and specific Abs has 
resulted in improved NK cell mediated cytolysis 
and Th2 related cytokine expression, preventing 
tumor progression [149, 150].

Not only considering certain HLA types which 
influence the response of cancer cells to different 
immunotherapy methods helps in predicting the 

efficacy of an immunotherapy method [151], but 
also this is used to reinforce development of spe-
cific cancer vaccines through determining HLA 
hotspots of neoantigen recognition [152].

T-cell mediated immunotherapy methods like 
anti-CTLA-4 and PD-1 inhibitors and checkpoint 
blockade therapies are strongly affected by HLA 
expression patterns [111]. Thus, restoring HLA 
expression patterns is one pivotal solution for 
improving the response to these treatments 
requiring T-cell activation. On the other hand, 
abnormal expression of certain biomolecules like 
SHP2 in prostate cancer is the main cause of 
HLA suppression [153]. Targeting these negative 
regulators readily increases T-cell mediated 
immunity.

20.7  The Cytokine Network

20.7.1  Background

Cytokines are a group of soluble regulatory fac-
tors by which the immune system controls and 
modulates different activities of its cells. Each 
cytokine triggers certain cascade of events in 
their target cells by binding to their receptors and 
activating intracellular signal transduction path-
way [16, 22]. Cytokine network is responsible for 
coordination of effector actions of different ele-
ments of the immune system, as well as the dif-
ferentiation and proliferation of different immune 
cells. In addition, secretion of antibodies and 
inflammation is tightly regulated by complex 
interaction between these cytokines [15, 25, 28].

Chronic inflammation, by inducing chronic 
tissue damage and compensatory cell prolifera-
tion, is considered a major promoter of malignant 
transformations. As an example, nitric oxide, 
produced during inflammation, might damage 
DNA structure in different tumor suppressor 
genes and oncogenes [154]. Therefore, any dys-
regulation in cytokine network can result in 
excessive production of tumor-inducing factors, 
DNA damage, angiogenesis, and dysplasia and 
consequent development of various inflamma-
tory diseases including different cancers [28, 
155]. Cytokine network is a determinant factor in 
the development of metastasis and natural history 
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of cancers [28]. In some cancers, malignant cells 
can manipulate cytokine network in order to 
escape immunosurveillance or promote their own 
proliferation [154, 156]. In addition, cytokine 
network can influence the outcome and toxicity 
of different immunotherapy methods [15, 22, 
157]. Several cancers including hepatocellular 
carcinoma (HCC), oral squamous cell carcinoma, 
melanoma, the gastric, pancreatic, and prostate 
cancer were associated with high levels of certain 
proinflammatory or antiinflammatory cytokines 
[28].

Cytokine levels are not the same in all indi-
viduals. Interindividual differences in cytokine 
levels in both baseline and stimulated phases are 
a result of both genetic and environmental factors 
[157]. Since there is not an intracellular storage 
for cytokines, their secretion is dependent on the 
transcriptional and translational rates of their 
genes [16, 28]. Not surprisingly, genes responsi-
ble for encoding cytokines and their receptors are 
relatively polymorphic [15, 22, 25]. Several poly-
morphisms in their gene can affect their expres-
sion, structure, and activity [22, 25, 28, 154, 
158]. Most of these polymorphisms are in non-
coding regions including promoter or intronic 
sequences and exonic regions are usually highly 
conserved [15, 16]. So far, numerous genetic 
association studies have been suggested as asso-
ciations of these SNPs with various cancers in 
different populations. However, results of such 
studies were often inconsistent, and the reported 
associations varied not only in different popula-
tions but also in different cancers and even in 
their different subtypes [155]. Therefore, a meta- 
analysis of these studies can show some more 
conclusive evidence of these associations.

In addition to polymorphisms of cytokine 
genes, there are other polymorphic elements such 
as various transcription factors and cytokine- 
specific receptors which are involved in actions 
of cytokine network [22, 28]. For instance, poly-
morphisms in the nuclear factor-kappa B (NF- 
κB) gene, one of the most important transcription 
factors, can result in extensive changes in the 
cytokine network by altering transcription of 
TNF-a, IL-1, IL-6, and IL-8 [22]. Although the 
exact roles of these polymorphisms in tumor 
immunology are less clear, the relevance of this 
role is becoming more and more apparent in 
recent years [22].

20.7.2  Interleukin-1 Superfamily

IL-1α and IL-1β and their antagonist IL-1Ra are 
members of this superfamily with pleiotropic 
effects on inflammation, immunity, and hemo-
poietic system. High levels of IL-1 are found in 
tumor sites; however, IL-1 family plays an 
ambivalent role in tumor immunity. IL-1 induces 
cytokine secretion from T-cells to potentiate the 
differentiation and function of immunosurveil-
lance cells. On the other hand, IL-1 induces the 
expression of adhesion molecules, matrix metal-
loproteinases, growth factors, and angiogenic 
factors and promotes invasiveness and metastasis 
of malignant cells [159, 160].

20.7.2.1  Interleukin-1 α
IL-1α is encoded by seven exons of a gene located 
in 2q14. Variant −889C>T (rs1800587) is one of 
the common promoter variants of IL-1α gene 
(Table 20.3). Although the promoter containing T 

Table 20.3 Genotype details for SNPs of IL-1

SNP
GMAFa 
[161]

Population diversityb 
[162]

Change at DNA 
level

Change at protein 
level

Effect on cytokine 
level

rs1800587 T = 0.253 −889C>T NAc T allele: ↑

rs17561 T = 0.203 +4845G>T Ala114Ser T allele: ↑

aGMAF: the minor allele frequency in 1094 worldwide individuals provided from 1000 genome phase 1 genotype data
bCEU European, CHB Han Chinese, JPT Japanese Tokyo, YRI Yoruba African, AVG Mathematical average of all samples
cNA not applicable
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allele has been shown to result in a marginally 
higher level of expression, at the protein level, T 
allele was associated with significantly increased 
IL-1α levels which could not be justified by only 
different expression patterns. Further studies 
showed that this SNP has high LD with an exonic 
SNP in +4845G>T (rs17561) resulting in substi-
tution of alanine with serine at the position of 114 
which results in more efficient process of pre- 
IL- 1α compared to Ala114 and consequently 
higher release of IL-1α [25].

20.7.2.2  Interleukin-1 β
High levels of IL-1β have been shown to be asso-
ciated with increased risk of most human cancers 
and also poor prognosis in cancer patients [154, 
156, 163]. IL-1β is encoded by a 7.5 kb gene with 
seven exons located on 2q14. Its expression is 
regulated by two distal and proximal promoter 
elements [164, 165]. So far, several polymor-
phisms have been identified in this gene. 
−511C>T (rs16944) and −31C>T (rs1143627) 
are two common variants in the promoter region, 
and +3954C>T (rs1143634) is a common synon-
ymous polymorphism in coding region of IL-1β 
gene (Table 20.4) [28].

In northern and western European ancestry 
(CEU), −511C>T (rs16944) and −31C>T 
(rs1143627) had strong LD (r2 = 0.94) [28, 156]. 
In vivo, −511T/−31T haplotype has been associ-
ated with higher IL-1β levels in the lungs and 
gastric mucosa. It is suggested that −31C>T 
(rs1143627) is the causal variant of this haplo-
type [25, 165]. In the same line, in vitro studies 
like luciferase reporter assay showed higher 

expression of luciferase gene with promoter con-
taining T allele in −31C>T (rs1143627) [25]. 
Results of EMSA studies suggested that this 
higher expression is a result of higher affinity for 
several transcription factors as a result of a 
change in a TATA-box motif [25].

T allele in rs1143634 was associated with 
increased IL-1β secretion and several inflamma-
tory diseases [156]. However, no evidence on the 
functionality of +3954C>T (rs1143634) is avail-
able, and it seems that +3954C>T (rs1143634) is 
just a marker for a functional polymorphism such 
as −31T>C (rs1143627) [25, 28].

A meta-analysis of 81 case–control studies with 
19,547 patients with HCC, gastric, lung, blood, 
cervical, esophageal, prostate, breast, and skin can-
cers and 23,935 controls showed that, overall, 
−511C>T (rs16944) has no significant association 
with cancers [156], while another meta-analysis of 
26 studies with 8083 patients with cancer and 9183 
controls showed a significant association of 
+3954C>T (rs1143634) with increased risk of can-
cers in a dominant model which is in accordance 
with the results of another meta-analysis of 33 
studies (Table 20.5) [156, 175].

Meta-analysis of the association between 
−511C>T and gastric cancer development among 
Chinese population reported a significant associ-
ation under all genetic models [167]. Another 
meta-analysis of studies on associations between 
IL-1β gene polymorphisms and gastric cancer 
published from January 2000 to December 2009 
(including 18 studies with 4111 controls and 
3295 cases for −511C>T (rs16944), 21 studies 
with 5883 controls and 3786 cases for −31T>C 

Table 20.4 Genotype details for SNPs of IL-1β

SNP GMAF [161] Population diversity [162]
Change at DNA 
level

Change at protein 
level

Effect on cytokine 
level

rs16944 T = 0.465 −511C>T NA T allele: ↑

rs1143627 C = 0.4808 −31C>T NA T allele: ↑

rs1143634 T = 0.146 +3954C>T NA UAa

aUA unavailable
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Table 20.5 Significant results from published meta-analysis of associations of IL-1β polymorphisms with cancers

Alleles Cancer site
Number 
of cases

Number 
of 
controls

Analysis 
type OR ± 95% CI Population included References

rs16944 Gastric cancer 2041 2441 TT + CT 
vs. CC

1.23 (1.09–1.37) Italy, Japan, China, 
Korea, Portugal, 
UK, mixed Asian

Vincenzi 
et al. [166]

5136 5332 T vs. C 1.21 (1.07–1.37) China Chen et al. 
[167]TT vs. 

CC
1.41 (1.11–1.80)

CT vs. 
CC

1.26 (1.05–1.50)

TT + CT 
vs. CC

1.31 (1.08–1.58)

TT vs. 
CC + CT

1.24 (1.05–1.47)

9066 11,192 TT vs. 
CC + CT

1.15 (1.03–1.29) Polish/Scotland, 
Portugal, Germany, 
China, USA, 
Taiwan, Brazil, 
Korea, Costa Rica, 
Italy, Japan, 
Honduras, Finland, 
Spain, Sweden, 
India, Romania

Park et al. 
[168]

Cervical 
cancer

836 980 TT vs. 
CC

1.74 (1.28–2.36) Egypt, Korea, India, 
China

Xu et al. 
[156]

CT vs. 
CC

1.71 (1.32–2.23)

TT + CT 
vs. CC

1.74 (1.35–2.23)

1210 1388 TT vs. 
CC

1.56 (1.22–1.99) Egypt, Korea, India, 
China

Wu et al. 
[169]

CT vs. 
CC

1.61 (1.31–1.99)

TT + CT 
vs. CC

1.60 (1.31–1.95)

836 980 T vs. C 1.38 (1.05–1.82) Korea, India, China, 
Egypt

Lee and 
Song [170]TT + CT 

vs. CC
1.72 (1.34–2.21)

TT vs. 
CC

1.74 (1.28–2.37)

Hepatocellular 
carcinoma

890 821 CT vs. 
CC

0.75 (0.60–0.94) Japan, Taiwan, 
Thailand

Xu et al. 
[156]

TT + CT 
vs. CC

0.68 (0.47–0.99)

Blood cancers 3839 3762 CC + CT 
vs. TT

1.19 (1.04–1.37) Italy, Spain, 
Germany, USA, 
Canada, Greece

Xu et al. 
[156]

Prostate 
cancer

1425 1563 T vs. C 0.86 (0.77–0.96) Mixed population Xu et al. 
[171]TT vs. 

CC
0.74 (0.58–0.94)

TT vs. 
CC+CT

0.79 (0.63–0.98)
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Alleles Cancer site
Number 
of cases

Number 
of 
controls

Analysis 
type OR ± 95% CI Population included References

rs1143627 Lung cancer 3435 4719 TT + TC 
vs. CC

1.23 (1.06–1.43) China, Italy, mixed 
European, Denmark

Li and Wang 
[172], Peng 
et al. [173]

Gastric cancer 1535 2585 TT + TC 
vs. CC

1.16 (1.01–1.33) Korea, Mexico, 
China, Brazil, Italy, 
USA

Vincenzi 
et al. [166]

Hepatocellular 
carcinoma

1039 1588 CC + CT 
vs. TT

1.31 (1.09–1.57) Japan, Taiwan, 
Morocco

Jin et al. 
[174]

Prostate 
cancer

787 771 CT vs. 
CC

1.35 (1.00–1.80) Mixed population Xu et al. 
[171]

rs1143634 Malignancy 8083 9183 TT + CT 
vs. CC

1.15 (1.01–1.30) Sweden, Poland, 
China, UK, 
Germany, Tunisia, 
Costa Rica, Oman, 
USA, Greece, 
Netherlands, 
Norway, Japan

Xu et al. 
[156]

Gastric cancer 2359 3613 CT vs. 
CC

1.16 (1.03–1.32) USA, China, UK, 
Germany, Italy, 
Japan, India, 
Sweden, Oman

Zhang et al. 
[175]

Oral cancer 346 417 CT vs. 
CC

0.65 (0.45–0.94) Greece, China Zhang et al. 
[175]

TT + CT 
vs. CC

0.69 (0.49–0.98)

Lung cancer 8907 9760 CC + CT 
vs. TT

0.92 (0.86–0.99) Norway, Japan, 
France, USA

Li and Wang 
[172]

Table 20.5 (continued)

(rs1143627) polymorphism, 10 studies with 3610 
controls and 1559 cases for +3954C>T 
(rs1143634)) showed significantly increased risk 
of cancer in individuals with IL-1β −511T allele. 
In stratified analysis for different ethnicities, such 
an association was present in Caucasians but not 
in Asians or in Hispanics. This study also showed 
such an association for intestinal-subtype and 
noncardia gastric cancer [176, 177]. However, 
this study did not show any significant associa-
tion between gastric cancer risk and −31T>C 
(rs1143627) and +3954C>T (rs1143634) [176]. 
Older studies conducted on 2005 and 2007 more 
or less showed such pattern for this SNP [166, 
177]. However, a meta-analysis of five studies 
published up to September 2008 showed associa-
tion of +3954C>T (rs1143634) and gastric can-
cer risk in Chinese and Japanese population 
[178]. Interestingly, a meta-analysis conducted 
on 6108 gastric cancer patients reported that 

although there was no significant association 
between −31T>C and gastric cancer, this poly-
morphism significantly increased gastric cancer 
risk in the presence of H. pylori infection [179]. 
In line with that, another study on 20,000 cases 
and controls found a significant association of 
−511C>T with gastric cancer, enhanced by H. 
pylori infection and Asian ethnicity [168].

Studies on cervical cancer patients have also 
reported significant association of −511C>T 
with cervical cancer development under allelic, 
homozygote, heterozygote, and dominant genetic 
models [169, 170]. Another systematic review 
evaluating associations of HCC with polymor-
phisms of IL-1 gene (reported up to September 
2010) and a meta-analysis of 1279 patients with 
lung cancer and 2248 controls failed to support 
any significant increase in risk for −511C>T 
(rs16944) and −31C>T (rs1143627) [173, 180]. 
However, a meta-analysis of the association 
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between −31C>T, +3954C>T, and lung cancer 
resulted in significant association for both poly-
morphisms [172].

A comprehensive study on prostate cancer and 
different polymorphisms of IL-1β showed that 
there is a significant association between −511C>T 
and prostate cancer in allelic, homozygote, and 
recessive models and also between −31C>T and 
prostate cancer only in heterozygote model [171]. 
No significant association was detected between 
+3954C>T and prostate cancer.

20.7.2.3  Interleukin-1Ra (IL-1Ra)
IL-1RA has antiinflammatory properties by com-
peting with IL-1 cytokines in binding to their 
receptors. This cytokine is encoded by IL-1RN 
gene located on 2q14.2. Its transcript may contain 
six, five, or four exons [25, 154]. There is an 86-bp 
variable number tandem repeat (VNTR) in intron 
2 of this gene [25]. The short alleles of this VNTR 
contain only two repeats (IL-1RN∗2), while long 
alleles may have three to six repeats (IL-1RN L) 
[62, 176]. The more prevalent allele containing 
four repeats is named IL1RN∗1 [181]. In vitro and 
in vivo studies have shown extensive associations 
of this variant with the members of IL-1 superfam-
ily. IL-1RN∗2 was associated with not only higher 

IL-1RA levels but also enhanced IL-1β production 
and decreased IL-1α production [182]. However, 
the final result of IL-1RN∗2 was decreased 
IL-1RA/IL-1β ratio, followed by prolonged proin-
flammatory immune response [25]. Although 
intronic VNTR contains potential binding sites for 
an interferon-α silencer, an interferon-β silencer, 
and an acute-phase response element, all leading 
to its functional importance, these associations are 
suggested to be a result of LD with other variants 
[164, 183]. Some authors suggested that the 
enhancing effect of IL-1RN∗2 on IL-1RA levels is 
dependent on the presence of −511T allele or the 
absence of +3954T in IL-1β [25].

A meta-analysis of 71 case–control studies 
(including 37 studies on gastric cancer, 6 studies 
on HCC, 4 on cervical cancer, 4 on breast cancer, 
4 on lung cancer, and 16 studies on other cancers) 
with 14,854 cases and 19,337 controls showed 
that overall carriers of IL-1RN∗2 are significantly 
more susceptible to cancer (Table 20.6) [175].

A systematic review on 3322 prostate cancer 
patients and 2147 controls revealed no significant 
association between IL-1RN polymorphism and 
this cancer [171]. However, two studies on cervical 
cancer patients reported significant association 
between IL-1RN∗2 and cervical cancer [169, 170].

Table 20.6 Significant results from published meta-analysis of associations of IL-1RN VNTR with cancers

Cancer site
Number 
of cases

Number 
of 
controls Analysis type OR ± 95% CI Population included References

Malignancy 14,854 19,337 22 vs. LL 1.37 (1.07–1.75) 40 studies of Asian descendents, 
29 of Caucasian descendents, 
and 2 with mixed ethnicity

Zhang 
et al. [175]2L vs. LL 1.19 (1.07–1.32)

22 + 2L vs. LL 1.25 (1.12–1.41)
2 vs. L 1.23 (1.10–1.38)

Breast 
cancer

1145 1102 2L vs. LL 0.74 (0.58–0.93) Japan, Germany, Korea, India Zhang 
et al. [175]22 + 2L vs. LL 0.78 (0.62–0.97)

Cervical 
cancer

782 762 2 vs. L 1.41 (0.98–2.03) Portugal, China, India Lee and 
Song [170]

1663 1374 22 vs. LL 2.64 (1.29–5.40) Portugal, China, India Wu et al. 
[169]22 vs. 2L + LL 2.15 (1.06–4.38)

22 + 2L vs. LL 1.60 (1.07–2.38)
Gastric 
cancer

3209 4856 2L vs. LL 1.22 (1.05–1.41) Portugal, China, Germany, 
Brazil, Taiwan, Thailand, UK, 
Italy

Zhang 
et al. [175]22 + 2L vs. LL 1.25 (1.09–1.43)

2 vs. L 1.20 (1.05–1.38)
3418 5789 22 + 2L vs. LL 1.26 (1.06–1.51) Arab, Brazil, Netherland,  

Korea, USA, China, Italy, 
Mexico, South Korea,  
Germany, Taiwan, Portugal, 
Poland

Xue et al. 
[176]22 vs. LL 2.64 (1.29–5.40)

22 vs. 2L + LL 2.15 (1.06–4.38)
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20.7.3  Interleukin-4

Interleukin-4 (IL-4) is a pleiotropic cytokine with 
major roles in regulation of humoral immunity by 
its various effects on production of several other 
cytokines and dedifferentiation of B-cells and 
promoting expression of class II MHC Ags [28, 
154]. It also has potent antitumor activity against 
various tumors by its inhibitory effect on the 
growth of tumor cells and its growth stimulatory 
effect on lymphocytes [184, 185].

IL-4 gene is located on the long arm of chromo-
some 5 (5q31.1), and through recent years, many 
variants identified on this gene. Among these vari-
ants, two important polymorphisms are −589C>T 
(rs2243250) and −33C>T (rs2070874) which are 
both promoter SNPs of which T alleles are associ-
ated with increased production of IL-4 in in vivo 
studies [28, 186]. The other variant of this gene is 
a 70-bp VNTR at intron 3 (Table 20.7) [186].

A meta-analysis of 8715 patients with various 
cancers and 9532 controls presented in 23 case–
control studies found no significant association 
between −589C>T (rs2243250) and overall cancer 
susceptibility. This study also did not find any sig-
nificant relationship in stratified analysis for eth-
nicity or different cancer types [187]. In line with 
that, another study on 1317 colorectal cancer 

patients and 1659 controls did not report significant 
association of this SNP with colorectal cancers nei-
ther globally nor race-dependently [188]. Similarly, 
a systematic review on the association of IL-4 
SNPs with risk of glioma did not result in a signifi-
cant relation [189]. However, another meta-analy-
sis of 14 studies involving 3562 cancer cases found 
that T allele in rs2243250 was significantly associ-
ated with decreased oral cancer risk and increased 
risk of RCC [190]. Another meta-analysis pro-
posed an association between the same SNP with 
decreased risk of gastric cancer only in Caucasians 
[191]. Gastrointestinal cancers’ association with 
IL-4 SNPs has been investigated in a meta-analysis 
regarding rs2243250 and rs2070874. The study 
stated that despite rs2243250, T allele carriers in 
rs2070874 are associated with increased risk of 
gastrointestinal cancers, especially gastric cancer 
and studies conducted outside Asia [192].

A recent meta-analysis on 10,873 cancer cases 
and 14,328 controls reported significant associa-
tion of −589C>T (rs2243250) with all-type can-
cers with considerable heterogeneity among 
studies [193]. When analyzed stratifically, the 
association remained significant in gastric, breast, 
lung, prostate cancer, and leukemia. Also, in 
population- based subgroups, the risk of cancer 
development in Caucasians and Asians was in sig-

Table 20.7 Genotype details for SNPs of IL-4

SNP
GMAF 
[161] Population diversity [162]

Change at 
DNA level

Change at protein 
level

Effect on cytokine 
level

rs2243250 T = 0.484 −589C>T NA T allele: ↑

rs2070874 T = 0.428 −33C>T NA T allele: ↑
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Table 20.8 Significant results from published meta-analysis of associations of −589C>T (rs2243250) in IL-4 gene 
with cancers

Cancer site
Number of 
cases

Number of 
controls

Analysis 
type OR ± 95% CI Population included References

All-type 3334 4803 CT vs. TT 0.82 (0.68–0.98) Caucasian Jia et al. [193]
CT vs. 
TT + CC

0.79 (0.66–0.96)

All-type 5350 6731 CT vs. 
CC + TT

0.89 (0.82–0.97) Asian Jia et al. [193]

Oral cancer 270 225 TT vs. CC 0.40 (0.19–0.84) China, India Zhenzhen et al. 
[190]TT + CT vs. 

CC
0.45 (0.22–0.94)

RCC 467 518 TT vs. CC 1.98 (1.06–3.69) China, Spain Zhenzhen et al. 
[190]TT vs. 

CC + CT
1.43 (1.05–1.95)

Gastric 
cancer

1477 2412 CT vs. TT 0.75 (0.61–0.91) Netherland, Scotland, 
Spain, Italy, China, 
Taiwan

Jia et al. [193]
CT vs. 
TT + CC

0.77 (0.66–0.91)

C vs. T 1.15 (1.01–1.32)
1700 892 TT + CT vs. 

CC
0.80 (0.66–0.97) Caucasian Sun et al. [191]

T vs. C 0.83 (0.70–0.98)
Breast 
cancer

1001 1298 CC vs. CT 1.21 (1.00–1.46) India, USA Jia et al. [193]
TT vs. CC 0.56 (0.33–0.97)
CC vs. 
CT + TT

1.25 (1.04–1.51)

C vs. T 1.25 (1.06–1.47)
Lung 
cancer

1930 2342 CT vs. 
CC + TT

0.84 (0.75–0.97) Taiwan, China Jia et al. [193]

Prostate 
cancer

588 652 CT vs. TT 1.48 (1.14–1.92) USA, China Jia et al. [193]
TT vs. CC 0.48 (0.31–0.74)
CT vs. 
CC + TT

1.33 (1.05–1.69)

TT vs. 
CC + CT

0.64 (0.50–0.82)

nificant association with this SNP. Moreover, this 
study has evaluated the association of two other 
IL-4 polymorphisms. The rs2070874 was signifi-
cantly associated with oral cancer and leukemia 
development and susceptibility of cancer in Asian 
population [193]. The association between 
rs79071878 polymorphism and cancer risk was 
also significant generally in all-type cancers and 
with a small sample size in bladder cancer and 
breast cancer (Tables 20.8, 20.9, and 20.10) [193].

20.7.4  Interleukin-6 (IL-6)

IL-6, a 23.7 kD proinflammatory cytokine, is 
involved in inducing acute-phase response, dif-
ferentiation of monocytes to macrophages, pro-

liferation of T-cells, and Th2 cytokine production 
[194]. It has been previously shown to be of 
importance in susceptibility, natural history, and 
prognosis of several malignancies including 
prostate cancer, colorectal carcinoma, and breast 
cancer [25, 28]. This cytokine is encoded by a 
gene on chromosome 7p21 with five exons [195]. 
Two common promoter variants of IL-6, 
−174G>C (rs1800795) and −572G>C 
(rs1800796), were extensively studied in differ-
ent inflammatory diseases (Table  20.11). 
−174G>C (rs1800795) is the first identified com-
mon promoter variant of IL-6 [25]. C allele in 
both of these variants was associated with lower 
IL-6 levels in several studies [158, 162, 196–
201]. However, such an effect on IL-6 levels was 
not confirmed by some studies on −174G>C 
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Table 20.9 Significant results from published meta-analysis of associations of −33C>T (rs2070874) in IL-4 gene with 
cancers

Cancer site
Number of 
cases

Number of 
controls

Analysis 
type OR ± 95% CI Population included References

All-type 1535 1962 CT vs. 
CC + TT

0.85 (0.73–0.98) Asian Jia et al. [193]

Leukemia 30 40 CC vs. CT 3.27 (1.02–10.45) Iran Jia et al. [193]
CT vs. TT 0.03 (0.00–0.57)
CT vs. 
CC + TT

0.24 (0.08–0.77)

Oral cancer 140 120 CT vs. TT 1.93 (1.13–3.29) India Jia et al. [193]
CT vs. 
CC + TT

1.67 (1.00–2.77)

TT vs. 
CC + CT

0.50 (0.31–0.82)

C vs. T 1.69 (1.16–2.48)
Gastrointestinal 
cancer

2101 3318 T vs. C 1.11 (1.00–1.24) China, Korea, Spain, 
European countries

Cho and Kim 
[192]

1576 1889 T vs. C 1.28 (1.03–1.58) Asian Cho and Kim 
[192]

Gastric cancer 1367 2583 T vs. C 1.17 (1.03–1.34) China, Korea, 
European countries

Cho and Kim 
[192]

Table 20.10 Significant results from published meta-analysis of associations of IL-4 VNTR (rs79071878) with 
cancers

Cancer 
site

Number of 
cases

Number of 
controls

Analysis 
type OR ± 95% CI Population included Reference

All-type 1896 2526 23 vs. 22 1.40 (1.09–1.79) Taiwan, Turkey, India, 
China

Jia et al. [193]
33 vs. 22 0.62 (0.44–0.87)
33 vs. 
22 + 23

0.69 (0.55–0.88)

22 vs. 33 1.26 (1.00–1.58)

Table 20.11 Genotype details for SNPs of IL-6

SNP GMAF [161]
Population diversity 
[162]

Change at DNA 
level

Change at protein 
level

Effect on cytokine 
level

rs1800795 C = 0.185 −174G>C NA C allele: ↑

rs1800796 C = 0.290 −572G>C NA C allele: ↑

(rs1800795) [158, 196–200]; therefore, this 
inconsistency might be the result of partial LD 
between this SNP and an actual functional SNP 
[25]. EMSA studies showed that −572G>C 
(rs1800796) is not in a TFBS; therefore, its influ-
ence on IL-6 serum levels probably results from 
strong LD with a functional variant such as 

−6331T>C (rs10499563) [196]. C allele in 
−572G>C (rs1800796) is highly associated with 
T allele in −6331T>C (rs10499563) [196]. 
Interestingly, T allele in this SNP is associated 
with higher expression of IL-6 gene [196]. 
−6331T>C (rs10499563) is near the distal pro-
moter of IL-6 located between −5202 and −5307. 
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EMSA studies showed that T allele in −6331T>C 
(rs10499563) resulted in more affinity for Oct-1 
of which binding changes the chromatin structure 
and locates the distal promoter to the transcrip-
tion start site [25].

There is no systematic review reporting the 
significant association of these polymorphisms 
with increased risk of hematologic malignan-
cies [202]. A systematic review of 12 case–con-
trol studies on breast cancer (published till 
December 2009) with 10,137 cases and 15,566 
controls found no significant association 
between −174G>C (rs1800795) and suscepti-
bility to breast cancer [158]. Another stratified 
study revealed a protective effect of the 
rs1800795 (OR:0.51) for breast cancer in Asians 
(378 cases and 432 controls), whereas this SNP 
was oppositely associated (OR:2.51) with geni-
tourinary cancers in the same ethnicity (496 
cases and 600 controls) [203]. Similar to a meta-
analysis with 6481 patients with colorectal can-

cer and 7935 controls, another study of 7210 
patients and 9467 controls did not show any sig-
nificant association in any genetic model 
between −174G>C (rs1800795) and colorectal 
cancer [204, 205]. However, in stratified analy-
sis in a subgroup of patients with the history of 
current or habitual use of NSAIDs (3061 cases 
and 4024 controls), carriers of C allele in 
−174G>C (rs1800795) had significantly lower 
risk for colorectal cancer (Table  20.12) [204]. 
This study did not show any significant associa-
tion between colorectal cancer and −572G>C 
(rs1800796) in 2574 cases and 3344 controls 
[204]. In line with this, two recent meta-analy-
ses on gastric cancer patients did not confirm 
any effect of these two SNPs on susceptibility to 
cancer [210, 211]. Whereby according to a strat-
ified random effect meta-analysis −174G>C 
(rs1800795) SNP was associated with increased 
risk of colorectal cancers in European popula-
tion with 4164 cases and 5469 controls [207].

Table 20.12 Significant results from published meta-analysis of associations of −174G>C (rs1800795) in IL-6 gene 
with cancers

Cancer site
Number 
of cases

Number of 
controls

Analysis 
type

OR ± 95% 
CI Population included References

Colorectal 
cancer

3061 4024 GC + CC 
vs. GG

0.75 
(0.64–0.88)

Individuals from Denmark, 
USA, and Spain who 
regularly or currently took 
NSAIDs

Yu et al. [204]

Skin cancer 1130 1260 GC vs. GG 1.28 
(1.06–1.54)

Spain, UK, Czech 
Republic, Sweden, 
Bulgaria, Denmark, USA

Wu et al. 
[206]

CC + GC 
vs. GG

1.26 
(1.05–1.50)

Melanoma 530 596 C vs. G 1.19 
(1.01–1.41)

USA, UK, Spain, Bulgaria Wu et al. 
[206]

Colorectal 
cancer

4164 5469 C vs. G 1.07 
(1.01–1.14)

Europe Wang and 
Zhang [207]

Liver cancer 587 850 C vs. G 0.74 
(0.61–0.89)

Caucasian, Asian, Mixed Tian et al. 
[208]

CC vs. 
GC + GG

0.59 
(0.36–0.95)

CC + CG 
vs. GG

0.67 
(0.52–0.88)

Breast cancer 378 432 CC + CG 
vs. GG

0.51 
(0.37–0.70)

Ancestral North Indians Joshi et al. 
[203]

Genitourinary 
cancers

496 600 CC vs. 
CG + GG

2.51 
(1.59–3.96)

Ancestral North Indians Joshi et al. 
[203]

Hepatocellular 
carcinoma

1448 3160 CC vs. GG 0.36 
(0.16–0.85)

Italy, USA, Japan Liu et al. 
[209]

GG + GC 
vs. CC

2.82 
(1.26–6.28)
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In addition, two systematic reviews of 2949 
and 2801 patients with lung cancer and 3375 and 
3234 controls considering −174G>C (rs1800795) 
SNP and one study with 2691 cases and 3067 
controls on −572G>C (rs1800796) did not show 
any significant association between these SNPs 
and lung cancer [173, 212, 213]. The −174G>C 
(rs1800795) polymorphism was also  significantly 
associated with increased risk of skin cancer and 
specifically melanoma due to a seven-study based 
meta-analysis (1130 cases and 1260 controls) 
[206]. In contrast to an insignificant association 
with cancer risk in a meta- analysis with a sample 
size of 3387 cases and 4529 controls [214], 
another meta-analysis on 19 case–control studies 
(9985 cases and 13,045 controls) demonstrated a 
significant association between −572G>C 
(rs1800796) and risk of all- type cancer [215]. 
When stratified by cancer type and ethnicity, the 
association remained significant for prostate can-
cer and Asians, respectively. Moreover, another 
systematic review supported the significant asso-
ciation of allele C in −572G>C SNP and prostate 
cancer within 11 vs. 992 controls [216].

Additionally, systematic reviews conducted 
on the association of IL-6 SNPs and risk of HCC 
reported a significant negative association 
between SNP rs1800795 and HCC, but there was 
no significant association with −572G>C 
(rs1800796) polymorphism [209]. A rather indi-
vidual meta-analysis considering the Mendelian 
randomization analysis reported an association of 
decreased level of IL-6 due to −174G>C SNP 
and decreased risk of liver cancer, wherein for 

1 pg/Ml reduction in IL-6 level, the risk of liver 
cancer is reduced by 12% [208] (Table 20.13).

20.7.5  Interleukin-8

IL-8, a member of human α-chemokine subfam-
ily, has a major influence on tumor invasion and 
metastasis by its stimulatory properties on angio-
genesis and inflammation [25, 28, 63, 217, 218]. 
A gene located on chromosome 4q13–q21 with 
four exons is responsible for encoding this cyto-
kine [217]. Fifteen functional SNPs have been 
identified within this gene including –251A>T 
(rs4073), +396T>G (rs2227307), and +781C>T 
(rs2227306) (Table  20.14) [28]. –251A>T 
(rs4073), located in the promoter region, was 
identified in 2000. Although there was little evi-
dence on the functionality of this SNP in vitro, 
several in  vivo studies showed higher levels of 
IL-8 in carriers of A allele [25]. On the contrary, 
one study showed higher transcription for T allele 
in gastric carcinoma cell line [155, 219]. EMSA 
studies showed that T allele in +781C>T allele 
(rs2227306) is associated with higher binding 
ability for a transcription factor (C/EBPb) [25]. 
Several studies showed associations of –251A>T 
(rs4073) with lung, gastric, colorectal, bladder, 
and prostate cancer in different populations 
(Table 20.15) [186].

A meta-analysis of 13,189 patients with 
lung, prostate, breast, colorectal, and nasopha-
ryngeal cancers and 16,828 controls showed 
that carriers of A allele in –251A>T (rs4073) 

Table 20.13 Significant results from published meta-analysis of associations of −572G>C (rs1800796) in IL-6 gene 
with cancers

Cancer site
Number of 
cases

Number of 
controls Analysis type OR ± 95% CI Population included References

Cancer 9985 13,045 CG + GG vs. 
CC

1.33 (1.09–1.63) China, Korea, USA, 
Singapore, Japan, 
Sweden

Du et al. [215]

CG vs. CC 1.32 (1.08–1.62)
Prostate 
cancer

GG vs. 
CG + CC

1.26 (1.02–1.57) Sweden, USA, China Du et al. [215]

Prostate 
cancer

11,613 13,992 C vs. G 0.735 (0.61–0.89) Asian, African, 
Caucasian

Magalhães et al. 
[216]CC vs. 

GC + GG
0.54 (0.34–0.87)

CC + CG vs. 
GG

0.78 (0.63–0.97)
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Table 20.14 Genotype details for SNPs of IL-8

SNP GMAF [161]
Population diversity 
[162]

Change at DNA 
level

Change at protein 
level

Effect on cytokine 
level

rs4073 T = 0.497 UA –251A/T NA A allele: ↑
rs2227306 T = 0.294 +781C/T NA T allele: ↑

rs2227307 G = 0.422 UA +396 T/G NA UA

Table 20.15 Significant results from published meta-analysis of associations of −251T/A (rs4073) in IL-8 gene with 
cancers

Cancer site
Number 
of cases

Number of 
controls

Analysis 
type

OR ± 95% 
CI Population included References

Malignancy 13,189 16,828 AA vs. TT 1.21 
(1.08–1.36)

Tunisia, Iran, Denmark, UK, 
Croatia, Germany, USA, 
Greece, China, Japan, Portugal, 
Spain, Mexico, Finland, 
France, Norway, Poland, 
Korea, India, Netherlands

Wang et al. 
[155]

AA + TA 
vs. TT

1.12 
(1.03–1.23)

5633 8240 AA + TA 
vs. TT

0.90 
(0.83–0.97)

Population-based studies Gao et al. 
[219]

12,917 17,689 A vs. T 1.07 
(1.00–1.15)

Taiwan, Thailand, China, 
Japan, Korea, Tunisia, USA, 
UK, Iran, Denmark, Greece, 
Croatia, Spain, Sweden, 
Finland, Poland, Brazil, 
Mexico, Portugal

Wang et al. 
[220]

AA vs. TT 1.15 
(1.01–1.30)

AA vs. 
AT + TT

1.08 
(1.02–1.14)

Gastric cancer 3036 3082 AA vs. TT 1.48 
(1.13–1.95)

Asia Wang et al. 
[155]

TA vs. TT 1.20 
(1.04–1.40)

AA + TA 
vs. TT

1.27 
(1.08–1.48)

4274 6498 AA vs. TT 1.28 
(1.02–1.62)

Japan, Iran, China, Korea, 
Finland, Spain, Mexico, Poland

Wang et al. 
[155]

AA + TA 
vs. TT

1.17 
(1.01–1.36)

Nasopharyngeal 
cancer

440 459 AA vs. TT 2.04 
(1.38–2.99)

Tunisia, China Wang et al. 
[155]

TA vs. TT 1.59 
(1.19–2.13)

AA + TA 
vs. TT

1.70 
(1.30–2.24)

545 568 AA + TA 
vs. TT

1.48 
(1.16–1.89)

Tunisia, China Gao et al. 
[219]

1293 652 AT vs. TT 1.33 
(1.05–1.67)

Tunisia, China, Romania, 
Poland, Russia, Slovakia, 
Czech Republic

Wang et al. 
[220]

AA + AT 
vs. TT

1.41 
(1.13–1.75)

AA vs. 
AT + TT

1.40 
(1.08–1.81)

Oral cancer 1324 1879 AA vs. 
AA + TA

1.23 
(1.03–1.46)

China, Taiwan, Thailand, 
Greece, Japan, France

Wang et al. 
[221]

AT vs. TT 1.25 
(1.07–1.47)

A. Hirbod-Mobarakeh et al.
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were more  susceptible to different cancers 
[155]. Another study reviewed results of 45 
studies including 14,876 cases and 18,465 con-
trols and showed such an association only 
among hospital-based studies and surprisingly 
showed significantly decreased risk of cancers 
for AA genotype among population- based stud-
ies [219].

Additionally, a systematic review of 12,917 
cancer patients and 17,689 controls reported sig-
nificant association between −251A>T (rs4073) 
and cancer in overall population. When analyzed 
in stratas, it was significantly associated with 
breast cancer, nasopharyngeal cancer, Asians, 
and hospital-based studies [220]. It should be 
noted that hospital-based studies have an 
increased chance of a selection bias since 
hospital- based controls might have disease con-
ditions under the influence of the studied poly-
morphism [217].

Another systematic review of ten papers 
including 2195 gastric cancer patients and 3505 
controls confirmed that AA genotype was a risk 
factor for gastric cancer in whole population and 
in Asian population. In stratified analysis for 
tumor location and histology, this association 
remained significant only in the cardia gastric 
cancer and diffused type [63]. A meta-analysis 
evaluating papers on gastric cancer published 
from January 2000 to January 2011 (18 papers 

including 6554 controls and 4163 cases) also 
found such an association in Asians but not in 
Caucasians. However, unlike the previous study, 
when stratifying for pathology types, the associa-
tion remained significant only in intestinal-type 
cancer but not in the diffused type [225].

Although a systematic review of 1324 patients 
with oral cancer and 1879 controls reported in six 
studies (published till October 2012) showed 
higher risks of oral cancer in carriers of A allele 
in –251A>T (rs4073) [221], another systematic 
review with six studies did not support this asso-
ciation [226]. In subgroup analysis for ethnicity, 
there were only significant associations among 
Caucasians but not in Asians [221].

Meta-analyses on six case–control studies 
have also indicated significant association of 
−251T>A (rs4073) with lung cancer develop-
ment in Asian population, but not among all pop-
ulations [223, 224].

On the contrary, T allele in this SNP was asso-
ciated with an increased risk of breast cancer in 
Asian and African populations. However, this 
study showed no significant associations between 
this SNP and breast cancer in 1880 breast cancer 
patients and 2013 controls [222]. There were no 
any significant associations between this SNP 
and colorectal cancer in a meta-analysis of nine 
case–control studies with 3019 cases and 3984 
controls [227].

Table 20.15 (continued)

Cancer site
Number 
of cases

Number of 
controls

Analysis 
type

OR ± 95% 
CI Population included References

Breast cancer 683 880 TA vs. AA 1.44 
(1.09–1.91)

Iran, China Huang et al. 
[222]

AA vs. 
AA + TA

1.435 
(1.11–1.86)

717 537 TA vs. AA 0.54 
(0.40–0.74)

Tunisia Huang et al. 
[222]

AA vs. 
AA + TA

0.74 
(0.57–0.95)

1262 1419 TT vs. 
AA + TA

0.69 
(0.57–0.86)

Tunisia, China, UK Huang et al. 
[222]

Lung cancer 309 312 A vs. T 1.48 
(1.04–2.11)

China, India Gao et al. 
[223], Wang 
et al. [224]AA vs. 

AT + TT
1.35 
(1.02–1.92)
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20.7.6  Interleukin-10

IL-10 is a pleiotropic, immunoregulatory cyto-
kine which can affect both the innate and adaptive 
immune systems [228]. IL-10 has pleiotropic 
effects on tumor immunology. It plays an antiin-
flammatory role by inhibiting production of pro-
inflammatory mediators such as IL-1α, IL-1β, 
IL-6, IL-8, IL-12, TNF-α, and IFN-γ [25, 67]; in 
addition, IL-10 inhibits presentation of tumor Ags 
by suppressing the expression of HLA molecules 
[154, 157]. On the other hand, IL-10 induces pro-
liferation in B-cells and T-cells and regulates 
angiogenesis in various cancers [28, 229].

Twin studies demonstrated that IL-10 levels 
are significantly influenced by genetic factors 
with a heritability of 74% [25, 230]. IL-10 is 
encoded by five exons of a gene located on 
1q31–1q32. At least 40 SNPs have been identi-
fied in this gene [66, 67, 231]. Several common 
variants including −1082 A>G (rs1800896), 
−819 C>T (rs1800871), and −592 A>C (also 
called −571 rs1800872) have been identified 
within the promoter region of this gene 
(Table 20.16) [229].

In vivo studies showed higher levels of IL-10 
in individuals with GCC haplotype of these three 

SNPs, while ATA haplotype was associated with 
the lowest levels of IL-10 [25, 157]. It is sug-
gested that −1082A>G (rs1800896) is the most 
functional SNP of these three variants and G 
allele in this SNP results in higher IL-10 levels 
[25]. EMSA studies showed different affinities 
of alleles of this SNP for a nuclear protein identi-
fied as poly ADP-ribose polymerase1 (PARP-1) 
which acts as a transcription repressor [25, 66]. 
So far, several studies have evaluated the asso-
ciations of different IL-10 polymorphisms with 
various cancers including lung cancer, breast 
cancer, cervical cancer, gastric cancer, mela-
noma and nasopharyngeal cancer, and prostate 
cancer [66, 67]. A systematic review evaluated 
the association of −1082A>G (rs1800896) with 
risk of malignancy by reviewing results of 61 
articles (published up to September 2010) with a 
total of 14,499 cancer patients and 16,967 con-
trols. This study found no significant association 
between alleles of this SNP and overall suscepti-
bility to cancers. However, carriers of G allele in 
Asian population had significantly more suscep-
tibility to various cancers. In stratified analysis 
for cancer types, there was increased risk of lung 
cancer and NHL in carriers of G allele 
(Table 20.17) [66].

Table 20.16 Genotype details for SNPs of IL-10

SNP
GMAF 
[161] Population diversity [162]

Change at DNA 
level

Change at 
protein level

Effect on 
cytokine level

rs1800896 G = 0.303 −1082A>G NA G allele: ↑

rs1800871 T = 0.409 −819C>T NA UA

rs1800872 C = 0.409 −592A>C NA UA

rs1800890 A = 0.2259 −3575T>A NA A allele: ↑

A. Hirbod-Mobarakeh et al.
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A HuGE review on 15,942 cancer patients and 
22,336 controls found no significant relation 
between −819C>T and cancer development. 
Within subgroups, only a moderate decreased 
risk was reported in Asian population [242]. The 
first systematic review of gastric cancer studies 
showed significant association between 
−1082A>G (rs1800896) and gastric cancer not in 
overall population but only when the analysis 
was limited to the Asian populations [243]. This 
finding was supported by another review of stud-
ies regarding −1082A>G in digestive cancer 
patients [244]. However, another systematic 
review of 22 studies with 4289 patients and 5965 
controls evaluated the association of −1082A>G 
(rs1800896) with susceptibility to gastric cancer. 
This meta-analysis showed that carriers of G 
allele have significantly increased the risk for 
gastric cancer especially in Caucasian popula-
tions [229]. Another meta-analysis with 3631 
patients and 6431 controls showed similar results; 
nonetheless, results remained significant in Asian 
population but not in Caucasians. This study, in 
stratified analysis, showed that this association is 
significant in cardiac subtype and intestinal-type 
but not in noncardia subtype or diffuse-type can-
cer [238]. Moreover, a meta-analysis on 623 
patients and 1018 controls showed that risk of 
nasopharyngeal carcinoma has a significant asso-
ciation with rs1800896 but not with the other two 
polymorphisms [239].

A large sample meta-analysis on multiple cen-
ter studies showed a significant association of 
−592C>A with decreased risk of cancer develop-
ment. When analyzed among subgroups, this 
negative association remained in smoking-related 
cancers, Asian population, and hospital-based 
studies [232].

Regarding −819C>T (rs1800871), a system-
atic review based on 11 studies and 4008 controls 
and 1490 cases showed significantly increased 
risk for carriers of C allele among Asians but not 
Caucasians. Such increased risk was also noted 
for diffuse-subtype cancer but not for intestinal- 
subtype [235]. Another meta-analysis supported 
the protective role of rs1800871 T allele in gas-
tric cancer, especially in adenocarcinoma, Asian 
population, and population-based studies [236].

A systematic review of studies on −592A>C 
(rs1800872) found significantly increased risk of 
gastric cancer in carriers of C allele only in Asian 
populations but not in Caucasians and Latinos. In 
stratified analysis for noncardia and cardia sub-
types or intestinal, diffuse, or mixed subtypes, no 
significant association was found [225]. The 
association of −592C>A with gastric cancer in 
Asian population was also confirmed in another 
study [245].

A meta-analysis of seven articles published on 
association of −1082A>G (rs1800896) and HCC 
with 1012 HCC cases and 2308 controls showed 
no association between this SNP and susceptibil-
ity to HCC. The same systematic review based on 
the results of four studies showed carriers of C 
allele in −592A>C (rs1800872) had an increased 
risk of HCC. This study also showed no signifi-
cant association between −819C>T (rs1800871) 
and HCC based on results of three studies [67].

A meta-analysis reviewed the results of 13 
studies with 9692 patients with prostate cancer 
and 10,488 healthy individuals as controls. 
However, this review did not show any  significant 
association for the three SNPs which was in 
accordance with the results of an older review on 
the basis of ten studies [231, 246]. Another 
review which analyzed results of eight studies 
with 1636 breast cancer patients and 1670 con-
trols did not show any altered risk of breast can-
cer for different alleles of −1082A>G 
(rs1800896). This review also showed no signifi-
cant associations between −592A>C (rs1800872) 
and breast cancer in any genetic model [247].

In addition to its regulating effects on the 
immune system, IL-10 can induce transcription 
of one of the promoters of HPV [233]. Therefore, 
polymorphisms of this cytokine were under focus 
of researchers in the field of cervical cancer. 
However, no significant association was found 
between −1082G>A (rs1800896) and suscepti-
bility to cervical cancer in two meta-analysis 
studies [248]. Also significantly increased sus-
ceptibility to cervical cancer was detected in car-
riers of A allele in −592A>C (rs1800872) [233].

A comprehensive systematic review on head 
and neck cancers with 2258 patients and 2887 
controls revealed significant association of 
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−1082A>G with oral, nasopharyngeal, and head 
and neck cancers in general and in Asian and 
Caucasian race subgroups [237]. The same study 
did not find any significant relation with 
−592A>C but it showed significant association 
of head and neck cancers with −819C>T poly-
morphism [237].

Systematic review of 10,703 NHL patients 
and 11,823 controls indicated a significant asso-
ciation of −3575T>A polymorphism with NHL 
and likewise with DLBCL, FL, Caucasians, and 
hospital-based studies [240]. Association of 
−1082A>G with FL was also reported in this 
study, regardless of ethnicity [240]. Another 
meta-analysis on different cancer patients showed 
significant association of −3575T>A with 
reduced risk of melanoma and increased risk of 
DLBCL [241]. In line with that, a meta-analysis 
reported significant association of −3575T>A, 
−1082A>G, and −592C>A with the risk of 
DLBCL, while no association was detected for 
−819C>T [234].

20.7.7  Interleukin-12

Interleukin-12 (IL-12) is a proinflammatory cyto-
kine with several functions including differentia-
tion of Th1 pathway, the critical pathway involved 
in protection against malignancy [25]. It can also 
induce IFN-γ production by T and NK cells and 
therefore suppress angiogenesis. In addition, 
IL-12 has a major role in the reactivation and sur-

vival of memory CD4+ T-cells which results in 
repolarization of CD4+ T-cells from dysfunc-
tional antitumor Th2 into Th1 cells [249, 250].

IL-12 is composed of two parts, a p35 unit 
which is encoded by IL-12a on 3q25.33 and a 
p40 unit encoded by IL12b on 5q33.3 [25]. One 
common variant in IL-12b gene, including 
+1188A>C (rs3212227) in 3′ UTR, and three 
common variants of IL-12a including +277G>A 
(rs568408) in 3′ UTR, IVS2 T>A (798T>A; 
rs582054), and −564T>G (rs2243115) in 5′UTR 
have been extensively studied previously 
(Table 20.18) [251]. In vitro and in vivo studies 
showed that A allele in +1188A>C (rs3212227) 
was associated with higher expression and greater 
mRNA stability [25, 252]. It is suggested that 
+277G>A (rs568408) may disrupt exon-splicing 
enhancers and miRNAs binding and therefore 
results in an unstable IL-12 mRNA and lower IL- 
12 secretion [253].

One meta-analysis of ten studies involving 
2954 cancer patients and 3276 controls showed 
significant associations between +1188A>C 
(rs3212227) and susceptibility to cancer 
(Table 20.19). In addition, by stratified analysis 
for cancer type, this study showed significantly 
increased susceptibility to cervical cancer and 
nasopharyngeal cancer in C allele carriers [252].

A meta-analysis of 18 studies evaluated the 
associations of polymorphisms of both IL-12 
genes and cancer susceptibility. This study 
reviewed results of 13 studies on +1188A>C 
(rs3212227), including nine studies in Asians, 

Table 20.18 Genotype details for SNPs of IL-12

SNP
GMAF 
[161] Population diversity [162]

Change at DNA 
level

Change at protein 
level

Effect on cytokine 
level

rs3212227 C = 0.338 +1188A>C NA A allele: ↑

rs568408 A = 0.128 +277G>A NA G allele: ↑

rs582054 A = 0.489 UA +798T>A NA UA
rs2243115 G = 0.107 −564T>G NA UA

20 Immunogenetics of Cancer



454

three studies in Caucasians, and one in Africans, 
and showed increased risk of all cancers in C 
allele carriers. This association remained signifi-
cant in Asian population but not in Caucasians 
[251]. This study like the previous one showed 
increased susceptibility to cervical and 
 nasopharyngeal cancer in carriers of C allele. 
However, no significant association was found 
between cancer susceptibility and +277G>A 
(rs568408). Also, there was no significant asso-
ciation for +564T>G (rs2243115) and IVS2 T>A 
(rs582054) of IL-12a [251].

20.7.8  Tumor Necrosis Factor-α 
and Lymphotoxin-α

Tumor necrosis factor-α (TNF-α), by its trigger-
ing effect on the cytokine cascade of IL-1, IL-6 
and other mediators, is one of the most important 
proinflammatory cytokines in the maintenance 
and homeostasis of the immune system, inflam-
mation, and host defense [254]. TNF-α has both 
procarcinogenic and anticarcinogenic proper-
ties, and its importance in cancer is evidenced by 
previous studies which repeatedly reported high 
levels of TNF-α in cancer patients [255–257]. 
Some tumor cells can even produce TNF-α in an 
autocrine manner [154]. Consistent with its 
name, high levels of TNF-α result in tumor 
necrosis, but low levels of this cytokine impair 
antitumor immune response and induce tumor 
angiogenesis and therefore is associated with 
increased tumor growth, progression, invasion, 
and metastasis of tumor cells [255–258]. In addi-

tion, TNF-α levels can influence weight loss 
cachexia, and anemia in the host and also its 
response to treatment [259].

Lymphotoxin-α (LTA), another cytokine of 
the TNF family, is similar to TNF-α with respect 
to amino acid sequence, receptors, and biologic 
activities [255–258].

TNF-α is encoded by a gene located on chro-
mosome 6 (region p21.3) and is a member of HLA 
class III. −308G>A (rs1800629) and −238G>A 
(rs361525) are two common promoter variants of 
TNF-α gene [25]. Other variants include 
−1031C>T (rs1799964), −863C>A (rs1800630), 
−857C>T (rs1799724), −376G>A (rs1800750), 
and IVS1  +  123G>A (rs1800610) (Table  20.20) 
[25]. The LTA gene is located in the same region 
and has an NcoI restriction fragment length poly-
morphism (+252A>G) in its first intron (rs909253).

A allele of −308G>A (rs1800629) is associ-
ated with higher levels of TNF-α [260]. While 
several in  vitro studies did not show any func-
tionality for this SNP, some authors suggested 
that this allele had more affinity for a transcrip-
tional activator and another study showed that A 
allele disrupts a 10-bp binding region for activa-
tor protein-2 (AP-2) (a repressor protein) [25, 
259]. Of interest, −308G>A (rs1800629) is in 
high LD with +252G>A, a functional SNP in 
lymphotoxin alpha gene, and other HLA genes 
within ancestral haplotype, HLA A1-B8-DR3- 
DQ2-TNF_308A-LT_252A [259, 261, 262].

An allele of −238G>A (rs361525) was associ-
ated with lower levels of TNF-α in peripheral 
blood mononuclear cells carrying TNF-α −238A 
allele [255]. However, several in vitro studies did 

Table 20.19 Significant results from published meta-analysis of associations of 1188A>C (rs3212227) in IL-12b with 
cancers

Cancer site
Number of 
cases

Number of 
controls

Analysis 
type OR ± 95% CI Population included References

Malignancy 2954 3276 CC + AC vs. 
AA

1.32 (1.06–1.63) UK, Bulgaria, China, 
France

Chen et al. 
[252]

AC vs. AA 1.30 (1.07–1.57)
CC vs. AA 1.39 (1.05–1.86)
CC vs. 
AC + AA

1.17 (1.02–1.33)

10,404 10,861 C vs. A 1.14 (1.02–1.27) UK, USA, Italy, China, 
Russia, Korea, Bulgaria, 
Tunisia

Zhou et al. 
[251]AC + CC vs. 

AA
1.20 (1.01–1.15)
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not provide any evidence on the functionality of 
this SNP [25].

A Japanese in vitro study showed that C allele 
in rs1799964 is associated with higher produc-
tion of TNF-α by concanavalin A (Con 
A)-activated peripheral blood mononuclear cells 
[263]. Reporter assays showed increased pro-
moter activity for A allele of −376G>A 
(rs1800750), and EMSA studies showed more 
affinity of this allele for Oct-1 transcription factor 
compared to other allele [22, 25]. In vivo studies 
showed that individuals carrying at least one 
allele out of three (−1031C, −863A, −857T) had 
higher TNF-α production and higher transcrip-
tional activity [22, 264]. In the same line, minor 
alleles of −863C>A (rs1800630) and −857C>T 
(rs1799724) were associated with higher pro-
moter activity and more affinity for Oct-1 tran-
scription factor [22, 25, 264]. On the contrary, 
one study showed that −863A allele had less 
affinity for NF-κB [22, 25, 265].

In vitro studies showed that 
phytohemagglutinin- activated mononuclear cells 

having +252G allele (rs909253) produce more 
LTA and interestingly TNF-α [266, 267].

Previously, several associations have been 
reported between TNF-α polymorphisms and 
susceptibility to NHL, gastric carcinoma, breast 
cancers, prostate, uterine endometrium, lung, 
cervix, and nasopharynx. However, a meta- 
analysis reviewed 34 studies (published up to 
March 2011) including 34,679 cancer patients 
and 41,186 controls and found no significant 
association between −238G>A (rs361525) poly-
morphism and susceptibility to cancer [268]. In 
line with this, a meta-analysis of 30,000 breast 
cancer cases and 30,000 controls from 30 studies 
of the breast cancer association consortium could 
not find any significant association between 
−238G>A (rs361525) and susceptibility to breast 
cancer [269].

Although no significant association was 
found between −308G>A and breast cancer and 
its subtypes, −308G>A was reported to be sig-
nificantly associated with distant metastasis of 
triple negative breast cancers [270]. Similarly, a 

Table 20.20 Genotype details for SNPs of TNF-α and lymphotoxin-α

SNP
GMAF 
[161] Population diversity [162]

Change at DNA 
level

Change at protein 
level

Effect on cytokine 
level

rs1800629 A = 0.096 −308G>A NA A allele: ↑

rs361525 A = 0.051 UA −238G>A NA G allele: ↑
rs1799964 C = 0.200 −1031C>T NA C allele: ↑

rs1800630 A = 0.145 −863C>A NA A allele: ↑

rs1799724 T = 0.097 −857C>T NA T allele: ↑

rs1800610 A = 0.102 UA IVS1 + 123G>A NA UA
rs1800750 A = 0.013 −376G>A NA A allele: ↑

rs909253 C = 0.398 +252 A>G NA G allele: ↑
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meta- analysis on 12,360 cases and 15,310 con-
trols revealed no significant association of 
−308G>A with breast cancer [271]. However, in 
stratified analysis, −308G>A was a protective 
factor in postmenopausal women while a risk 
factor in premenopausal women [271]. A review 
of 18 studies with 11,320 breast cancer patients 
and 14,112 controls found a significant relation-
ship between −308G>A (rs1800629) polymor-
phism and breast cancer only in Caucasian 
population (Table 20.21) [254]. In addition, after 
excluding hospital-based studies a significant 
decreased risk in carriers of A allele was found. 
This study also reviewed 33,112 patients and 
35,814 (reported in 35 studies) and found no sig-
nificant association for −238G>A (rs361525). 
This study also did not find any significant asso-
ciation between breast cancer and −863C>A 
(rs1800630) and −857C>T (rs1799724), −1031 
C>T (rs1799964) polymorphisms, which may be 
due to the fact that the overall sample analyzed 
for these polymorphisms was very small [254]. 
Consistent with the previous study, a meta- 
analysis of 11 studies on 10,184 patients with 
breast cancer and 12,911 controls found that G 
allele in −308G>A (rs1800629) is associated 
with significantly increased risk of breast cancer 
[258]. Another meta-analysis evaluated 10,236 
breast cancer cases and 13,143 controls pre-
sented in 13 studies [293]. This study could con-
firm such a decreased breast cancer risk in 
carriers of −308A allele only in Caucasians 
[293]. However, no significant association 
between breast cancer susceptibility and other 
polymorphisms of TNF- α was found [293]. In 
accordance with previous studies, a recent sys-
tematic review on 37,257 patients and 39,564 
controls supported the lack of association 
between rs361525 and breast cancer develop-
ment [294]. A meta-analysis of 4625 breast can-
cer patients and 4373 controls for LTA −252A>G 
(results from seven studies published up to 
January 2012) did not find any significant asso-
ciation between genotypes of this polymorphism 
and breast cancer. However, in stratified analysis 
for ethnicity, carriers of G allele had significantly 
increased risk of breast cancer in Asian popula-
tion [295].

A systematic review of 11 studies with 3094 
cervical cancer cases and 3037 controls found 
that carriers of AA genotype for −308G>A 
(rs1800629) had 39% increased risk of cervical 
cancer compared with −308GA/GG genotypes 
[257]. In addition, in stratified analysis, such an 
association remained significant in Asian popula-
tion [257]. This meta-analysis by its review on 
1190 cases and 1784 controls showed decreased 
risk of cervical cancer in carriers of A allele in 
−238G>A (rs361525) [257]. In a similar way, 
significant association was detected between 
allelic model of −308G>A and −238G>A with 
cervical cancer in overall population and specifi-
cally in Caucasians [272]. In a meta-analysis of 
13 studies reported up to October 2011 which 
involved 3294 cervical cancer patients and 3468 
controls, no association was found between 
−308G>A (rs1800629) and cervical cancer 
[251]. However, in Caucasian and African popu-
lation, significantly increased risk of cervical 
cancer was observed in carriers of A allele in this 
SNP. This study also meta-analyzed results of six 
studies on −238G>A (rs361525) (2416 cases and 
2010 controls) and found that carriers of −238A 
allele had lower risk of cervical cancer which 
remained significant in Caucasian populations 
[251]. A recent meta-analysis reviewed results of 
12 case–control studies including 1751 cases 
with upper aerodigestive tract (UADT) cancer 
and 3345 controls [280]. Oropharynx cancer was 
investigated in six of these studies, while five 
studies investigated esophagus cancer and one 
investigated larynx cancer. Squamous cell carci-
noma and adenocarcinoma were investigated in 
nine and two studies, respectively, and one study 
investigated both cancer types. This study overall 
found a significant increase in risk of UADT can-
cer in carriers of AA genotype in −308G>A 
(rs1800629) compared to individuals who had 
GA or GG genotypes [280]. In addition, signifi-
cantly increased risks were found in oropharynx 
cancer but not in esophagus cancer or larynx can-
cer. In the subgroup analysis for histologic type, 
this association remained significant only for 
squamous cell carcinoma, but not for adenocarci-
noma [280]. Another meta-analysis with a sam-
ple size of 5617 reported no significant association 
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of −308G>A with esophageal SCC and 
 adenocarcinoma [296]. Moreover, another study 
reported that −308G>A was not significantly 
associated with head and neck cancers neither 
overall nor in subgroup analysis [297]. The asso-
ciation of Oral cancers with TNF-α polymor-
phisms was analyzed in a meta-analysis with 
1280 cases for −308G>A and 598 cases for 
−238G>A [281]. This study revealed a signifi-
cant association between both SNPs and risk of 
oral cancers [281].

A meta-analysis on 2436 cases and 2573 con-
trols proposed a significant association between 
−308G>A and lung cancer. In stratified analysis 
the association remained significant in small cell 
lung cancer, non-small cell lung cancer, and in 
Asian subgroup [286].

A wide-spectrum meta-analysis on digestive 
system cancers overall revealed a significant 
association of −238G<A with all-type GI cancers 
worldwide and also individually in Asian sub-
group [289]. The same results were achieved in 
another study on −308G>A and digestive system 
cancers [274]. This study also detected signifi-
cant association in Caucasians, gastric cancer, 
and HCC subgroups. A meta-analysis on gastric 
cancer and −308G>A (rs1800629) reviewed 
5225 patients and 8473 controls in 26 papers. 
This study found a significant increase in risk of 
gastric cancer in carriers of A allele in compari-
son with G allele [298]. Another meta-analysis 
on gastric cancer evaluated 4399 cases and 6855 
controls presented in 24 studies published up to 
October 2007 [275]. This study found a signifi-
cant increase in risk of gastric cancer in carriers 
of AA genotype in −308G>A (rs1800629) poly-
morphism. In stratified analysis, AA genotype 
was significantly associated with an increased 
risk of noncardia cancers and intestinal type of 
gastric cancer compared to the GG genotype 
[275]. Another meta-analysis on gastric cancer 
and −308G>A (rs1800629) polymorphism 
included 19 studies with 3335 gastric cancer 
patients and 5286 controls [277]. In addition, this 
study included five studies with 1118 gastric can-
cer patients and 1591 controls for −857C>T 
(rs1799724). This study also found a significant 
increase in risk of gastric cancer in carriers of A 

allele and AA genotype in −308G>A (rs1800629) 
compared with G allele in the whole population 
and in Caucasians but not in East Asian [277]. 
This study also found a weak but significant asso-
ciation between T allele of −857 C>T (rs1799724) 
and gastric cancer risk compared with the C allele 
[277]; whereas in another study a significant 
association of −857 C>T with gastric cancer was 
observed under four genetic models [291]. 
Similarly, two reviews on 7009 and 2626 gastric 
cancer patients reported a significant association 
of −308G>A with gastric cancer which also 
remained significant in Caucasians [276, 278]. 
Moreover, −238G>A has been observed to be 
significantly associated with gastric cancer, par-
ticularly in Asian population [290].

A meta-analysis on TNF-α SNPs in colorectal 
cancer patients suggested that while −308G>A is 
contributed to increased risk of colorectal can-
cers, −238G>A is not significantly associated 
with them [279].

Several systematic reviews have been pub-
lished on the associations of TNF-α polymor-
phisms and susceptibility to HCC.  The most 
recent one evaluated results of 11 case–control 
studies (reported up to July, 2012) with a total of 
1572 HCC cases and 1875 controls revealed an 
increased risk of HCC in carriers of A allele in 
−238G>A (rs361525) [288]. In stratified analy-
sis, this association remained significant only in 
Asian populations [288]. Another meta-analysis 
included 2357 cases and 3161 controls presented 
in 17 studies published till November 2010 [265]. 
This study showed that A allele in both −238G>A 
(rs361525) and −308G>A (rs1800629) was asso-
ciated with an increased risk of HCC. In stratified 
analysis for ethnicity, these associations remained 
significant in Asians but not in Caucasians [265]. 
AA and AC genotypes in −863C>A (rs1800630) 
were also associated with increased HCC risk 
compared to CC genotype. However, this study 
did not find any significant association for 
−857C>T (rs1799724) and −1031C>T 
(rs1799964) polymorphisms [265]. The pattern 
for −238G>A (rs361525) and −308G>A 
(rs1800629) was also repeated in other system-
atic reviews [180, 299, 300]. The association of 
−238G>A with HCC was confirmed in another 
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review with 1.572 patients under allelic, 
 heterozygote, and dominant models [288]. In 
addition, when a meta-analysis was restricted to 
HBV- related HCCs, significant association was 
revealed between −308G>A, −238G>A, 
−863C>A, and HBV-related HCC either when 
analyzed with healthy controls or when analyzed 
with HBV-carriers [273].

A recent meta-analysis exclusively on 
−857C>T revealed a significant association of 
this SNP with gastric cancer and hepatocellular 
cancer, while no significant association was 
found for colorectal, cervical, and prostate cancer 
development [292].

Urogenital cancers were also reported to be 
associated with −308G>A (rs1800629) in a 
meta-analysis with 11,613 patients and 12,542 
controls. When analyzed in subgroups, the asso-
ciation remained significant in cervical cancer, 
urothelial cancer, and Caucasian population 
groups [282]. A meta-analysis of seven case–
control studies with 1311 bladder cancer cases 
and 1436 controls found that carriers of A allele 
in −308G>A (rs1800629) had an increased risk 
of bladder cancer [301]. A multicenter study 
investigated associations between six polymor-
phisms of TNF-α (rs1799964, rs1800630, 
rs1799724, rs1800629, rs361525, rs1800610) 
and prostate cancer risk in 2321 cases and 2560 
controls from two nested case–control studies 
within the Prostate, Lung, Colorectal, and 
Ovarian Cancer Screening Trials and the Cancer 
Prevention Study II Nutrition Cohort for [302]. 
Overall, this study found no significant associa-
tion between these polymorphisms and prostate 
cancer risk. But this study found a significant 
decreased risk in carriers of T-C-T-G-A haplo-
type in rs1799964, rs1800630, rs1799724, 
rs1800629, and rs1800610 compared to the most 
frequent haplotype (T-C-C-G-G) [302]. In sub-
group analysis, T allele in −1036 C>T 
(rs1799724) in individuals who did not regularly 
use NSAID was associated with significantly less 
susceptibility to prostate cancer compared to the 
CC genotype. In addition, when limiting analysis 
to non-advanced tumors, carriers of −1036T or A 
allele in IVS1+123G>A (rs1800610) had a sig-
nificantly decreased chance for prostate cancer 
[302]. Another study on two TNF-α polymor-

phisms (rs1800629 and rs361525) reported a sig-
nificant positive association of −308G>A 
(rs1800629) with risk of prostate cancer under 
dominant and heterozygote models; but no sig-
nificant association was detected for −238C>T 
(rs361525) [287].

Another multicenter study evaluated associa-
tions of −308G>A (rs1800629) with NHL in 
7999 cases and 8452 controls from participating 
studies from the InterLymph Consortium. 
Carriers of −308A allele had increased risk for 
NHL, B-cell NHL, diffuse large B-cell lym-
phoma (DLBCL), and other marginal zone lym-
phoma. However, no significant associations 
were found between −308G>A (rs1800629) and 
chronic small lymphocytic lymphoma CLL/SLL 
or T-cell NHL [303]. Although this study also did 
not find any significant association between LTA 
+252A>G (rs909253) and NHL, carriers of G 
allele in this SNP had increased risk to DLBCL 
and mycosis fungoides [303]. In addition, the 
dominant model of this SNP was associated with 
leukemia development in a meta-analysis with 
1509 cases and 4075 controls, while no associa-
tion was detected among TNF-α polymorphisms 
[304]. A study on Chinese Han population with 
34,041 cases and 42,730 controls demonstrated a 
significant association of −308G>A with DLBCL 
under allelic genetic model [284]. In accordance 
with previous studies, another multicenter study 
supported the significant association of −308G>A 
with NHL [283]. In stratified analysis, the African 
and Caucasian population was shown to be asso-
ciated with increased risk of NHL, while Asian 
population was associated with reduced risk of 
lymphoma [283]. This study did not report any 
significant association for the −238G>A and 
−857C>T SNPs. Interestingly another meta- 
analysis suggested that the association of 
−308G>A with NHL is population dependent, 
wherein −308G>A is a protective factor in Asians 
(OR = 0.75, 95% CI: 0.66–0.86, p < 0.001), but a 
risk factor in Caucasians (OR  =  1.22, 95% CI: 
1.06–1.40, p = 0.007) [305].

In a meta-analysis of 33 studies with 14,435 
cancer patients and 10,583 healthy controls, sta-
tistically significant increase in risk of malignant 
transformation was found in carriers of G allele 
in +252A>G (rs909253) which remained signifi-
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cant in both Asian population and Caucasians 
[306]. A meta-analysis on 11 individual case–
control studies with 2270 cases and 4404 con-
trols found that G allele of +252A>G (rs909253) 
is associated with a significant increase in risk of 
gastric cancer, but this risk was significant only in 
Asians, but not Caucasians [307]. An older study 
also showed such a risk only in Asians especially 
those with H. pylori infection [308].

A recent comprehensive systematic review on 
the association of SCCs and TNF-α SNPs with 
overall 2836 SCC patients and 5235 controls 
resulted in significant association of recessive 
and codominant models of rs1800629 polymor-
phism with lung and oral SCC and all-type SCC 
in Asian population [285]. The same study did 
not report significant association of rs361525 
polymorphism with SCCs except for a reduced 
risk of lung SCC in only two studies with 196 
patients [285]. Furthermore, no association was 
found between rs1800629 and risk of skin can-
cers [285].

20.7.9  Interferon Gamma (IFN-γ)

Interferon gamma (IFN-γ) is a proinflammatory 
cytokine of Th1 subset with major roles in antitu-
mor immune response. This cytokine enhances 
differentiation of lymphocytes and their function 
and Ag presentation through inducing expression 

of HLA molecules [154]. In addition, it inhibits 
angiogenesis in various tumors [65, 309].

IFN-γ gene with four exons and a length of 
5.4  kb is located on chromosome 12q24 [309]. 
Two common SNPs including an intronic SNP 
+874T>A (rs2430561) and a promoter variant in 
(−179T>G (rs2069707)) have been previously 
identified [25, 65, 309]. This promoter variant is 
adjacent to a HSF-binding motif. In addition, 
there is a CA repeat microsatellite within the first 
intron of the gene ranging from 12 to 15 repeats 
[25, 309]. It was shown that allele 2 of the micro-
satellite and T allele in +874T>A (rs2430561) 
are in complete LD [25].

In vitro studies showed that T allele of 
+874T>A (rs2430561) is associated with higher 
IFN-γ production. EMSA studies showed that 
this allele has higher affinity for NF-κB which is 
in accordance with the location of this SNP in the 
first intron of the gene, a region related to binding 
of NF-κB [65, 309] (Table 20.22).

A meta-analysis of 17 studies with 1929 cancer 
cases and 2830 controls showed a nonsignificant 
increase in risk of cancer in the presence of AA 
genotype for +874T>A (rs2430561). However, 
this study showed significantly increased suscepti-
bility in individuals with AT genotype compared 
with TT genotype (Table  20.23) [309]. Another 
meta-analysis with 32 studies and 4524 cases and 
5684 controls did not find a significant association 
either [65]. Interestingly, in stratified meta-analy-

Table 20.22 Genotype details for SNPs of IFN-γ

SNP GMAF [161]
Population diversity 
[162]

Change at DNA 
level

Change at protein 
level

Effect on cytokine 
level

rs2430561 G = 0.2686 NA +874T>A NA T allele: ↑

Table 20.23 Significant results from published meta-analysis of associations of +874T>A (rs2430561) in IFN-γ gene 
with cancers

Cancer site
Number 
of cases

Number of 
controls

Analysis 
type OR ± 95% CI Population included References

Cervical 
cancer

661 835 AT vs. TT 1.10 (1.02–1.19) India, South Africa Mi et al. [309]
1116 1290 TA vs. TT 1.47 (1.14–1.90) Indonesia, India, China, 

Africa, Brazil
Sun et al. 
[310]TT + TA vs. 

AA
1.40 (1.10–1.78)

Breast 
cancer

527 715 TT vs. AA 1.58 (1.10–2.27) Iran, Italy, Turkey, China, 
USA

Liu et al. [65]
TT vs. 
AT + AA

1.53 (1.14–2.06)

HCC 859 1482 UA 1.38 (1.12–1.70) Japan, China, Korea, India, 
USA, Tunisia, Brazil

Zhou et al. 
[311]
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sis for ethnicity, carriers of T allele had signifi-
cantly increased susceptibility to cancer in 
European and African population but not in Asian 
population [65]. This study also found that TT 
genotype significantly contributes to the risk of 
breast cancer in all ethnicities [65]. Similarly, a 
meta- analysis on 5630 cancer patients and 6096 
controls did not result in any significant associa-
tion except for the recessive model in African pop-
ulation [312]. Another meta-analysis on 859 HCC 
patients reported a significant association of 
rs2430561 with the risk of HCC development, 
especially with the background of HBV infection 
[311]. Moreover, a significant association of cervi-
cal cancer development with dominant and 
codominant genetic models of +874T>A poly-
morphism was found in a meta-analysis with 1116 
cases and 1290 controls [310]. In a systematic 
review of 420 leukemia patients and 767 controls, 
+874T>A polymorphism was reported to be asso-
ciated with chronic leukemias, albeit negatively in 
CLL patients [313]. The three latter studies were 
all significant when analyzed among Asian popu-
lation [310, 311].

20.7.10  Transforming Growth 
Factor-β (TGF-β)

Transforming growth factor-β (TGF-β) is a func-
tional mediator of epithelial and fibroblast cell 
proliferation and a regulator of immune cell 
 populations [314]. In early stages of tumor pro-
gression, it acts as a tumor suppressor; however, 
in advanced cancers, TGF-β induces many activi-
ties that lead to growth, invasion, and metastasis 
of cancer cells [314–316].

TGF-β family consists of three isoforms with 
pleiotropic roles in cancer immunity [317–319]. 

TGF-β1 as the most common isoform of this 
family has enhancing effects on angiogenesis and 
its regulatory role in growth, differentiation, and 
apoptosis of different cells [64, 157, 319]. It also 
results in escape of malignant cells from immu-
nosurveillance by suppressing expression of 
HLA molecules [154, 157, 318, 319].

TGF-β1 gene is located in the long arm of 
chromosome 19 (19q13.1). +869T>C (rs1800470; 
also called +29T>C, or rs1982037) is a common 
variant in the first exonic region of TGF-β1 which 
results in substitution of leucine to proline at 
codon 10  in signal sequence [317]. +915G>C 
(also called +74 or rs1800471) is another exonic 
variant resulting in an arginine-to-proline substi-
tution at codon 25. −509C>T (rs1800469) and 
−800G>A are two promoter variants in a proxi-
mal negative regulatory region (Table  20.24) 
[320, 321]. In vivo studies showed that T allele in 
−509C>T (rs1800469) was associated with 
higher levels of TGF-β1  in plasma and also 
higher expression [25, 75]. Despite some con-
trary results, C allele in +869T>C (rs1800470) 
was associated with higher secretion of TGF-β1 
in in vitro studies [25, 318]. Arginine in +915G>C 
(rs1800471) was also associated with higher lev-
els of TGF-β1  in in  vivo studies [25]. In vitro 
studies showed that A allele in −1287G>A 
(rs11466314), another variant of this gene, is 
associated with higher expression of TGF-β1 
[25]. EMSA studies showed that C allele in 
−387C>T (rs11466315) had greater affinity for 
Sp1 and Sp3 complexes [25].

Results of 40 case–control studies (including 
3 studies with African population, 14 on Asian 
descendants, and 23 studies with European popu-
lation) with 16,166 patients with various cancers 
and 19,126 controls were analyzed in a system-
atic review. Although this meta-analysis did not 

Table 20.24 Genotype details for SNPs of TGF-β

SNP GMAF [161]
Population diversity 
[162]

Change at DNA 
level

Change at protein 
level

Effect on cytokine 
level

rs1800470 G = 0.444 UA +29T>C Pro10Leu C allele: ↑
rs1800471 G = 0.046 UA +74G>C Arg25Pro G allele: ↑
rs1800469 T = 0.359 −509C>T NA T allele: ↑
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find any significant association with overall risk 
of cancer, its result suggested that individuals 
with C allele in +869T>C (rs1800470) have sig-
nificantly greater risk for prostate cancer. This 
finding was supported by another review with 
2604 prostate cancer patients [322]. However, in 
subgroup analysis this allele was significantly 
associated with all-type cancers in Asian popula-
tions and prostate cancer in Caucasians [319, 
322] (Table 20.25).

A meta-analysis of 30 studies including 
20,401 patients with breast cancer and 27,416 
controls showed increased risk of breast cancer 
in individuals with C allele in +869T>C 
(rs1800470). In stratified analysis, this associa-
tion remained significant in Caucasian popula-
tion and population-based studies [64, 327]. 
However, three other meta-analyses, one with a 
sample size of 24,021 cases and 31,820 controls 
and the others with almost half of this sample 
could not find such an association [327–329]. 

Another recent meta-analysis of 20,022 cases 
and 24,423 controls could find this increased risk 
for C allele just in Caucasians [321]. This study 
also reviewed results of eight studies with 10,633 
cases and 13,648 controls for −509C>T 
(rs1800469) and did not find any significant 
association between alleles of this polymor-
phism and risk of breast cancer in accordance 
with another meta-analysis (including 10,197 
patients with breast cancer and 13,382 healthy 
controls) [321, 330, 331]. Some authors sug-
gested that the effect of TGF-β1 is different 
according to expression of estrogen receptor and 
progesterone receptor in breast cancer tumors, in 
a way that recessive and allelic models of 
−509C>T polymorphism are associated with 
ER-positive breast cancers [320, 332].

Meta-analysis of 1315 lung cancer patients 
and 1448 normal controls reported a significant 
association of lung cancer with dominant model 
of 1800470 polymorphism, overall and within 

Table 20.25 Significant results from published meta-analysis of associations of SNPs of TGF-β gene with cancers

Alleles Cancer site
Number 
of cases

Number of 
controls

Analysis 
type OR ± 95% CI

Population 
included References

rs1800470 Malignancy 5183 6524 CC vs. TT 1.26 (1.03–1.53) (Asian) Korea, 
China, Japan

Wei et al. 
[319]CT vs. TT 1.20 (1.01–1.43)

Prostate 
cancer

2605 3129 CT vs. TT 1.28 (1.01–1.61) USA, Germany, 
Brazil, Japan

Wei et al. 
[319]CC + CT 

vs. TT
1.24 (1.02–1.52)

2604 3129 C vs. T 1.08 (1.00–1.16) Asian, Caucasian, 
African

Cai et al. 
[322]

Breast 
cancer

20,401 27,416 CT vs. TT 1.05 (1.00–1.09) Mixed from 
Asian, Caucasian, 
and African

Qiu et al. [64]
CC + CT 
vs. TT

1.05 (1.01–1.09)

Lung cancer 1315 1448 TT + TC 
vs. CC

1.23 (1.03–1.47) Asian, Caucasian Fan et al. 
[323]

rs1800469 Gastric 
cancer

2130 2374 TT vs. 
CC + CT

1.35 (1.1–1.65) India, China Li et al. [75]

2928 3480 TT vs. 
CC + CT

1.23 (1.09–1.38) China, USA, 
India

Chang et al. 
[324]

Colorectal 
cancer

994 2335 CC vs. TT 1.62 (1.30–2.02) Iran, Germany, 
Korea, China

Fang et al. 
[325]TC + CC 

vs. TT
1.30 (1.08–1.58)

CC vs. 
TC + TT

1.48 (1.26–1.75)

4440 6785 CC + CT 
vs. TT

1.18 (1.06–1.32) USA, UK, Iran, 
China, Korea, 
Germany

Wang et al. 
[326]

Colon 
cancer

1760 2454 CC + CT 
vs. TT

1.31 (1.05–1.63) UK, USA, China Wang et al. 
[326]
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Asian descendants [323]. This association 
remained significant in NSCLC subgroup. In 
spite of the previous study, a systematic review 
on 1167 lung cancer patients revealed no signifi-
cant association of both 1800470 and 1800469 
polymorphism with lung cancer development 
except for a subgroup analysis of +869T>C 
(rs1800470) among Caucasians [333].

A systematic review analyzed results of 55 
studies with a total number of 21,639 cancer 
patients and 28,460 controls for associations of 
−509C>T (rs1800469) and susceptibility to dif-
ferent cancers. Although there was no a signifi-
cant association between overall risk of cancer 
and genotypes of this SNP, this study found 
increased susceptibility of carriers of C allele to 
colorectal cancer particularly in Caucasians 
[334]. In addition, a meta-analysis of five studies 
with 994 colorectal cancer patients and 2335 
controls found increased risk of colorectal cancer 
for C allele of −509C>T (rs1800469) which 
remained significant only in Asian population but 
not Caucasians in stratified analysis [325]. On the 
other hand, a systematic review of seven original 
articles with a total of 2130 patients with gastric 
cancer and 2374 controls found significantly 
increased susceptibility to gastric cancer in carri-
ers of T allele in −509C>T (rs1800469) in a 
recessive model [75]. This association was sup-
ported by an updated review on 2928 cases and 
3480 controls, while no association was detected 
for +869T>C and +915G>C [324]. Another 
meta-analysis pooled the results of 29 case–con-
trol studies with 8664 patients with digestive 
tract cancers and 12,532 controls. This study did 
not show any significant association with overall 
risk of digestive tract cancers. However, this 
study found that C allele in −509C>T (rs1800469) 
is significantly contributed to the risk of digestive 
tract cancers in Caucasians. In addition, carriers 
of C allele in the whole study sample had 
increased risk for colorectal cancer [335]. 
Another systematic review of 12 studies with 
4440 colorectal cancer patients and 6785 controls 
could find such an association only in colon can-
cer [326].

20.8  Concluding Remarks

In the recent decades, a great scientific effort has 
uncovered the importance of immune polymor-
phisms in cancers. However, this uncovered part, 
although is promising, only reminds us that there 
is much more to reveal in this field. There comes 
a day that gathering immunogenetic data 
becomes one main part of every clinical trial in 
cancer. This information will help understand 
more about subgroups of patients, natural his-
tory of the cancers, responsiveness of cancer to 
treatment, or toxicity of treatment, all in relation 
to immune polymorphism [16]. One day, it might 
be possible to assess the degree of predisposition 
to different cancers for each individual and to 
employ preventive measurement, and in case of 
suffering from cancers, to efficiently choose 
between treatment options and predict their clin-
ical effectiveness [28]. Although it seems a 
vague dream in the far future, it is becoming 
closer to reality everyday considering the pace of 
scientific advancements.
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21.1  Introduction

MicroRNAs (miRNAs) are small noncoding 
RNAs (ncRNAs) which regulate gene expression 
by directly binding mostly, but not exclusively, to 
the 3′-untranslated region (3′-UTR) of target 
mRNAs [1]. In 1993, Victor Ambros first identi-
fied a small ncRNA, called lin-4, able to regulate 
the expression of a gene called lin-14 involved in 
the development of C. elegans [2]. In 2001, 
Lagos-Quintana et al. [3] showed for the first time 
that many of these small ncRNAs (in the mean-
time called microRNAs) are present not only in 
invertebrates but also in vertebrates. In 2002, 
Croce’s group provided the first evidence of 
miRNA involvement in cancer by showing that a 
specific cluster of miRNAs (namely, the miR- 
15a/16-1 cluster) is located in the frequently 
deleted chromosomal region 13q14  in chronic 
lymphocytic leukemia (CLL) [4]. In 2005, Frank 
Slack supported this molecular evidence of 
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miRNA involvement by demonstrating that let-7 
directly targets the RAS oncogene in lung cancer 
[5]. In the same year, Cimmino et  al. [6] found 
that the miR-15a/16-1 cluster directly targets the 
antiapoptotic BCL2 gene in human CLL.  From 
this time on, we assist at a plethora of studies 
identifying dysregulation of miRNAs in almost 
all types of human cancers and unraveling their 
contribution to human carcinogenesis by identify-
ing which genes are modulated by the dysregu-
lated miRNAs. Overall, these studies clearly state 
that aberrancies of the miRNome (defined as the 
full spectrum of miRNAs in a specific genome) 
contribute to human cancer development and can 
be therapeutically targeted to restore miRNA 
expression to normal [7]. Moreover, it has become 
clearer that miRNA involvement goes beyond 
cancer, since they are involved in a variety of bio-
logical processes, spanning from development, 
differentiation, apoptosis, and proliferation to 
senescence and metabolism [8–13].

MiRNAs are genes, like any other protein cod-
ing gene (PCG), transcribed by RNA polymerase 
II into a capped and polyadenylated precursor, 
called pri-miRNA [14, 15]. A double-stranded 
RNA-specific ribonuclease called Drosha, in 
conjunction with its binding partner DGCR8 
(DiGeorge syndrome critical region gene 8, or 
Pasha), cleaves the pri-miRNA into a hairpin- 
shaped RNA precursor (pre-miRNA), about 
70–100 nucleotides (nt) long [16]. Transferred to 
the cytoplasm by Exportin 5, the pre-miRNA is 
cleaved into an 18–24 nt duplex by a ribonucleo-
protein complex, composed of a ribonuclease III 
(Dicer), and TRBP (HIV-1 transactivating 
response RNA binding protein). Finally, the 
duplex interacts with a large protein complex 
called RISC (RNA-induced silencing complex), 
which includes proteins of the Argonaute family 
(Ago1-4 in humans), which drives one strand of 
the duplex (the so-called mature miRNA) mainly, 
but not exclusively, to the 3′-UTR of the target 
mRNAs. Overall, miRNAs exert its effect by 
modulating the expression of the target mRNAs 
either by mRNA cleavage or by translational 
repression. In 2007, Vasudevan et al. [17] discov-
ered that miRNAs can also increase the expres-
sion of target mRNAs. Each miRNA can target 

several different transcripts. For instance, it has 
been demonstrated that a cluster of two miRNAs 
(namely, miR-15a and miR-16) can affect the 
expression of about 14% of the human genome in 
a leukemic cell line [18]. In addition, the same 
mRNA can be targeted by several miRNAs [19].

Epigenetics is defined as all heritable changes 
in gene expression not associated with concomi-
tant alterations in the DNA sequence. In a tradi-
tional sense, gene epigenetic regulation usually 
includes DNA promoter methylation and chro-
matin histone modifications which are catalyzed 
by specific enzymes, overall indicated as effec-
tors of the epigenetic machinery. However, if we 
consider the above definition, also miRNA gene 
regulation sensu stricto represents a component 
of epigenetics. Interestingly, it has been discov-
ered that there is a two-way correlation between 
miRNAs and other epigenetic mechanisms: miR-
NAs can regulate the expression of effectors of 
the epigenetic machinery and miRNA genes 
undergo the same epigenetic regulatory mecha-
nisms of any other PCG. These two main aspects 
of miRNome-epigenome cross-regulation and 
their implications in human carcinogenesis will 
be the main focus of this chapter.

21.2  MiRNAs Regulate Effectors 
of the Epigenetic Machinery

In 2007, Fabbri et al. [20] provided the first evi-
dence that miRNAs can affect the expression of 
epigenetically regulated PCG in cancer by 
directly targeting key effectors of the epigenetic 
machinery, such as DNA methyltransferases 
(DNMTs). The miR-29 family (composed of 
miR-29a, miR-29b, and miR-29c) can directly 
silence the expression of de novo DNMT3A and 
DNMT3B in non-small cell lung cancer (NSCLC), 
leading to a global hypomethylation status of 
cancer cells and re-expression of tumor suppres-
sor genes (TSGs) such as FHIT and WWOX, 
whose expression is silenced in NSCLC by pro-
moter hypermethylation. As a result of the re- 
expression of these TSGs, NSCLC cells undergo 
apoptosis both in vitro and in an in vivo xenograft 
model [20]. Subsequently, Garzon et  al. [21] 
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showed that in addition to directly targeting de 
novo DNMTs, miR-29b is also capable of target-
ing the maintenance DNMT1, even though in an 
indirect way: by directly silencing Sp1, a transac-
tivator of DNMT1. These combined effects of 
miR-29s on all three major DNMTs highlight 
their relevance for epigenetic processes and 
explain the profound effects of their restoration 
on the global methylation status of cells. MiRNAs 
such as the miR-29 family, able to directly target 
effectors of the epigenetic machinery, have been 
called “epi-miRNAs.” In mouse embryonic stem 
(ES) cells, two independent groups have shown 
that members of miR-290 cluster directly target 
RBL2, an inhibitor of DNMT3 genes [22, 23]. ES 
Dicer null cells are characterized by no expres-
sion of the miR-290 cluster, overexpression of 
RBL2, and disruption of de novo methylation 
pathway, leading to increased telomere recombi-
nation and aberrant telomere elongation. 
Restoration of the miRNA cluster reverted this 
phenotype [22, 23]. Interestingly, the regulatory 
effect of miR-290 cluster on de novo DNMTs was 
not observed in human embryonic kidney 293 
cells following Dicer knockdown, suggesting 
that miR-290 targeting effect on DNMT3s might 
be cell- and/or species-specific [22].

Another important family of epi-miRNAs is 
the miR-148a/b-152 family. In 2008, Duursma 
et al. [24] showed that miR-148a and miR-148b 
can indeed bind to the coding region (not the 
3′-UTR) of DNMT3b mRNA, affecting the 
expression of this gene. This seminal study also 
concluded that by binding to this unusual site, 
miR-148 family might be responsible for the sev-
eral different splice variants of DNMT3b [24]. A 
role for the miR-148a/b-152 family was further 
confirmed in cholangiocarcinoma, where it was 
shown that these miRNAs, in addition to miR- 
301, can directly target DNMT1, and their 
expression is silenced by IL-6, which is involved 
in cholangio-cancerogenesis [25]. This paper 
provided the first evidence of a correlation 
between epi-miRNAs, inflammation, and cancer. 
In 2010, Das et  al. [26] showed that all-trans- 
retinoic acid (ATRA)-treated neuroblastoma 
cells undergo downregulation of MYCN, hence 
leading to overexpression of MYCN repressed 

miRNAs such as miR-152, miR-26a/b, and miR-
125a/b. They also showed that these miRNAs are 
epi-miRNAs in this model, since they downregu-
late DNMT1 and DNMT3B expression, leading 
to re-expression of epigenetically silenced NOS1, 
which promotes neural cell differentiation. Also, 
the expression of miR-152 was normally down-
regulated with concurrent increase of DNMT1 
expression in HBV-induced HCCs [27]. More 
recently, Wang et al. [28] identified miR-342 as 
another epi-miRNA involved in colon carcino-
genesis. They showed that the expression of miR-
342 is inversely correlated to DNMT1 levels in 
colorectal cancer (CRC) tissues and cell lines, 
and that this miRNA targets DNMT1, leading to 
reactivation of epigenetically silenced TSGs such 
as ADAM23, Hint1, RASSF1A, and RECKS. 
Functionally, restoration of miR-342 resulted in a 
reduction of DNMT1 expression, reduced cell 
proliferation, and invasiveness in CRC cells and 
inhibition of tumor growth and lung metastasis 
formation in nude mice [28]. In 2010, viral epi-
miRNAs have been shown to control the epigen-
etic machinery of host cells through DNMTs 
[29]. MiR-K12-4-5p, a Kaposi sarcoma-associ-
ated herpesvirus (KSHV) miRNA, was found to 
regulate the expression of DNMT1, 3A, and 3B 
indirectly, by targeting the expression of Rbl2, a 
known repressor of DNMT1, 3A, and 3B tran-
scription. Ectopic expression of miR-K12-4-5p 
reduces Rbl2 protein expression and increases 
DNMT1, 3A, and 3B mRNA levels in 293 cells, 
thus affecting the overall epigenetic reprogram-
ming of the host cell [29].

Epi-miRNAs are also involved in regulating 
the expression of histone deacetylases (HDACs) 
and Polycomb Repressive Complex (PRC) genes. 
For instance, HDAC4 is a direct target of both 
miR-1 and miR-140 [30, 31], while miR-449a 
binds to the 3′-UTR region of HDAC1 [32]. 
HDAC1 is upregulated in several kind of cancers, 
and miR-449a re-expression in prostate cancer 
cells induces cell-cycle arrest, apoptosis, and a 
senescent-like phenotype by reducing the levels 
of HDAC1 [32]. Recently, Jeon et al. [33] showed 
that miR-449a, b regulate HDAC1 expression by 
directly targeting its 3′UTR transcript, indicating 
that this might be one of the reasons for the low 
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miR-449a, b expression and the high expression 
of HDAC1 in lung cancer. MiR-140 has also been 
shown to be involved in chemoresistance mecha-
nisms by targeting HDAC4 [34]. Inhibition of 
endogenous miR-140 by locked nucleic acid 
(LNA)-modified anti-miRNAs partially sensi-
tized resistant colon cancer stemlike cells to 
5-FU treatment by increasing HDAC4 levels, 
leading to a G1 and G2 phase arrest [34]. Low 
expression of miR-9 along with high expression 
levels of HDACs (HDAC4 and 5) were discov-
ered in Waldenstrom macroglobulinemia (WM) 
[35]. Mir-9 targets HDAC4 and HDAC5 in WM 
cells. Overexpression of miR-9 causes downreg-
ulation of HDAC4, 5, leading to an upregulation 
of acetylated-histone-H3 and acetylated-histone-
 H4. This provides evidence that the loss of miR-9 
might be responsible for upregulation of HDAC4 
and HDAC5 in WM cells, contributing to the 
pathogenesis of WM disease [35].

EZH2 is the catalytic subunit of the Polycomb 
Repressive Complex 2 (PRC2) and is responsi-
ble for heterochromatin formation by trimethyl-
ating histone H3 lysine 27 (H3K27me3), leading 
to the silencing of several TSGs. Varambally 
et  al. showed that in prostate cancer cell lines 
and primary tumors, the expression of miR-101 
decreases during cancer progression, inversely 
correlating with an increase of EZH2. These 
findings are suggestive of a role as epi-miRNA 
for miR-101, a hypothesis which was tested and 
confirmed by showing that miR-101 directly tar-
gets EZH2 both in prostate and in bladder cancer 
models [36, 37]. Moreover, miR-101-mediated 
suppression of EZH2 inhibits cancer cell prolif-
eration and colony formation, revealing a TSG 
role for miR-101, mediated by its modulatory 
effects on cancer epigenome [37]. The inverse 
correlation between miR-101 and EZH2 was also 
observed in glioblastoma [38], gastric cancer 
[39], and NSCLC [40]. In prostate cancer it has 
been shown that miR-101 can be inhibited by 
androgen receptor and HIF-1α/HIF-1β [41]. 
Ectopic expression of miR-26a targets EZH2 in 
Burkitt’s lymphoma, leading to reduced cell pro-
liferation, increased percentage of cells in 
G1-phase, and increased apoptosis in Raji and 
Namalwa cells [42]. Intriguingly, the authors 

also found that c-Myc negatively regulates miR-
26a, therefore maintaining high EZH2 expres-
sion levels in cells and significantly contributing 
to c-Myc-induced tumorigenesis [42]. In 2009, 
Juan et  al. [43] analyzed a regulatory double-
negative feedback loop between miR-214 and 
EZH2  in controlling PcG-dependent gene 
expression during differentiation. PcG proteins 
suppress the transcription of miR-214 in undif-
ferentiated skeletal muscle cells (SMC). Ectopic 
expression of miR-214 directly targets EZH2, 
increases myogenin expression, and promotes 
muscle differentiation [43]. EZH2 is also highly 
expressed in nasopharyngeal carcinoma (NPC) 
patients and correlates with a higher risk of 
relapse [44]. MiR- 26a, miR-98, and miR-101, 
whose expression is consistently downregulated 
in human NPC specimens when compared to 
normal nasopharyngeal epithelial tissue sam-
ples, have been shown to directly target EZH2 
[44], suggesting a prognostic role for these three 
miRNAs in NPC.  Recently, there has been an 
extensive series of studies unraveling the central 
role of miR-101  in the regulation of EZH2, in 
several types of cancer. In hepatoma tissues, it 
was shown that miR-101 and miR-29c are down-
regulated, but their expression can be restored 
(leading to reduced levels of EZH2, EED, and 
H3K27me3 proteins) after treatment with TPA 
(12-O-tetradecanoylphorbol 13-acetate), which 
is dependent on protein kinase C (PKC) and 
ERK pathways in HepG2 cells [45]. Also, Smiths 
et  al. [46] have established a pro- angiogenic 
effect of miRNA-101 working together with 
EZH2 and VEGF during the process of angio-
genesis. The group analyzed the expression of 
miR-101  in endothelial cells derived from gli-
oma patients and found it to be low. VEGF 
downregulates the expression of miR-101 result-
ing in increased protein expression of EZH2 and 
induces the elongation of endothelial cells lead-
ing to a pro-angiogenic response. Transfection 
with pre-miR-101, or EZH2 siRNA, or treat-
ments with DZNep, a small inhibitor of EZH2 
methyltransferase activity, reverses this process 
in HBMVECs controls, providing a network 
between VEGF/miR-101/EZH2 proteins toward 
pro-angiogenic response in  endothelial cells 
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[46]. A summary of the described epi-miRNAs 
is provided.

Overall, these studies indicate that epi- 
miRNAs can modulate several key effectors of 
the epigenetic machinery, which indirectly affects 
the expression of epigenetically regulated genes. 
Considering that inactivation of TSGs by epigen-
etic mechanisms represents one of the main strat-
egies adopted by cancer cells to promote their 
oncogenic phenotype, it is of the utmost impor-
tance to completely dissect these mechanisms, 
since they could provide new molecular targets 
for anticancer treatments.

21.3  MiRNAs Are Epigenetically 
Regulated in Several Types 
of Human Cancers

As previously anticipated, the relationship 
between miRNome and epigenome is bidirec-
tional. Not only do miRNAs regulate the expres-
sion of effectors of the epigenetic machinery, but 
they also undergo the same epigenetic regulation 
of any other PCG.

By treating bladder cancer cell lines with both a 
DNA demethylating agent (5-aza-2′-
deoxycytidine, 5-AZA) and an HDAC inhibitor 
(4-phenylbutyric acid), Saito et  al. found that 
about 5% of all human miRNAs increased their 
expression levels [47]. MiR-127 was the most 
upregulated after this treatment, and its re- 
expression led to direct targeting and downregula-
tion of the oncogene BCL-6, inducing a tumor 
suppressor function. MiR-127 is part of a cluster 
which includes miR-136, miR-431, miR-432, and 
miR-433 and is embedded in a CpG island region; 
however, miR-127 is the only member of the clus-
ter whose expression increases upon treatment 
with the two epigenetic drugs [47]. Moreover, 
when each drug was used alone, no variation in 
miR-127 expression was observed [47], suggest-
ing that both DNA methylation and histone modi-
fications affect the epigenetic regulation of 
miR-127. This seminal work shows that indeed 
miRNAs undergo epigenetic regulation, that it is a 
complex epigenetic regulation (involving both 
methylation and histone modifications), and that 

there are differences among miRNAs which even 
belong to the same cluster. Lujambio et al. created 
a double knockout (DKO) for DNMT1 and 
DNMT3B in the CRC cell line HCT-116 and com-
pared miRNA expression profile of DKO and 
wild-type cells. About 6% analyzed miRNAs were 
re-expressed in the DKO cells [48]. Among them, 
miR-124a (embedded in a CpG island heavily 
methylated in this cell line) was re-expressed, 
reducing the levels of its direct target gene CDK6 
and impacting on the phosphorylation status of 
CDK6-downstream effector Rb protein [48]. 
Prosper’s work has identified a signature of 13 
miRNAs embedded in CpG islands, with high het-
erochromatic markers (such as high levels of 
K9H3me2 and/or low levels of K4H3me3) in 
acute lymphoblastic leukemia (ALL) patients [49, 
50]. Among these, miR-124a was methylated in 
59% of ALLs, and its promoter hypermethylation 
was associated with higher relapse rate and mor-
tality rate vs. non- hypermethylated cases; hence, 
miR-124a promoter methylation status was an 
independent prognostic factor for disease-free and 
overall survival [50]. Finally, supporting 
Lujambio’s results, also in ALL the impact of 
miR-124a in the CDK6-Rb pathway was con-
firmed by showing that miR-124a directly silences 
CDK6 [50]. Hypermethylation of miR-124a pro-
moter is also involved in the formation of epigen-
etic field defect which is a gastric cancer 
predisposing condition characterized by accumu-
lation of abnormal DNA methylation in normal-
appearing gastric mucosa, mostly induced by H. 
pylori infection [51]. These findings also suggest 
that miR-124a promoter hypermethylation is an 
early event in gastric carcinogenesis. MiR-107, 
another epigenetically controlled miRNA, targets 
CDK6 in pancreatic cancer as well and impacts 
this oncogenic pathway [52]. In HCT-116 cells, 
deficient for DNMT1 and DNMT3B, Bruckner 
et al. showed increased expression of let-7a-3, an 
miRNA normally silenced by promoter hyper-
methylation in the wild-type cell line [53]. In lung 
adenocarcinoma, primary tumors let-7a-3 pro-
moter was found hypomethylated with respect to 
the normal counterpart [53], whereas hypermeth-
ylation of let-7a-3 promoter was described in epi-
thelial ovarian cancer, paralleled the low expression 
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of insulin-like growth factor-II expression, and 
was associated with a good prognosis [54]. 
Therefore, DNA methylation could act as a protec-
tive mechanism by silencing miRNA with onco-
genic function. Also, the miRNA-200 family 
participates in the maintenance of an epithelial 
phenotype, and loss of its expression can result in 
epithelial to mesenchymal transition (EMT). 
Furthermore, the loss of expression of miR-200 
family members is associated with an aggressive 
cancer phenotype. Vrba et  al. [55] found that 
hypermethylation of the miR-200c/141 CpG 
island is closely linked to their inappropriate 
silencing in cancer cells, and the epigenetic regula-
tion of this cluster appears evolutionarily con-
served, since similar results were obtained in 
mouse. Interestingly, no variation in miRNA 
expression was observed in lung cancer cells 
treated with either demethylating agents or HDAC 
inhibitors or their combination [56]. Another 
miRNA which is under epigenetic control is miR-
1. In hepatocarcinoma, miR-1 is frequently 
silenced by promoter hypermethylation [57]. 
However, in DNMT1 null HCT-116 cells (but not 
in DNMT3B null cells), hypomethylation and re-
expression of miR-1-1 were observed [57], reveal-
ing a key role for the maintenance DNMT in the 
regulation of this miRNA. Han et al. [58] observed 
that neither 5-AZA nor DNMT1 deletion alone can 
recapitulate miRNA expression profile of DKO 
DNMT1/DNMT3B HCT-116 cells. Also, 
Lehmann et al. [59] found that in breast cancer cell 
lines, 5-AZA re- activates miR-9-1 (hypermethyl-
ated in up to 86% of primary tumors), but not miR-
124a-3, miR-148, miR-152, or miR-663 
(hypermethylated as well). Previously, Meng et al. 
[60] observed that in malignant, but not in normal 
cholangiocytes, 5-AZA induces re-expression of 
miR-370. Overall, these results indicate that the 
epigenetic control of miRNAs is both cancer spe-
cific and miRNA specific. More recently, Chang 
and Sharan [61] reported that BRCA1 recruits the 
HDAC2 complex to the miR-155 promoter, which 
is consequently silenced epigenetically through 
the deacetylation of H2A and H3 histones. The 
study also showed the upregulation of miR-155 in 
BRCA1-deficient or BRCA1-mutant human 
tumors. The knockdown of miR-155 in a BRCA1 

mutant tumor cell line attenuates in  vivo tumor 
growth. However, a knockdown of BRCA1 results 
in a two- to threefold increase in miR-155 levels 
in  vitro. In contrast, a 50–150-fold increase in 
miR-155  in human breast cancer cell lines or 
tumor samples was observed, suggesting that this 
increase may not be caused only by BRCA1 loss; 
other transcription factors may activate the miR- 
155 promoter after it is epigenetically activated 
due to the loss of BRCA1 [61]. Mazar et al. [62] 
studied which miRNAs were re-expressed upon 
treatment of a melanoma cell line with demethyl-
ating agents. Among the 15 re-expressed miRNAs, 
miR-375 and miR-34b were also involved in mela-
noma progression [62]. Liu et al. [63] found that 
miR-182 was significantly upregulated in human 
melanoma cells after combined treatment with 
5-AZA and trichostatin A. Genome sequence anal-
ysis revealed the presence of a prominent CpG 
island 8–10 kb upstream of miR-182, but methyla-
tion analysis showed that this genomic region was 
exclusively methylated in melanoma cells, not in 
normal human melanocytes. Since miR-182 has 
been shown to harbor oncogenic properties, this 
finding raises a possible concern for melanoma 
patients treated with epigenetic drugs [63]. MiR-
31 maps at 9p21, a genomic region frequently 
deleted in solid cancers including melanoma. 
Asangani et al. [64] found recurrent downregula-
tion of miR-31 in melanoma primary tumors and 
was associated with genomic loss or epigenetic 
silencing by DNA methylation and EZH2-
mediated histone methylation. Moreover, miR-31 
overexpression resulted in downregulation of 
EZH2 and a derepression of its target gene rap-
1GAP.  The increased expression of EZH2 was 
associated with melanoma progression and poor 
overall survival [64].

Nickel (Ni) compounds are well described 
human carcinogens. Recently an important regu-
latory double-negative feedback loop has been 
discovered between miR-152 and DNMT1 in 
nickel sulfide (NiS)-transformed human bronchial 
epithelial (16HBE) cells [65]. Expression of miR-
152 was specifically downregulated by  promoter 
hypermethylation, whereas ectopic expression of 
miR-152 resulted in a remarkable reduction of 
DNMT1 expression in transformed cells. 
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Interestingly, treatment with 5-AZA or knock 
down of DNMT1 reversed this process. Further, 
inhibition of miR-152 expression in 16HBE cells 
was found to increase DNMT1 expression and 
DNA methylation. Moreover, ectopic expression 
of miR-152 caused a significant decrease of cell 
growth, whereas inhibition of miR-152 reversed 
this process in 16HBE cells, suggesting the exis-
tence of an important functional negative feed-
back loop between miR-152 and DNMT1, likely 
to play an important role in NiS-induced lung car-
cinogenesis [65]. The relationship between 
miRNA and cognate host gene epigenetic regula-
tion was addressed by Grady et  al. by studying 
miR-342, located in an intron of the EVL 
(Ena/Vasp-like) gene [66]. EVL promoter hyper-
methylation occurs in 86% of colorectal cancers 
and is already present in 67% of adenomas, sug-
gesting that it is an early event in colon carcino-
genesis. The combined treatment with 5-AZA and 
the HDAC inhibitor trichostatin A restores the 
synchronized expression of EVL and miR-342. 
The EGFL7 gene, frequently downregulated in 
several cancer cell lines and in primary bladder 
and prostate tumors, hosts miR- 126 in one of its 
introns. While the mature miR- 126 can be 
encoded by three different transcripts of the cog-
nate host gene, each of them with its own pro-
moter, miR-126 is concomitantly upregulated 
with one of EGFL7 transcripts which has a CpG 
island promoter, when cancer cell lines are treated 
with inhibitors of DNA methylation and histone 
deacetylation, indicating that silencing of intronic 
miRNAs in cancer may occur by means of epi-
genetic changes of cognate host genes [67]. In 
summary, miRNAs are encoded by either ncRNA 
genes with their own promoters or by noncoding 
sequences in introns of PCGs. In the latter case, 
miRNA expression is usually driven by the same 
promoters of the corresponding PCGs.

The role of miRNA epigenetic modifications in 
the metastatic process has also been investigated 
by several groups. Lujambio et  al. [68] treated 
three lymph-node metastatic cell lines with 5-AZA 
and identified three miRNAs which showed can-
cer-specific CpG island hypermethylation: miR-
148a, miR-34b/c, and miR-9. The reintroduction 
of miR-148a and miR-34b/c in cancer cells with 

epigenetic inactivation inhibited cell motility and 
their metastatic potential in xenograft models and 
was associated with downregulation of miRNA 
oncogenic target genes, such as c-MYC, E2F3, 
CDK6, and TGIF2 [68]. Finally, promoter hyper-
methylation of these three miRNAs was signifi-
cantly associated with metastasis formation also in 
human malignancies [68]. MiR-34b/c cluster is 
also epigenetically regulated in CRC (promoter 
hypermethylation in 90% of primary CRC sam-
ples vs. normal colon mucosa) [69], whereas epi-
genetic silencing of miR-9 and miR-148a (together 
with miR-152, miR-124a, and miR-663) was 
described also in breast cancer [59].

Finally, Fazi et  al. showed that transcription 
factors can recruit epigenetic effectors at miRNA 
promoter regions and contribute to the regulation 
of their expression. The AML1/ETO fusion onco-
protein is the aberrant product of t(8, 21) translo-
cation in acute myeloid leukemia (AML) and can 
bind to the pre-miR-223 region. The oncoprotein 
recruits epigenetic effectors (i.e., DNMTs, 
HDAC1, and MeCP2), leading to aberrant hyper-
methylation of the CpG in close proximity to the 
AML1/ETO binding site and H3-H4 deacety-
lation of the same chromatin region [70]. In 
SkBr3 breast cancer cell line, Scott et  al. were 
able to demonstrate that 27 miRNA expression 
levels are rapidly modified (5 up- and 22 down-
regulated) by a treatment with the HDAC inhibi-
tor LAQ824 [71], indicating that some miRNAs 
are mainly silenced by histone modifications. In 
A549 lung cancer cell line, the HDAC inhibitor 
SAHA deregulates 64 miRNA (>twofold change) 
targeting genes involved in angiogenesis, apopto-
sis, chromatin modification, cell proliferation, 
and differentiation [72]. A list of the discussed 
epigenetically regulated miRNAs is provided.

In summary, these studies convincingly sup-
port an epigenetic regulation of miRNAs, and the 
fact that cancer cells adopt epigenetic  mechanisms 
to silence/re-express key miRNAs modulating 
relevant PCGs for the development of their 
 oncogenic phenotype. The metastatic process 
also seems to be driven, at least in part, by the 
selected epigenetic regulation of miRNAs, in 
addition to the well-known epigenetic regulation 
of relevant PCGs.
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21.4  Concluding Remarks

The series of studies listed in this chapter should 
have convinced the readers that a tight connec-
tion relates miRNAs and epigenetics, and this 
relationship harbors significant implications in 
the development and spreading of malignancies. 
Aberrancies of the miRNome can effectively be 
reversed by overexpressing miRNAs that are 
downregulated in cancer and/or by silencing 
miRNAs overexpressed by cancer cells. 
Synthetically generated miRNA-mimic mole-
cules can be effectively delivered to cancer cells. 
Conversely, miRNAs can be administered as 
anti-miRNA molecules in case the silencing of a 
miRNA needs to be achieved. Most commonly, 
anti-miRNAs can be administered as antagomiRs 
[73], or LNA anti-miRNAs [74], which are oligo-
nucleotides complementary to the sequence of 
the targeted mature miRNA, but biochemically 
modified to reduce the risk of degradation by cel-
lular RNAses, and are conjugated with choles-
terol to facilitate their entrance in the cells. By 
designing mimics and/or anti-miRNAs of epi- 
miRNAs, a profound modulation of several epi-
genetically regulated PCGs is anticipated. 
Similarly, epigenetic drugs such as 5-AZA and 
histone active drugs will directly affect the 
expression of several epigenetically regulated 
miRNAs, as well as indirectly the expression of 
those mRNAs modulated by these epigenetically 
regulated miRNAs. The overall effect on cell 
phenotype is the combination of these modifica-
tions in the transcriptome and miRNome. 
Therefore, a clear and deep understanding of 
these basic mechanisms is necessary in order to 
avoid re-expression of oncogenes and/or onco- 
miRNAs. Despite the complexity suggested by 
these interactions, an increasing number of excel-
lent works is bringing us on the right track by 
dissecting the complexity of such mechanisms 
and supporting a general optimistic view: that in 
a future not too far to come, we will be able to 
effectively translate these discoveries into new 
strategies to fight cancer, resulting in decreased 
mortality.
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22.1  Introduction

It is becoming increasingly clear that along with 
genetic instability and mutations, as common 
events in cancer development, epigenetic and its 
regulatory mechanisms have a crucial role in 
malignant cellular transformation [1–3]. The term 
“epigenetics” was first described by Waddington 
[4] and literally means “above genetics.” It refers to 
heritable modifications which lead to altered gene 
expression profiles, without making any changes in 
primary genome sequence [5]. Epigenetic pro-
cesses, which include CpG island methylations, 
histone modifications, and gene expression regula-
tion through non-coding RNAs, are of essential 
parts in normal developmental processes. However, 
aberrant epigenetic mechanisms contribute to devi-
ated gene function and carcinogenesis [6, 7].

Among the epigenetic mechanisms mentioned 
above, DNA methylation is one of the most deeply 
studied epigenetic alterations [8]. In 1982, Gama-
Sosa et  al. observed the significant variation of 
5-methylcytosine (5-mc) content and distribution 
in DNA samples from different tissues [9]. This 
finding led to the next study in 1983, which pre-
sented the overall and considerable different 5-mc 
content of DNA samples obtained from normal 
and tumor tissues [10]. In the same year, Feinberg 
and Vogelstein [11, 12] reported altered DNA 
methylation of specific genes in some human can-
cer cells compared with their normal counterparts. 
Afterwards, over three decades of research on 
DNA methylation, it is now revealed that this phe-
nomenon as one of the most important epigenetic 
modifications is involved in the variety of biologi-
cal procedures and play a critical role principally 
through regulating gene activity [13]. It is not sur-
prising, therefore, that aberrant DNA methylation 
may lead to inappropriate gene expression and 
consequently uncontrolled cell growth which are 
the hallmarks of cancer [14–16].

This chapter focuses on the molecular basis of 
DNA methylation, tumor-related genes and 
tumor-specific methylation, clinical approaches 
of using DNA methylation as a biomarker in 
early diagnosis, prognosis and also as a therapeu-
tic target, and common methods for assessing 
DNA methylation.

22.2  Molecular Basis of DNA 
Methylation

DNA methylation usually occurs at the 5′ position 
of cytosine within CpG dinucleotides and results 
in gene silencing. The CpG dinucleotides are dis-
tributed throughout the human genome, while 
CpG islands (CGIs) are condensed clusters of 
CpG dinucleotides of the genome, which are fre-
quently positioned in the 5′-flanking promoter 
regions of genes. CGIs are predominantly free of 
methylation in “housekeeping” genes and provide 
an active transcription, although certain CpG 
islands, which are involved in imprinting and X 
inactivation, become normally methylated.

As shown in Fig. 22.1, transferring of a methyl 
group from S-adenosylmethionine (SAM) as a 
methyl-donor to the fifth-position of the cytosine 
residue in a CpG dinucleotide as a methyl- 
acceptor is catalyzed by DNA methyltransferases 
(DNMTs) [7, 17, 18].

Although the focus of this chapter is on the 
role of CpG island promoter methylation in 
inhibiting gene expression, regulating the role of 
methylation in non-CpG island promoters such 
as 5′-CpNpG-3′ or non-symmetrical 5′-CpA-3′ 
and 5′-CpT-3′ [19] should not be overlooked.

Cytosine is converted to 5-methylcytosine by 
transferring a methyl group from s-adenosyl 
methionine to fifth-position of cytosine. This 
reaction is catalyzed by DNA methyltransferases 
(DNMTs).

22.3  DNA Methyltransferases 
(DNMTs)

DNMT1, DNMT3A, DNMT3B are three active 
members of the highly conserved DNMT family 
in mammalians. The fourth protein, DNMT3L, is 
the regulatory subunit and does not possess any 
catalytic activity. However, it has a critical role in 
DNA methylation through stimulation of 
DNMT3A/B activity [20–22].

Alterations in DNMT genes (such as overex-
pression and mutation) are of primary mechanisms 
that result in aberrant methylation patterns and 
consequently malignant transformation [23–25]. 
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Location of human DNMT genes, their functions, 
and their association with tumorigenesis are indi-
cated in Table 22.1.

22.4  Gene Silencing Mediated by 
DNA Methylation

Gene expression regulation in eukaryotic cells is 
almost a complex mechanism and interaction of a 
number of epigenetic components is required for a 
precise transcriptional regulation. Several hypoth-

eses have been suggested as the mechanisms of 
gene silencing through DNA methylation 
(Fig.  22.2). In the first one, DNA methylation 
blocks promoter region and directly prevents bind-
ing of particular transcription factors (TFs) such as 
AP-2, c-Myc/Myn, CREB/ATF, E2F, the cyclic 
AMP-dependent activator CREB, and NF-kB to 
their recognition sites in their promoters [43, 44].

Another proposed mechanism of repression is 
the attachment of methyl-CpG binding domain 
proteins (MBDs) such as MeCP1, MeCP2, 
MBD1, MBD2, and MBD4 to methylated 
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Fig. 22.1 Cytosine 
methylation

Table 22.1 Human DNMTs

Enzyme Position Function
Variation in DNMT genes and cancer 
development OMIM

DNMT1 19p13.2 Methylation maintenance through 
binding to hemi-methylated DNA 
during DNA replication

Overexpression in cancers of breast [26], liver 
[27], pancreas [28], esophagus [29], AMLa and 
CMLb [30]/Mutation in colon cancer [31]

126,375

DNMT3A 2p23.3 De novo DNA methylation of 
both hemi-methylated and 
non-methylated DNA

Overexpression in liver cancer [32], CML and 
AML [30]/Mutation in AML [33–35], ALLc 
[36], and MDSd [37]

602,769

DNMT3B 20q11.21 De novo DNA methylation of 
both hemi-methylated and 
non-methylated DNA

Overexpression in cancers of breast [38], 
prostate [39], colon [40], AML and CML [30]

602,900

DNMT3L 21q22.3 Interacting with DNMT3A/B and 
increasing their catalytic activity

Overexpression in pure ECe, advanced pure 
seminoma and pure yolk sac tumor [41, 42]

606,588

aAML acute myeloblastic leukemia
bCML chronic myeloblastic leukemia
cALL acute lymphoblastic leukemia
dMDS myelodysplastic syndrome
eEC embryonal carcinoma

22 The Role of DNA Methylation in Cancer
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DNA.  They repress transcription by blocking 
access to other elements required for gene expres-
sion and recruiting histone deacetylases com-
plexes (HDACs), which results in chromatin 
denseness and gene silencing [45, 46].

22.5  Aberrant DNA Methylation 
and Cancer

Any disruption in proper DNA methylation—as an 
essential process for normal development and cell 
function—may lead to several disorders, including 
cancer. When compared with normal cells, cancer 
cells show a different pattern in DNA methylation, 
including global hypomethylation of repeated 
DNA sequences (such as long interspersed trans-
posable elements (LINEs), short interspersed 
transposable (SINEs), and Arthrobacter luteus 

(Alu)) and localized disrupted hypermethylation 
events in CpG islands. A global reduction in meth-
ylated CpG content results in activation of silenced 
oncogenes and consequently increasing positive 
growth signals. In contrast, inactivation of tumor 
suppressor genes occurs due to CGI hypermethyl-
ation, which leads to a decrease in growth preven-
tive signals. These events together provide a 
selective growth advantage to the cell and there-
fore tumorigenesis [47–49].

22.6  DNA Hypermethylation 
and Hypomethylation 
in Cancer

There is now no doubt that DNA methylation has 
a vital role in tumor development and is a hall-
mark of all types of human cancers. Studies have 

a

b

c v
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CH3 No expressionCH3 CH3CH3CH3

Gene CCpG islands

CH3 CH3CH3 CH3 CH3

Gene BCpG islands

No expression
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Gene ACpG islands

= TFs

= MBDs

=HDACs

Fig. 22.2 Two proposed mechanisms of expression 
inhibiting mediated by DNA methylation. (a) When CpG 
islands are demethylated, transcription factors (TFs) can 
access to their respective recognition sites and the gene is 
expressed. (b) The expression is abolished by promoter 
methylation through the direct interference of binding 

specific TFs to the promoter region. (c) Methyl-CpG bind-
ing domain proteins (MBDs) bind methylated DNA, limit 
the accessibility of TFs to their promoter, and stimulate 
repressive potential of methylated DNA by employing 
histone deacetylases complexes (HDACs)
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shown a greater contribution of hypermethylation 
than hypomethylation to cancers. To date, several 
numbers of genes have been reported, which are 
influenced by aberrant methylation in malignan-
cies. Some of these genes have been found to 
undergo altered methylation in one type of can-
cer, while some other genes are subjected to dis-
rupted methylation in varieties of tumor types. In 
addition, some tumors present aberrant methyla-
tion in various genes. For instance, more than 40 
genes and 60 genes have been found to have the 
alteration in DNA methylation patterns in lung 
and gastric cancer, respectively. RARB, 
RASSF1A, CDKN2A, MGMT, BRCA1, 
IGFBP3, CDH1, TIMP3, DAPK1, GSTP1, 
ESR1, and APC are examples of commonly 
hypermethylated ones in both lung and gastric 
cancers (Table 22.2) [88, 121].

Certain genes, which are unmethylated in nor-
mal cells, become inactivated in the cancer cells 
as a result of hypermethylation. Hypermethylation 
was first reported in the promoter of retinoblas-
toma tumor repressor gene (RB1) in patients with 
retinoblastoma [122, 123] and followed by iden-
tification of numerous tumor suppressor genes, 
which were silenced through hypermethylation 
in various cancers. These genes are involved in 
several crucial pathways such as angiogenesis, 
DNA repair, cell cycle, apoptosis, transcription, 
cell growth, differentiation, and cell adhesion 
(Table 22.2).

The cell cycle is the specific sequential events, 
which are regulated strictly by the complex group 
of components and eventually lead to cell growth, 
DNA replication, and cell division. Dysregulated 
cell cycle due to any alterations in proteins 
involved in cell cycle may result in the develop-
ment of tumors [124]. For instance, CDKN2A 
(P14/P16) and CDKN2B, three important cell 
cycle-related tumor suppressor genes located on 
chromosome 9, encode cyclin-dependent kinase 
inhibitors and are involved in inhibiting cell cycle 
G1 progression. They undergo DNA methylation 
and become suppressed in different types of can-
cer (Table 22.2) [62, 125].

The genes associated with DNA repairs such 
as MGMT, hMLH1, BRCA1, XRCC1, and WRN 
are also hypermethylated in carcinomas. Genomic 
integrity maintenance would be assured by the 

accurate function of DNA repair system 
(Table 22.2) [126]. Defective DNA repair path-
ways lead to unrepaired or incorrectly repaired 
lesions, which eventually result in cell neoplastic 
transformation. MGMT which protects against 
the negative impact of DNA alkylation in normal 
tissues was indicated to be silenced through 
hypermethylation in various types of tumors 
(Table 22.2) [56, 57]. MLH1 is one of the main 
members of DNA mismatch repair (MMR) sys-
tem and was shown that hypermethylation in this 
gene is frequently associated with colorectal and 
gastric cancers (Table  22.2) [50–52]. DNA 
methylation- mediated silencing in BRCA1, as a 
gene involved in DNA repair of double-stranded 
breaks, maintenance of genome integrity and 
transcription, has been identified in many tumor 
tissues. They include breast, lung, esophageal, 
gastric and ovarian cancer, as well as high-grade 
serous ovarian cancer (HGSOC) which is a sub-
type of ovarian cancer with distinct clinical 
behaviors and biomolecular features (Table 22.2) 
[59, 60, 127]. Aberrant promoter methylation of 
X-ray repair cross complementing 1 (XRCC1), 
which acts as a scaffolding protein for single- 
strand break repair (SSBR), BER (base excision 
repair), and NER (nucleotide excision repair) has 
shown association with gastric cancer (Table 22.2) 
[61]. WRN functions as a tumor suppressor gene 
and its inactivation via promoter hypermethyl-
ation leads to errors in DNA replication and chro-
mosomal instability, as well as DNA repair. 
Aberrant epigenetic silencing of WRN has been 
reported in a wide range of tumors including 
colon, gastric, prostate, lung, and breast cancers 
(Table 22.2) [109, 110].

Cancer metastasis causes neoplastic progres-
sion through the spread of cancer cells from the 
primary tumor mass to surrounding tissues and 
forming a new tumor. Cell–cell and cell–matrix 
interactions are crucial in the maintenance of tis-
sue integrity [76]. Silencing the genes involved in 
cell adhesion via DNA hypermethylation leads to 
loss of contact inhibition and consequently inva-
sion and metastasis. Several genes connected 
with cell adhesion have been identified in differ-
ent tumors that are silenced by DNA hypermeth-
ylation, including CDH1/E-cadherin, TSP1, 
PCDH10, PCDH17, CDH13/ H-cadherin, 
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Table 22.2 Examples of genes commonly methylated in different types of cancer

Gene Full name Location Function Tumor type
hMLH1 Mut L homologue 1 3p22.2 DNA mismatch repair Colon [50], Gastric [51, 52], 

Endometrium [53], Lung [54], 
Ovarian [55]

MGMT O-6-methylguanine-DNA 
methyltransferase

10q26.3 DNA repair Lung [53], Brain [53], Gastric 
[56, 57], Lymphoma [53], Colon 
[53], Prostate [58]

BRCA1 Breast cancer 1 17q21.31 DNA repair, transcription Breast [14, 59], Ovarian [59], 
high-grade serous ovarian cancer 
[60]

XRCC1 X-Ray repair cross 
complementing 1

19q13.31 DNA repair Gastric [61]

CDKN1C Cyclin-dependent kinase 
inhibitor 1C

11p15.4 Cell cycle Gastric [62]

IGFBP3 Insulin like Growth Factor 
Binding Protein 3

7p12.3 Cell growth and cellular 
proliferation regulation

Gastric [63]

PTEN Phosphatase and tensin 
homolog

10q23.31 Apoptosis, neurogenesis, 
PI3K-AKT/PKB and 
mTOR pathway 
regulation

Gastric [64]

TCF4 Transcription factor 4 18q21 Differentiation, 
transcription regulation

Gastric [65]

PRDM5 PR/SET Domain 5 4q27 Transcription regulation Gastric [66]
CDKN2A/
P16

Cyclin-dependent kinase 2A 9p21.3 Cell cycle Lymphoma [14, 67], Lung [14], 
Gastric [62], Bladder [14], 
Melanoma [68], Ovarian [69], 
Pancreas [70], Colon [14]

CDKN2A/
P14

Cyclin-dependent kinase 2A 9p21.3 Stabilizing p53, cell 
cycle

Colon [53], Gastric [62]

CDKN2B /
P15

Cyclin-dependent kinase 
inhibitor 2B

9p21.3 Cell cycle Leukemia [53, 71], Lymphoma 
[72, 73], Gastric [62], Squamous 
cell carcinoma [72]

CDH1 Cadherin 1 16q22.1 Cell adhesion, 
proliferation

Breast [74], Thyroid [75], Gastric 
[62, 76], Lung [77], Lymphoma 
[64]

FLNc Filamin C 7q32.1 Cell junction Gastric [52]
HOXA10 Homeobox A10 7p15.2 Developmental protein, 

transcription regulation
Gastric [62]

TIMP3 Tissue inhibitor of 
metalloproteinases 3

22q12.3 Cell migration, 
differentiation

Gastric [78], Renal [79], Brain 
[79], Breast [79], Colon [79], 
Lung [79, 80]

TSP1 Thrombospondin 1 15q14 Cell adhesion, cell cycle 
arrest, cell migration

Gastric [81]

HOXA1 Homeobox A1 7p15.2 Developmental protein, 
transcription regulation

Gastric [62]

HoxD10 Homeobox D10 2q31.1 Developmental protein, 
transcription regulation

Gastric [82]

NDRG2 NDRG family member 2 14q11.2 Cell differentiation, Wnt 
signalling pathway 
regulation

Gastric [83]

RARRES1 Retinoic acid receptor 
responder 1

3q25.32 Cell proliferation Gastric [62], Prostate [84]

BNIP3 BCL2 interacting protein 10q26.3 Apoptosis Gastric [85, 86]
CACNA1G Calcium voltage-gated 

channel subunit alpha1 G
17q21.33 Gene expression, cell 

division and cell death, 
cell growth

Gastric [62], Leukemia [87]
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Table 22.2 (continued)

Gene Full name Location Function Tumor type
DAPK1 Death-associated protein 

kinase 1
9q21.33 Apoptosis, translation 

regulation
Lung [80], Gastric [86, 88], 
Lymphoma [53]

GSTP1 Glutathione S-transferase Pi 
1

11q13.2 Glutathione transferase 
activity

Prostate [53], Breast [53], Renal 
[53], Gastric [89]

PCDH10 Protocadherin 10 4q28.3 Cell adhesion, apoptosis Gastric [90]
PCDH17 Protocadherin 17 13q21.1 Cell adhesion, apoptosis Gastric [91], Colon [91]
ESR1 Estrogen receptor 1 6q25.1 Transcription regulation, 

signal transduction
Breast [92], Prostate [58], Colon 
[93]

hDAB2IP DAB2 interacting protein 9q33.2 Angiogenesis, apoptosis, 
cell cycle, growth 
regulation

Prostate [58], Gastric [94]

RASSF1A RASSF1A, Ras association 
domain family member 1

3p21.31 Cell cycle, apoptosis, 
signal transduction

Lung [95], Breast [95], Gastric 
[96], Ovarian [95], Renal [97], 
Nasopharyngeal [98]

RASSF6 Ras association domain 
family member 6

4q13.3 Cell cycle, apoptosis, cell 
migration, signal 
transduction

Leukemia [99, 100]

RASSF10 Ras association domain 
family member 10

11p15.2 Cell cycle, apoptosis, cell 
migration, signal 
transduction

Leukemia [99, 100]

SOCS-1 Suppressor of cytokine 
signaling 1

16p13.13 Signal transduction, 
growth regulation

Liver, Gastric [101]

APC Adenomatous polyposis coli 5q22.2 Wnt signaling antagonist Breast [102], Lung [102], 
Esophageal [103], Gastric [78], 
Prostate [58]

Dkk-3 Dickkopf WNT Signaling 
pathway inhibitor 3

11 p15.3 Developmental protein, 
Wnt signaling pathway

Gastric [104, 105]

ITGA4 Integrin subunit alpha 4 2q31.3 Cell adhesion Gastric [62]
TP73 Tumor protein p73 1p36.32 Apoptosis, cell cycle, 

transcription regulation
Lymphoma [53], Leukemia [53], 
Gastric [62]

VHL Von Hippel–Lindau tumor 
suppressor

3p25.3 Protein ubiquitination 
pathway

Renal [97]

RARB Retinoic acid receptor beta 3p24.2 Cell growth, 
differentiation, gene 
expression regulation

Colon [53], Leukemia, 
Lymphoma [53], Lung [53], 
Prostate [58], Gastric [106–108], 
Breast [53]

WRN Werner syndrome RecQ like 
helicase

8p12 DNA repair Colon [109, 110], Gastric [109], 
Prostate [109], Lung [109], 
Breast [109], Thyroid [109]

EMP3 Epithelial membrane protein 
3

19q13.33 Cell growth, cell 
proliferation, cell death, 
cell-cell interactions

Brain [111]

THBS1 Thrombospondin-1 15q14 Cell adhesion, 
angiogenesis inhibitor

Colon [112]

TPEF Transmembrane Protein 
with EGF like and two 
follistatin like Domains 2

2q32.3 Proliferation, 
differentiation, apoptosis

Bladder [113], Colon [114], 
Gastric [115]

ARNTL Aryl hydrocarbon receptor 
nuclear translocator like

11p15.3 Transcription regulation, 
circadian rhythms

Leukemia [116], Lymphoma 
[116]

CDH13 Cadherin 13 16q23.3 Cell adhesion Breast [117], Lung [118], 
Lymphoma [64]

GATA4 GATA Binding Protein 4 8p23.1 Transcription regulation Colon [119]
GATA5 GATA Binding Protein 5 20q13.33 Transcription regulation Colon [119]
AR Androgen receptor Xq12 Signal transduction, 

transcription regulation
Prostate [120]

22 The Role of DNA Methylation in Cancer



498

ITGA4, and THBS1. CDH1 is one of the most 
important ones and its promoter methylation is 
assumed to be associated with tumor invasion 
and metastasis, particularly in primary gastric 
cancer (Table 22.2) [76, 128–131].

DNA hypermethylation also affects further 
genes which contribute to other cellular pro-
cesses, such as the genes involved in apoptosis 
(for example, PYCARD, CASP8, and BCL2), or 
transcription (like GATA4 and GATA5 that are 
implicated in colon cancer, and ID4 in leukemia), 
or angiogenesis (for instance, THBS1 and 
hDAB2IP) (Table 22.2).

Some examples of tumor-related genes, 
silenced by CGI promoter hypermethylation and 
their biological role are listed in Table 22.2.

Genome-wide hypomethylation of DNA, on 
the other hand, results in a reduction of 5-mC and 
has been reported in a variety of malignancies 
[11, 132]. It is found that reduced levels of DNA 
hypomethylation in proto-oncogenes and repeti-
tive DNA sequences are correlated with loss of 
imprinting, reactivation of transposons and retro-
viruses, and chromosome instability, which all 
may be implicated in oncogenesis [133]. It is 
shown that during the cancer progression, hypo-
methylation level increases in the area of lesions; 
so that a benign cell proliferation would be 
changed to an invasive malignant tumor [134]. 
Genome-wide hypomethylation was seen in 
esophageal squamous cell carcinoma (ESCC) 
[135], metastatic hepatocellular cancer [136], 
cervical cancer [132], and prostate tumors [137]. 
Increasing the grade of global hypomethylation 
of DNA in several cancers, including breast, cer-
vical, and brain, has been associated with the 
level of malignancy [48].

Hypomethylation of mobile DNAs causes loss 
of genomic integrity and stability through inte-
gration at random sites in the genome. For 
instance, the L1 mutational insertions leading to 
disrupted expression have been identified in APC 
and CMYC genes in colon and breast cancers, 
respectively [20]. Reduced level of methylation 
in the L1 long interspersed nuclear element also 
leads to transcriptional activation and is found in 
ESCC [135], gastric [138], colon [139], and uri-
nary bladder cancer [140]. Moreover, hypometh-

ylation of satellite repeats has been frequently 
seen in human cancers such as Wilms tumor, 
ovarian and breast cancer [141–144].

Loss of DNA methylation can be linked to dis-
tinct stages in different cancers. Sat2 (juxtacen-
tromeric satellite 2) and Sat α (centromeric 
satellite α) are two examples of satellite sequences 
which are associated to primary tumor develop-
ment in breast cancer, whereas they contribute to 
tumor progression in ovarian cancer [145, 146].

As shown in Table 22.1, variations in DNMT 
genes such as their overexpression or mutations 
are linked to cancer development. There is also a 
relationship between aberrant DNMTs and 
genome-wide hypomethylation, along with sub-
sequent tumor occurrence [8]. For example, it is 
found that any reduction in DNMT1 leads to 
global hypomethylation and chromosomal insta-
bility [147]. Mutations in DNMT3A are also seen 
in acute myeloblastic leukemia (AML), follow-
ing hypomethylated CpG islands of the HOXB 
cluster [34].

22.7  DNA Methylation 
as a Biomarker

The effectiveness of therapy and prognosis in 
most cancers are often dependent on the clinical 
stage at the time of diagnosis, as well as the abil-
ity to the prediction of therapeutic response 
through monitoring cancerous cells. Diagnostic 
tools have proven valuable. However, they are 
not always suitable for early diagnosis, comfort-
able enough, and risk-free for the patients. Thus, 
there is an eager to develop novel, less-invasive, 
and more powerful strategies for earlier detec-
tion, investigating treatment response, detection 
of residual disease, and risk assessment of 
relapse.

DNA methylation patterns have been provided 
a spectrum of opportunities to be applied as bio-
markers in clinical practice. DNA methylation 
alterations are frequently involved in tumorigen-
esis/or cancer development and could be detected 
in surrogate tissues such as specimens like spu-
tum, plasma, serum, stool, or urine in a non- 
invasive manner, which makes them the attractive 
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source of potential biomarkers to diagnosis and 
therapeutic stratification.

Factor pathway inhibitor 2 (TFPI2), septin 9 
(SEPT9), glutathione S-transferase pi 1 (GSTP1), 
vimentin (VIM), and short stature homeobox 2 
(SHOX2) are some of the most widely studied 
and well-validated DNA methylation detection 
biomarkers which are detectable in distal sites 
[148, 149]. DNA methylation of TFPI2 is sensi-
tively and specifically detectable in the stool 
DNA from stage I to III of [150], and with the 
less sensitivity in the serum of patients with CRC 
[151]. Hypermethylation of SEPT9 gene in blood 
samples of the patients affected with colorectal 
cancer is successfully measurable with a high 
sensitivity and specificity, as well [152–154]. 
DNA methylation of GSTP1 has been provided 
value as a promising biomarker in the urine sam-
ples of prostate cancer patients [155–157]. VIM 
and SHOX2 are another valuable DNA 
methylation- based biomarkers for the early 
detection of colorectal and lung cancer, respec-
tively. Hypermethylation of VIM can be detected 
in the stool sample of 86% of colon cancers and 
76% of adenomas [158–160]. Methylation quan-
tification of SHOX2 in bronchial aspirates and 
plasma of the patients diagnosed with malignant 
lung disease has been proved that SHOX2 is one 
of the most promising methylation biomarkers in 
lung cancer patients [161–165].

The DNA methylation profile can also be 
screened for minimal residual disease (MRD) 
detection, molecular prognosis, and therapy 
response prediction. DNA hypermethylation in 
the promoter of the genes CDKN2A (P16), 
H-cadherin (CDH13), Ras association domain 
family 1A (RassF1A), and adenomatous polypo-
sis coli (APC) has been showing strong associa-
tion with high risk of early relapse and short 
survival in non-small-cell lung cancer (NSCLC) 
[166, 167]. Hypermethylation of the gene 
O6-methylguanine-DNA methyltransferase 
(MGMT) can be used as a predictive biomarker in 
the patients with colorectal and brain tumor 
[168–174]. Methylation status of paired-like 
homeodomain 2 (PITX2) gene is a candidate 
prognostic biomarker in breast [175–178], pros-
tate [179–181], and lung cancer [182].

It should be noticed that although DNA 
methylation profile has been provided the men-
tioned valuable opportunities, there are some 
challenges for using DNA methylation as a can-
cer biomarker and the following criteria should 
ideally be considered: First of all, the entire pro-
moter region CpG island has to be carefully 
studied. Secondly, regarding inter-individual 
variations in DNA methylation of the specific 
genes, for DNA methylation analysis a refer-
ence line needs to be defined in the normal con-
trol tissue to compare the rate of aberrant 
methylation with cancerous tissue. In addition, 
the examined region should be unmethylated in 
normal individuals and methylated in cancerous 
cells. Furthermore, false- positive (maybe due to 
age-dependent increase in DNA methylation or 
other reasons) and false- negative (maybe as a 
result of improper selection of investigated 
region or other explanations) results should be 
considered [149].

22.8  DNA Methylation 
as a Therapeutic Target

In contrast with genetic alterations, epigenetic 
variations are reversible, which provides the 
opportunity for epigenetic targeting in order to 
cancer therapy. One of the developed strategies 
for epigenetic therapy is employing the agents 
that can inhibit DNMTs and restore the normal 
DNA methylation pattern [183].

The DNMT inhibitors (DNMTi) which are 
currently using clinically are cytosine analogs, 
DNA binders, S-adenosyl-l-methionine cofactor 
competitors, or oligonucleotides that unlike 
other chemotherapeutic medications do not tar-
get cells for immediate death [184]. DNMTi 
inhibit the function of DNMTs whether through 
incorporation into newly synthesized DNA and 
binding DNMT enzymes covalently during DNA 
replication, or by trapping DNMT enzymes 
which subsequently leads to proteasomal 
DNMTs degradation [184, 185].

Two most commonly used DNMT inhibitors, 
which are currently US Food and Drug 
Administration (FDA) and the European 
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Medicines Agency (EMA) approved for the treat-
ment of myelodysplastic syndrome (MDS), acute 
myeloid leukemia (AML), and chronic myelo-
monocytic leukemia (CML), are 5-azacitidine 
(5-Aza-CR, vidaza) and 5-aza-2′-deoxycytidine 
(5-Aza-CdR, decitabine) [186, 187]. Even though 
these compounds have also been investigated in 
various solid tumors, clinical trials represent that 
this kind of treatment has not been fruitful in 
solid tumors [188].

While 5-azacitidine and decitabine are partic-
ularly potent inhibitors of DNA methylation, sev-
eral other agents have been proposed as being 
DNMTs due to some weak points (such as rela-
tive instability, low specificity, and side effects) 
[189]. For example, zebularine is a more stable 
and less toxic cytidine analogs. However, higher 
dose requirement for efficient therapy prevents it 
to be used in the clinical practice [184, 190]. 
Other inhibitors such as the local anesthetic pro-
caine, epigallocatechin-3-gallate (EGCG), 
RG108, SGI-1027, SGI-110 (guadecitabine), 
hydralazine, procainamide, or psammaplin have 
been developed to improve the pharmacokinetic 
profile [191–198].

SGI-1027 inhibits DNMT1 and DNMT3a 
through DNA-binding mechanism, induces 
DNMT1 degradation, and reactivates tumor sup-
pressor genes such as TIMP3, MLH1, and P16 by 
blocking DNMT1 [195, 199].

SGI-110, a dinucleotide composing of 
decitabine and deoxyguanosine, is one of the 
second-generation DNMT inhibitors that is in 
clinical trials (NCT01261312, NCT02901899, 
NCT01752933) for the treatment of AML, MDS, 
ovarian and advanced hepatocellular carcinoma 
(HCC) [184, 191, 200].

4′ -Thio-2′ -deoxycytidine (TdCyd), 5-fluoro- 
2′-deoxycytidine (FdCyd) are other examples of 
cytosine analogs that are in clinical trials for can-
cer therapy. The first one is in phase I trial in the 
patients with advanced solid malignancies 
(NCT02423057) [201], and the latter is in trials 
for the treatment of advanced solid tumors, AML, 
and MS (NCT00359606, NCT01041443) [202].

MG98 and miR29b are also examples of 
oligonucleotide- based inhibitors, which repress 

DNA methylation of tumor suppressor genes and 
prevent tumor growth [203–206].

Phthalimido-L-tryptophan RG-108 is one of 
the SAM competitors that show DNMT inhibi-
tion activity and TSG reactivation in the colon 
cancer cell line HCT116 [193, 207].

In addition, the results of many clinical trials 
suggest that using DNMTi in combination with 
other therapies (such as cytotoxic agents, immu-
notherapy, or other epigenetic therapies) have 
been associated with beneficial effects in cancer 
treatment.

Emerging data represent that immunothera-
peutic approaches show impressive improved 
responses when they are simultaneously used 
with epigenetic agents. Using immune check-
point blockades such as inhibitors of pro-
grammed cell death protein 1 (PD-1) and its 
ligand (PD-L1) or anti-cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) immune check-
points, combined with epigenetic targeting has 
shown promising in cancer immunotherapy 
improvement. Combining decitabine with 
nivolumab (anti-PD-1) in patients with non-
small cell lung cancer (NSCLC) (phase II, 
NCT02664181); the combination of azacitidine 
and pembrolizumab (anti-PD-1) in metastatic 
melanoma (phase II, NCT02816021); azaciti-
dine in combination with durvalumab (anti-PD-
L1) and tremelimumab (anti-CTLA-4) in the 
patients with head and neck cancer who devel-
oped during or subsequent to anti-PD-1, anti-
PD-L1, or anti- CTLA-4 monotherapy (phase I/
II, NCT03019003); using guadecitabine in com-
bination with ipilimumab (anti-CTLA-4) in met-
astatic melanoma (phase I, NCT02608437); the 
combination of azacitidine and pembrolizumab 
in non-small cell lung cancer patients who previ-
ously treated locally advanced or metastatic 
(phase II, NCT02546986); decitabine in combi-
nation with ipilimumab in relapsed or refractory 
MDS and AML (phase I, NCT02890329) are 
examples of clinical trials combining DNMTi 
and immune checkpoint blockades in cancer 
therapy [208, 209].
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22.9  Common Methods 
for Assessing DNA 
Methylation

Research projects on DNA methylation have 
grown dramatically during the past decade and 
numerous strategies have been designed for 
detecting and validating DNA methylation status.

DNA methylation pattern detection by various 
methods is carried out based on three strategies:

22.9.1  Affinity-Based

The third strategy to differentiate between meth-
ylated and unmethylated cytosines is affinity- 
based approaches. In this technique, methylated 
fragments of DNA are immunoprecipitated by 
specific antibodies against the proteins that rec-
ognize 5-methylcytosines (methyl-CpG-binding 
proteins/MBDs). The procedure is processed by 
affinity purification on MBD beads, which allows 
purification of methylated fragments of 
DNA.  Purified fragments are then subjected to 
further analysis such as microarray-based analy-
ses or sequencing to identify them [210]. Affinity- 
based methods for screening of DNA methylation 
alterations are shown in Table 22.3.

22.9.2  Bisulfite-Based

Sodium bisulfite sequencing is one of the most 
widely used techniques for investigating and gold 

standard for validating the DNA methylation sta-
tus. During bisulfite treatment, methylated and 
unmethylated cytosines on CpG dinucleotides 
react differentially to sodium bisulfite, so that 
5-mC remains unaffected while C is converted 
into uracil (U). The conversion could then be 
identified using a variety of approaches through 
comparing the DNA sequence before and after 
bisulfite treatment. Table 22.4 provides an over-
view of the techniques based on sodium bisulfite 
treatment [214].

22.9.3  Methyl-Sensitive Restriction 
Enzyme-Based

In this approach, restriction enzymes distinguish 
sequences based on methylation status, so that 
only one of the two portions (either methylated or 
unmethylated) is digested and the other part 
remains unchanged after the restriction diges-
tions. Several methyl-sensitive restriction 
enzyme-based methods are listed in Table 22.5, 
with their advantages and limitations.

It should be mentioned that nowadays a variety 
of massively parallel DNA sequencing  platforms 
are available for DNA methylation analysis, which 
include next-generation sequencing (NGS) and 
single-molecule sequencing. The advent of NGS 
technology allows sequencing and DNA methyla-
tion analysis of millions of DNA fragments across 
the genome, in parallel. NGS approaches not only 
have increased the speed and throughput abilities 
of DNA sequencing, but also they are becoming a 

Table 22.3 Affinity-based strategies DNA methylation: (reviewed in Olkhov-Mitsel and Bapat [211])

Method Short description Advantages Limitations
Methylated DNA 
immunoprecipitation 
(MeDIP)

Methylated fractions of single-stranded 
DNA are immunoprecipitated using 
monoclonal anti-5-methylcytosine 
antibodies, following by amplification 
and sequencing (MeDIP-Seq) or 
hybridization to microarray platforms

Very sensitive to 
densely methylated 
sequences, 
commercial kits are 
available, global 
methylation analysis

Single-stranded DNA 
is needed, large 
amounts of genomic 
DNA is required, 
restricted to the 
antibody quality and 
specificity

Methylated CpG island 
recovery assay (MIRA)

Methyl-CpG-binding proteins (MBD2b/
MBD3-Like1 protein) complex are 
utilized for purification of methylated 
DNA sequences, following by 
microarray-based analyses or direct 
sequencing

High sensitivity, 
sequence-independent, 
single-stranded DNA 
is not required, global 
methylation analysis

Restricted to the MBD 
binding specificity

22 The Role of DNA Methylation in Cancer



502

Table 22.4 Bisulfite-based strategies (reviewed in literature [211–213])

Method Short description Advantages Limitations
Whole genome 
shotgun bisulfite 
sequencing 
(WGSGS)

Short fragments of bisulfite-modified 
DNA are sequenced in parallel

High sensitivity, 
global DNA 
methylation 
analysis

Too expensive

Reduced 
representation 
bisulfite sequencing 
(RRBS)

DNA is digested using BglII or MspI to 
enrich the CpG sites, following by 
bisulfite-modification, PCR and 
sequencing

High sensitivity, 
global DNA 
methylation 
analysis, low cost, 
low sample input

Restricted to restriction 
enzymes digestion sites, 
all CpG islands or 
promoters are not captured

Denaturing HPLC 
(DHPLC)

Bisulfite-modified DNA is partially 
denatured and separated based on different 
G/C content by HPLC

Simple, rapid, 
simultaneous 
detection of 
methylated CpGs

Expensive equipment, 
large sample input

MethyLight Bisulfite-converted DNA is amplified with 
methylation-specific primers and a 
TaqMan fluorescent probe

High-throughput, 
sensitive, 
quantitative, low 
cost

A control gene is needed 
for analysis, it needs a 
great number of specific 
probes to detect a region 
with many CpG sites

Bisulfite sequencing 
(BS)

Amplified fragments are sequenced to 
detect the methylation status of multiple 
CpG sites

10–30 CpG sites 
can be checked

Medium sensitivity, 
laborious, relatively 
expensive

Methylation-specific 
PCR (MSP)

Bisulfite-modified DNA is amplified with 
two pairs of primers (one for methylated 
and one for unmethylated CpGs) for 
detection of methylation status

Easy, rapid, cheap A few CpGs can be 
investigated, qualitative, 
high sensitivity

Methylation-sensitive 
melting curve 
analysis (MS-MCA)

Bisulfite-modified DNA is monitored 
using a fluorescent dye, based on changing 
in the melting properties of PCR 
amplicons during MSP

High-throughput, 
quantitative

Medium sensitivity, 
difficult to interpret

Methylation-sensitive 
high-resolution 
melting (MS-HRM)

Bisulfite-modified DNA is monitored 
using a fluorescent dye, based on changing 
in the melting properties of PCR 
amplicons during MSP

High-throughput, 
quantitative, high 
sensitivity

Difficult to interpret

Sensitive melting 
analysis after 
real-time 
methylation-specific 
PCR (SMART-MSP)

Bisulfite-modified DNA is amplified using 
a fluorescent dye and methylation-specific 
primers, following by HRM analysis

High sensitivity, 
low false-positive 
frequency, 
high-throughput, 
quantitative

A control gene is needed 
for analysis

Methylation-specific 
fluorescent amplicon 
generation 
(MS-FLAG)

Bisulfite-modified DNA is amplified using 
methylation-specific primers and released 
signal is detected during PCR by 
PspGI-mediated digestion

Quantitative, 
high-throughput, 
low false-positive 
frequency

Medium sensitivity, using 
gel electrophoresis, low 
resolution

Methylation-sensitive 
single-nucleotide 
primer extension 
(MS-SNuPE)

Bisulfite-modified DNA is amplified using 
the primers that anneal to the sequence up 
to the nucleotide located prior to the CpG 
of interest. The methylated DNA results in 
the tag of dCTP at the end of primer, 
whereas the unmethylated DNA produces 
the dTTP to anneal to the primer

Quantitative, 
simultaneous 
detection of 
methylated CpGs, 
rapid

Medium sensitivity, using 
radioactive labeling
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Table 22.5 Methyl-sensitive restriction enzyme-based strategies (reviewed in literature [211–213])

Method Short description Advantages Limitations
Restriction landmark 
genome scanning 
(RLGS)

DNA is digested using 
methylation-sensitive restriction 
enzymes, then digested fragments 
are separated on a two-dimensional 
gel electrophoresis

Global methylation analysis Using radioactive 
material and gel 
electrophoresis, low 
sensitivity, limited 
genome coverage

HpaII tiny fragment 
enrichment by 
ligation-mediated 
PCR (HELP)

DNA is digested using both HpaII 
and MspI restriction enzymes, 
followed by PCR amplification and 
hybridization to microarrays

Positive representation of 
hypomethylation and 
hypermethylation status of 
CpGs, global methylation 
analysis

Only CpG islands 
located within restriction 
sites are detected, low 
sensitivity for high CpG 
density regions

Methyl-Seq DNA is digested using HpaII or 
MspI restriction enzymes, followed 
by size fractioning and next- 
generation sequencing

High sensitivity High-quality DNA is 
required

Luminometric 
methylation assay 
(LUMA)

DNA is digested using EcoRI and 
HpaII, or EcoRI and MspI, 
followed by pyrosequencing 
extension

High sensitivity, 
quantitative, relatively small 
amount of DNA is required

High-quality DNA is 
required

Methyl-sensitive cut 
counting (MSCC)

DNA is digested using HpaII and 
MmeI restriction enzymes, 
followed by deep sequencing

High sensitivity High-quality DNA is 
required

Comprehensive 
high-throughput 
arrays for relative 
methylation 
(CHARM)

DNA is digested using MseI and 
McrBC restriction enzymes and 
then analyzed on a specially 
designed array

Quantitative, global 
methylation analysis, not 
restricted to the CGIs, 
regions of lower CpG 
density are taken into the 
consideration

Medium sensitivity, 
restricted to enzymatic 
digestion

Microarray-based 
methylation 
assessment of single 
samples (MMASS)

DNA is digested using MseI and 
BstUI, HhaI, and HpaII in 
MMASS-v1 or AciI, HinP1I, 
HpyCH4IV, and HpaII in 
MMASS-v2

High-throughput Medium sensitivity, 
high-quality DNA is 
required

Differential 
methylation 
hybridization (DMH)

DNA is first digested using MseI 
and subsequently digested using 
BstUI, HhaI, and HpaII, McrBC 
restriction enzymes. Digested DNA 
fragments are then amplified, 
fluorescently labeled, and 
hybridized to arrays

Semiquantitative, able to 
identification of hyper- and 
hypo-methylated CpGs, 
global methylation analysis

Medium sensitivity, 
restricted to enzymatic 
digestion

Methylation 
single-nucleotide 
polymorphism 
(MSNP)

DNA is digested using XbaI and 
HpaII restriction enzymes

Able to detect single- 
nucleotide polymorphisms 
(SNPs), copy number 
variations, loss of 
heterozygosity (LOH), and 
methylation

Medium sensitivity, 
restricted to enzymatic 
digestion

Methylation-sensitive 
arbitrarily primed 
PCR (MS-AP-PCR)

DNA is digested using RsaI, MspI, 
or HpaII

Simple Low sensitivity, 
low-throughput, 
high-quality DNA is 
required, large sample 
input

Amplification of 
inter-methylated sites 
(AIMS)

DNA is digested with SmaI and 
XmaI, followed by PCR 
amplification of methylated 
sequences

Simple Low sensitivity, 
low-throughput, using 
radioactive material, 
high-quality DNA is 
required, large sample 
input
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more affordable possibility for global epigenetic 
profiling and are gradually replacing traditional 
sequencing  technologies [212].

22.10  Conclusions

Epigenetic events, particularly DNA methylation, 
are well-recognized drivers in the pathogenesis of 
cancers. Emerging evidence demonstrates that 
altered DNA methylation, mainly promoter 
hypermethylation, is frequently involved in modi-
fying the expression of key genes, which predis-
pose to oncogenesis and tumor progression. 
Understanding the role and importance of aber-
rant DNA methylation in the pathogenesis of can-
cers has been increasingly resulted in exploiting 
DNA methylation signatures in clinical practice, 
including developing them as diagnostic, prog-
nostic, and predictive biomarkers, as well as iden-
tifying novel anti-tumor targets and therapeutic 
strategies. DNA methylation profiling using new 
advancements will be promising in helping 
unravel the cancer complexity, improving clinical 
outcomes and quality of life in cancer patients, 
and would be a way forward to personalized, pre-
cision-based cancer therapy.
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23.1  Introduction

The most important risk factor for cancer 
development is age [1]. With increasing age, 
numerous alterations at multiple levels includ-
ing the molecular, cellular, organ, and systemic 
levels are observed. On the one hand, cellular 
senescence seems to be an anti-cancer mecha-
nism related to aging due to the combined 
effects of proliferation and environmental fac-
tors such as oxidative stress, DNA damage, and 
telomere shortening [2]; on the other hand, 
there are various interactions among physio-
logical systems (e.g., hormonal) which can 
favor the development and progression of can-
cers with aging [2]. After several years of 
debate, it is now clear that the immune system 
plays a major role in the control of the emer-
gence of cancerous cells [3, 4]. With aging, 
there are changes in the immune system lead-
ing to the state called immunosenescence 
which might adversely affect the anticancer 
activity: immune-editing, immune-surveil-
lance, and immune-competence against cancer 
[5, 6]. One of the most important characteris-
tics of immunosenescence is its implication in 
“inflammaging” [7–9], a state of low-grade 
inflammation which can also contribute to the 
increased cancer incidence, and, more effec-
tively, combat the emergence of tumor cells. 
Experimental data implicating immunosenes-
cence in the susceptibility to cancers and 
response to treatment are accumulating, but 
there remains much to discover. Here, we 
describe changes in innate and adaptive immu-
nity with age in relation to age- related 
increased cancer development.

23.2  Immune System and Cancer

It took some time to understand how the immune 
system may interact with the cancer at various 
stages of its development [10–12]. Currently, this 
synthesis of ideas developed over the decades 
following the original suggestion of immune- 
surveillance against tumors, known as “immune- 
editing” that describes all facets of the interaction 
between the immune system and cancer. 
Immunity plays an important role in the host 
defense against tumor development. Cancer orig-
inates from self cells and, as such, usually is only 
weakly antigenic, which is still generally enough 
for their recognition as foreign. This phase of the 
interaction is called the elimination stage or true 
immune-surveillance. At this level, the immune 
system involves many different immune cells and 
is efficient at eliminating cancer cells. However, 
this action can result in the emergence of tumor 
variants and the establishment of a temporary 
equilibrium between the transformed cells and 
the efficient immune defense. At this stage, the 
cancer remains clinically insignificant. As the 
equilibrium shifts and the continuously growing, 
genetically unstable malignant cells generate 
variants, the immune response can become inhib-
ited or exhausted, and resistant cancer cells will 
survive and proliferate as explained by the deficit 
of the built-in tumor suppressor mechanisms 
such as cell senescence, DNA, and damage- 
induced apoptosis. Eventually, the tumor escapes 
from immune-surveillance and becomes clini-
cally apparent. At this stage, the tumor is orches-
trating the behavior of the immune system by 
actively suppressing the immune response 
through the production of various inhibitory 
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substances, such as NO, IDO (indoleamine-2,3- 
dioxygenase), PGE2, and via other pathways. At 
the same time, immune suppressor cells includ-
ing Tregs and MDSCs may become dominant, 
hence inhibiting the tumor-eliminating activity of 
the immune system. Thus, to eliminate the 
nascent tumor cells, organisms need a completely 
and fully functioning immune system. As we age, 
there are several physiological alterations in the 
immune system ultimately contributing to the 
appearance of cancers with higher incidence in 
the elderly.

23.2.1  Immunosenescence or 
Immune Aging

It is currently well established that the immune 
response is profoundly altered with aging [13]. 
Most aging-associated changes initially reported 
related to the adaptive immune system, but it is 
now accepted that the innate immune system is 
also affected [14–17]. Collectively, it is very dif-
ficult to establish whether the changes are only 
detrimental or are at least partly an adaptation to 
sustain decreasing immune responses by chang-
ing the threshold for immune activation. The 
presence of low-grade inflammation can be part 
of this adaptation process. This phenomenon can 
overcome the decreased immune reserve with 
aging. Nevertheless, as the immune response is 
implicated in cancer immunosurveillance, it can 
be hypothesized that even if the changes in the 
aging immune system may be adaptive in respect 
to the pathogenic environment, they can still con-
tribute to the increased incidence of cancers [18–
21]. The age-related changes in the innate and 
adaptive immune system in view of their implica-
tion in putative cancer development and progres-
sion will be discussed here.

23.2.2  Innate Immune System

The innate immune system plays an essential role 
in cancer immunosurveillance by directly elimi-
nating the tumor cells and maintaining them in a 

quiescent state – but may also favor the develop-
ment and progression of cancers in some ways. It 
should be stressed that interactions between the 
innate and adaptive immune system are recog-
nized as essential for an efficient adaptive 
immune response. These functions are mediated 
by various innate cells including neutrophils, 
monocyte/macrophages, and NK cells. It is now 
recognized that most phenotypes and functions 
of the cells of the innate immune system are 
altered with aging, as briefly summarized in the 
following.

23.2.2.1  Neutrophils
Neutrophils are the most abundant innate immune 
cells. They are the first to arrive at the site of any 
aggression but are markedly altered with aging 
[17, 22]. It is interesting to note that not all their 
functions are changed with aging. Thus, the num-
ber of neutrophils and their capacity to adhere at 
inflammatory sites is not altered [23, 24]. It is 
also of note that while most of the effector func-
tions are increased with aging at the basal level, 
they cannot be further modulated [25–28]. The 
most important functions increased at quiescent 
state are the production of free radicals and the 
production of proteases [25, 26] which can be 
important for tumor fighting and influence tumor 
development. Nonetheless, this can also contrib-
ute to the low-grade inflammation observed with 
aging, which can be detrimental. In contrast, an 
acute stimulation of neutrophils in the elderly 
reveals that they are unable to perform correctly 
by increasing chemotaxis, phagocytosis, and 
intra- and extracellular killing and to stay viable 
and active for a longer functional period [27]. 
These functions are mediated through the activa-
tion of specific receptors such as pattern recogni-
tion receptors (PRRs), Fcγ, and complement 
receptors. Another important function recently 
recognized for the elimination of foreign invad-
ers is autophagy. Engagement of different Toll- 
like receptors (TLRs) such as TLR4 and TLR7 
has been implicated in the activation of macroau-
tophagy [29], which has been shown to be defec-
tive with aging [30–32], suggesting altered 
foreign antigen (Ag) processing. Recently, it has 
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been shown that the inflammasome is a complex 
of molecules activated by specific PRRs (NLRs 
and AIM2) responding specifically to challenge 
via the activation of inflammatory caspases such 
as caspase-1 and caspase-5. This ultimately 
results in the production of a wide range of cyto-
kines, particularly IL-1β [33], playing a role in 
inflammation. There are currently very scarce 
data on how these inflammasomes are affected by 
aging [34]. After the alterations observed in neu-
trophil functions, it can only be suggested that 
their assembly and function may be altered [35].

The causes of these dysregulated effector 
functions remain unknown, but changes in the 
inflammatory environment and in the signaling 
pathways may contribute. Neutrophils can also 
be stimulated via their pattern recognition recep-
tors by Ags that may be present in higher amounts 
in the periphery of aged individuals, such as 
DNA degradation products, altered proteins, 
latent/chronic viral antigen, and/or tumor-derived 
Ags. Recently, one of the most important discov-
eries was of PRRs on the surface of many immune 
cells including neutrophils recognizing pathogen- 
associated molecular patterns (PAMPs) [36]. The 
ever-growing family of the PRRs now includes 
three main types: the TLRs, the retinoic acid- 
inducible gene 1 protein (RIG-1)-like helicases 
(RLRs), and the nucleotide-binding domain and 
leucine-rich-repeat-containing proteins (NLRs) 
[37]. It is now recognized that they play an essen-
tial role in many cell functions, including neutro-
phil biology, allowing immune cells to 
discriminate between self and non-self and acting 
as danger-sensing receptors to alert the organism 
to the presence of microorganisms, transformed 
cells, or damaged cells.

There are currently 13 TLRs described with 
different recognition specificities and signaling 
pathways leading to well-characterized cellular 
responses [36]. Bacterial products are recognized 
by TLR2 and TLR4, while TLR3 and TLR7 rec-
ognize intracellular pathogens. Signaling is 
mediated either by the MyD88 pathway [38] or 
by the TRIF pathway [39, 40]. Activation of these 
TLRs results in the activation of NF-κB, a tran-
scription factor furthering strong cytokine pro-
duction [41]. Neutrophils from aged individuals 

display alterations in the signaling of these TLRs 
leading to their altered functionality [14, 27]. 
While the number of these receptors is not sig-
nificantly changed with age, there is a significant 
alteration in the trafficking of signaling mole-
cules in and out of lipid rafts. There is a need for 
further studies in order to truly appreciate the role 
of TLR in the altered functions of neutrophils 
with age [27].

Taken together, all available experimental evi-
dence indicate that neutrophils participate in 
inflammaging (low-grade, paucisymptomatic 
inflammation associated with aging) but can no 
longer effectively counteract pathological chal-
lenges and as such may contribute to the inflam-
matory process becoming more chronic. 
Neutrophils also interact with other cells of the 
immune system, in addition to the adaptive arm 
such as B-cells for antibody production and 
T-cells for efficient effector functions [42, 43]. 
They also participate in the recruitment of mono-
cyte/macrophages to the challenge site which 
take over their functions for a longer time period.

23.2.2.2  Monocyte/Macrophages
Monocyte/macrophages have been relatively 
poorly studied in human aging. However, cur-
rently available data indicate that there are pheno-
typic changes associated with altered effector 
functions in older individuals. Recent studies 
characterizing monocytes showed the existence of 
two distinct subpopulations: CD14++(high) CD16- 
and CD14+(low) CD16+ [44]. These subpopula-
tions are very distinct in their surface protein 
expression and their functions. The first 
(CD14++(high) CD16−) subpopulation expresses 
CD62L, CD64, and CCR2 with low levels of 
CXCR1. The second (CD14+(low) CD16+) lacks 
all these surface markers, but expresses high lev-
els of CX3CR1. These latter cells are considered 
to be mainly proinflammatory, as they produce 
high levels of TNF-α in response to TLR2 and 
TLR4 ligation. By analyzing the four subpopula-
tions of human monocytes, it was found the 
CD14+ (low) CD16+ and the CD14++(high) CD16+ 
populations were increased with aging, whereas 
the proportion and number of CD14+ (low) CD16– 
were decreased compared to the young [45].
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The few existing data suggest that monocyte/
macrophages from aged individuals display age- 
related dysfunction [46–48]. These alterations 
include a decrease of cell surface TLR expression 
(TLR1 and TLR4), although this finding is con-
troversial [31, 49, 50]. Other receptors also show 
an altered expression, such as the expression of 
the important T-cell CD80/CD86 costimulatory 
receptors which is decreased on monocytes upon 
TLR stimulation [51]. In vitro studies in humans 
demonstrated a higher proinflammatory cytokine 
profile, especially for IL-6 and IL-8 production 
by resting monocytes [9], despite the finding that 
cytokine production following stimulation with 
LPS is reduced. Consistent with this, another 
recent study found that the four monocyte subsets 
had lower IL-6 production upon TLR1/TLR2 
stimulation, confirming earlier studies on TLR 
stimulation [52, 53], which indicates that mono-
cytes are not a homogeneous population and 
react differently depending on the nature of the 
stimuli.

Many years ago, it was shown that several sur-
face receptors such as Fcγ and FMLP had altered 
signal transduction upon appropriate stimulation, 
resulting in altered function [25, 26]. Recent data 
further suggest that in addition to the decrease in 
some TLR expression, the TLR signaling path-
ways show age-related alterations [27] linked to 
altered chemotaxis as evidenced by the reduced 
number of infiltrating macrophages in wounds of 
elderly humans. Alteration in the MAPK signal-
ing pathways including p38 MAPK and ERK1/2 
MAPKs has been reported in human monocytes 
with aging.

Macrophages from elderly people produce 
more prostaglandin E2, which suppresses T-cell 
activation via decreased IL-12 production [54]. 
Furthermore, it was demonstrated that phagocy-
tosis, free radical production, and chemotaxis 
were reduced in monocytes/macrophages from 
healthy aged subjects [55]. No data seem to 
exist regarding age-related changes in the clear-
ance of apoptotic cells, known as an important 
macrophage function. We can only speculate 
that considering the functional changes 
described above and the process of inflammag-
ing, the clearance of apoptotic cells may be 

impaired with aging. Decrease in some recep-
tors, as well as altered signaling leading to 
changes in chemotaxis and phagocytosis, sup-
ports the hypothesis that apoptotic cells are not 
cleared efficiently. This could lead to their per-
sistence in becoming proinflammatory and sus-
taining the quiescent state stimulation of 
monocyte/macrophages, finally contributing to 
the process of inflammaging. Furthermore, 
these data confirm that, like neutrophils, mono-
cytes are to some degree activated at the basal 
state, but are less receptive to further stimula-
tion through their surface receptors. This base-
line activation state may be very important to 
maintain their functions for combating/con-
straining constant and chronic challenges, but 
insufficient for eliminating new infections. 
Therefore, it seems that neutrophils and mono-
cytes are probably both contributing to the 
low-grade inflammation with aging which not 
only impairs the immune environment but also 
creates a vicious circle which maintains their 
functioning at an adequate level while impair-
ing their contribution to combating new invad-
ers, including tumor cells. Taken together, all 
the experimental data available suggest that 
with aging, most monocyte/macrophage func-
tions are changed with age, leading to altered 
tumor cell and pathogen clearing and altered 
regulation of the adaptive immune response 
and the inflammatory process, resulting in 
chronic low-grade inflammation and ultimately 
to increased age-related diseases such as infec-
tions, cardiovascular disease, and cancers. It 
would be of high interest to develop a clinical 
trial to modulate low-grade inflammation in 
longitudinal studies and identify potential clin-
ical benefits.

23.2.2.3  Dendritic Cells
Dendritic cells (DCs) are the most potent antigen- 
presenting cells (APC) that can prime specific 
T-cells. There are several types of DCs [56]: 
Plasmacytoid dendritic cells (pDCs) are impor-
tant in host defense, as they are one of the first 
cells to produce type I interferon, hence initiating 
several other responses, including NK-cell acti-
vation which amplifies host response [57–59]. 
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The second type of DC is the conventional or 
myeloid-derived dendritic cell (mDC), regarded 
as the most important APC for T-cell activation. 
They express TLRs and C-type lectins for the 
detection of Ags and subsequently produce 
IL-12, IL-15, and IL-18. IL-12 is essential for 
induction of Th1 cell responses which will induce 
cytotoxic T-lymphocyte responses to clear virus- 
infected cells [39]. They can also activate NK 
cells, which directly eliminate tumor cells. In 
addition to presenting Ag, they also provide 
costimulatory signals and cytokines for optimal 
T-cell priming, differentiation, and proliferation 
[60]. Whether the numbers of DCs change during 
aging is still controversial.

There are several studies demonstrating 
alterations in pDC function in aged humans 
including reduced type I interferon production 
following TLR stimulation, e.g., via TLR7 and 
TLR9. It has been suggested that the increased 
basal oxidative stress related to aging could be 
the underlying cause of the decreased upregu-
lation of the interferon regulatory factors by 
TLRs [61, 62]. In contrast, mDCs from aged 
humans showed increased expression of CD86 
signaling, another sign of activation even in the 
“quiescent” state. However, these findings 
have not been corroborated by in vitro studies. 
Nonetheless, they do seem to retain the capac-
ity to produce proinflammatory cytokines and 
to activate CD8+ T-cells [63], as well as to 
induce IL-17 production, which is known to 
recruit neutrophils [64]. DCs have also been 
reported to have a decreased ability in naïve 
CD4+ T-cell activation via Ag presentation [65, 
66], attributed to decreased PI3K activity, a 
major pathway mediating cell function. 
Reduced PI3K was implicated in both age-
related reduced DC migration and also as a 
negative regulator of TLR signaling. Thus, the 
global result of this decreased PI3K activation 
is a higher stimulation of the NF-kB pathway 
further contributing to inflammaging due to 
greater production of proinflammatory cyto-
kines such as IL-6 and TNF-α in the basal state  
[65]. DCs have reduced Ag processing capac-
ity concomitant with the altered expression and 
function of their costimulatory molecules.

23.2.2.4  Natural Killer and Alike Cells
Natural killer (NK) cells are one of the most 
important antitumor players in the innate immune 
system [10]. The NK cell population is now also 
divided into different subpopulations; those with 
a CD16-CD56+ or CD16+CD56++ phenotype pro-
duce high amounts of IFN-γ and are among the 
most cytotoxic subtypes [67]. Subset distribution 
changes with aging, and the number of CD56dim 
NK cells increases, while CD56bright cells decrease 
[68, 69]. Furthermore, the expression of CD57 is 
increased on CD56dim NK cells from elderly sub-
jects, representing a highly differentiated subset 
of NK cells. These observations were recently 
extended by the finding that CD94 (member of 
the C-type lectin family) and KLRG1 expression 
on NK cells was significantly decreased in elderly 
subjects. Although the exact consequence of this 
decrease is not known, it was hypothesized that 
the decreased expression of these surface mark-
ers induces unregulated cell lysis contributing to 
chronic inflammatory conditions. Moreover, the 
same study revealed the presence of a greater 
proportion of IFN-γ-positive CD3−CD56bright NK 
cells with aging. This may suggest a shift to a 
more cytotoxic, cytokine-producing, and poten-
tially immunomodulatory NK-cell phenotype 
occurring as a mechanism to compensate for the 
decreased proportion of CD56bright NK cells. 
Aging also influences the dynamics of NK cells 
[67]. NK cells from the elderly have a signifi-
cantly decreased proliferation and production 
rate, and there is an increased proportion of long- 
lived NK cells which can be related to the 
increased proportion of CD56dim NK cells. The 
increased expression of CD57 may also suggest 
that the NK cells of elderly people are late-stage 
or terminally differentiated, like many of their 
CD8+ T-cells [70]. Taken together, the data indi-
cate that although the number of NK cells often 
increases with age, there is a profound redistribu-
tion of NK cell subsets with altered receptor 
expression, explaining the functional alterations, 
leading either to decreased direct defense against 
virus-infected and tumor cells and/or decreased 
regulatory activity for other components of the 
innate immune response, ultimately resulting in 
decreased modulation of the adaptive immune 
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response. Recently, it has been shown that 
NK-cell activity is also under the control of 
IL15Rα/IL15, released by nonimmune cells such 
as muscle cells, which, by its decrease with aging 
can also contribute to these NK cell functional 
alterations [71].

Studies in very healthy elderly populations 
revealed that the total NK cell number tends to 
increase with age, while their cytotoxicity is not 
significantly affected [72]. However, other stud-
ies in unselected elderly populations revealed 
that decreased NK cell functions with aging were 
associated with a higher incidence of infectious 
diseases [73]. IL-2-induced NK cell proliferation 
is decreased with aging and many cytokines and 
chemokines produced by NK cells, such as IL-2, 
IL-8, are also decreased but with maintenance of 
IFN-γ production [74]. This decreased produc-
tion of cytokines contributes to the altered activa-
tion of macrophages with aging, resulting in 
decreased microbicidal and tumoricidal activi-
ties. Thus, NK cells of elderly people show 
decreased proliferative responses to cytokines; 
higher total cytotoxic capacity when stimulated 
with certain cytokines including IL-2, IL-12, or 
IFN-γ; and a greater sensitivity to stimulation via 
CD16. The cytotoxic activity of NK cells depends 
on whether the whole NK cell population or 
activity per cell is considered. On a per-cell basis, 
it is decreased, which might be important for pro-
tection against developing cancer cells.

Furthermore, other receptors involved in the 
cytotoxic activity of NK cells, including mem-
bers of the natural cytotoxicity receptor family, 
namely NKp30 and NKp46, decrease with aging 
[75]. NKp30 has also been shown to be important 
in the regulation of the cross-talk between NK 
cells and DCs. By this interaction, the NK cells 
can activate the DCs to more efficiently prime 
T-cells. DCs release Th1 cytokines which further 
enhance NK activation. Thus, NK cells can mod-
ulate the adaptive immune response against 
virus-infected or tumor cells via this interaction 
with DCs.

NKT cells are innate T-lymphocyte popula-
tion that recognize lipid Ags presented in the 
context of the CD1d molecule found on mono-
cytes, macrophages, and DCs [76]. They can 

increase the functions of NK cells. NKT cells 
are rapidly recruited from the circulation dur-
ing acute inflammation and interact with vari-
ous APCs expressing the CD1d molecule. 
Recently, it has been shown that NKT cells are 
able to recruit neutrophils and activate them via 
their IFN-γ secretion [77]. Thus, NKT cells 
may play an important regulatory role in the 
acute phase of a microbial and/or tumor cell 
challenge by interacting with various APCs via 
CD1d lipid antigenic presentation and secretion 
of different cytokines. There are only a few 
reports on NKT cell functioning in the elderly 
[72]. However, it can be hypothesized that the 
altered activation of APCs via their TLR recep-
tors will create an unfavorable milieu for NKT 
activation either directly or by their cytokine 
secretion.

IL-17 is mainly secreted by γδ T-cells, Th-17, 
and NKT cells [78]. This cytokine acts indirectly 
on neutrophil survival through stimulation of the 
secretion of G-CSF.  IL-17 is also released by 
neutrophils themselves and reinforces their sur-
vival and recruitment [79]. It can also promote 
tumor vascularization by angiogenic factors. 
These immune cells as well as IL-17 itself may 
have pro- and antitumor activities; currently it is 
not known what determines this dual effect on 
cancer. However, their differentiation in various 
subtypes, expression of specific receptors, and 
production of various cytokines is likely to be 
determined by and in turn influence the tumor 
microenvironment [77]. How aging affects γδ 
T-cells has not been well investigated to date.

23.2.3  Adaptive Immune System

Although there are changes in the innate immune 
response with aging as described above, it is still 
thought that the most important and relevant 
changes occur in the adaptive immune response. 
Among the cells composing the adaptive immune 
response, the T-cells are thought to be the most 
affected; in addition, more and more data are 
emerging showing that B-cells are also changed 
with aging. Nonetheless, it is well recognized 
that some of the most marked immune alterations 
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associated with aging concern T-lymphocyte sub-
populations and functions [13]. The most recog-
nized model for T-cell subpopulations identifies 
naïve (CD45RA+ CCR7+), central memory TCM 
(CD45RA− CCR7+), effector memory TEM 
(CD45RA− CCR7−), and TEMRA or TTE (CD45RA+ 
CCR7−) cells. Among these subpopulations, the 
highly differentiated populations of EM (effector 
memory: CCR7-, CD28-, CD27-, CD45RA-) and 
TEMRA-like CD4 and CD8 T-cells (T effector 
memory cells re-expressing CD45RA) have been 
shown to accumulate in older humans [13]. 
Currently, the suggested reason for this accumu-
lation is a chronic antigenic stimulation, espe-
cially that caused by chronic viral infections 
(predominantly CMV); however, other chronic 
inflammatory stimulations related to specific dis-
eases may also contribute (including diabetes 
mellitus type 2, atherosclerosis, and possibly 
Alzheimer disease) [80–83]. Interestingly, there 
are some reports showing that these cells also 
accumulate in cancer, such as at the early stage of 
breast cancer [84] and in renal carcinoma [85]. 
Furthermore, they also express the characteristic 
inhibitory surface receptors of exhausted and/or 
senescent cells like KLRG1, CD57, PD-1, and 
CTLA-4, as well as having reduced replicative 
capacity and decreased survival after TCR activa-
tion [86]. The role of these cells in cancer devel-
opment is still questionable. Whether they are 
metabolically inert as senescent cells with short 
telomeres and decreased telomerase activity, or 
are metabolically active and able to secrete vari-
ous proinflammatory cytokines and contribute to 
cancer development is a matter which is yet to be 
elucidated. The cause of this exhaustion is not 
known with certainty, but could either be due to 
direct antigenic stimulation by viral Ags such as 
CMV or they could be innocent bystanders 
affected by the chronic low-grade inflammatory 
environment induced by such chronic antigenic 
stimulation caused by constant basal proinflam-
matory cytokines such as TNF-α produced by the 
innate immune system [87]. It was shown that 
p38 has a role in cell activation, proliferation, and 
cell cycle progression [88, 89]. TNF-α can fur-
ther activate p38, thus contributing to immunose-
nescence [87]. Interestingly, p38 is constitutively 

phosphorylated in EM and EMRA T-cells, con-
tributing to their reduced telomerase activity. 
Thus, the proinflammatory environment causing 
hyperphosphorylation of signaling molecules, 
such as p38, may influence the development of 
T-cell subpopulations as found in aging and 
inflammatory diseases. Together, these changes 
may be well tumorigenic by altering adequate 
tumor-specific immune response; they may be 
good targets for therapeutic modulation, as 
recently demonstrated so encouragingly for 
PD-1/PDL-1 [90–92]. Considering these 
changes, it is reasonable to assume that an altera-
tion in T-lymphocyte activation is a central issue 
in the age-related modifications of the immune 
response. Currently, the most important para-
digm underlying these changes is the repetitive 
antigenic stimulation over the life span that could 
lead to partial unresponsiveness (immune exhaus-
tion) and accumulation of memory cells. This has 
been shown for both CD4+ and CD8+ T-cells with 
distinct senescent status, surface molecule 
expression, telomere length, and functionality. 
This was further supported by a longitudinal 
study, the OCTA/NONA study, resulting in the 
development of the Immune Risk Profile (IRP) 
integrating several of these parameters [93–96]. 
It is of note that as appealing as the CMV para-
digm may appear, it is not yet proven [97–99]. It 
is likely that other factors could also contribute to 
causing the changes in the T-cell compartment of 
the immune system with aging including the 
slight but detectable amounts of the proinflam-
matory cytokines concomitant with increased 
reactive oxygen species found in this basal proin-
flammatory state. Moreover, the intracellular 
T-cell redox environment influences T-cell func-
tion in aging [100, 101] which will be discussed 
later. Concomitant with these phenotypic 
changes, the functions of T-cells are also altered, 
and there is increasing evidence to implicate 
altered activation in the decreased T-cell func-
tions with increasing age.

Studies of elderly humans and animals have 
revealed that one function of T-cells most notice-
ably altered is the production of interleukin-2 
(IL-2) compared to younger counterparts [102]. 
It can be hypothesized that defects or alterations 
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in the proximal events during T-cell activation 
will strongly affect the efficiency of immune 
responses [102]. Thus, appropriate signal trans-
duction cascades trigger an appropriate T-cell 
response, whereas alterations in the early events 
of T-cell signaling will result in less effective, 
altered overall responses [103–106]. The most 
important changes occur in CD4+ T-cells, result-
ing in decreased production of IL-2 and clonal 
expansion. Although there are no changes in 
TCR number at the cell surface, the number of 
CD28 costimulatory molecules decreases with 
aging, especially on CD8+ T-cells. One of the 
most important driving forces to decrease surface 
CD28 expression is TNF-α. This cytokine can 
also activate p38 which plays an essential role in 
fibroblast senescence [87]. Nearly all of the sig-
naling pathways associated with TCR activation 
or IL-2 receptor responses are found to be altered 
with aging [107, 108]. There is an alteration in 
the early steps of T-cell activation including pro-
tein tyrosine phosphorylation, calcium mobiliza-
tion, and the translocation of PKC to the plasma 
membrane. In addition, subsequent steps of the 
signaling pathways including the Raf-Ras-MAP 
kinase pathway are impaired. Decline in proxi-
mal and intermediate events of transmembrane 
signaling leads to the decreased activity of tran-
scription factors, especially NF-kB and 
NF-AT. Not only activation signaling but also the 
negative regulatory network is altered with aging 
[108]. This altered signaling followed by 
decreased activation may be caused by a differen-
tial inflammatory state and subsequent T-cell 
phenotypic and functional change.

There are also age-related changes in the 
B-cell compartment [109–113]. Production of 
B-cells is altered with aging at different levels, 
resulting in decreased naive B-cells. In addition, 
an age-dependent loss of diversity of B-cell 
receptors is also observed which has been corre-
lated to poor health and may reflect expanded 
clones of memory B-cells. These changes may 
also lead to a shift in antibody specificity and the 
increase of autoantibodies. These alterations in 
the B-cell compartment may also favor the emer-
gence of cancers related to aging. As the B-cells 
respond by proliferation to the T-cell-derived 

cytokine and other signals even without direct 
antigenic stimulation [114], the collapse of anti-
body production in the aged may be also associ-
ated with poorer T-cell help.

Taken together, aging is associated with an 
exhaustion of the adaptive immune response, 
especially by rendering T-cells dysfunctional and 
unable to appropriately respond to receptor liga-
tion. This, together with B-cell alterations, con-
tributes to the establishment of a chronic 
inflammatory state, leading to higher susceptibil-
ity to diseases such as cancer and increased mor-
tality predicted by the IRP [93].

23.2.4  Interaction Between Innate 
and Adaptive Immune 
Responses: Effect of Aging

It is evident that if any component of the immune 
response is not functioning optimally, the out-
come cannot be optimal. Thus, the first line of 
defense of the organism, the innate immune 
response, is not only a powerful eradicator of for-
eign invaders but is also responsible for the acti-
vation of the adaptive immune system for 
long-lasting and highly specific immunity by 
Ag-specific, clonally expanded B- and 
T-lymphocytes. The reduced functioning of both 
monocytes/macrophages and DCs with aging 
will lead to reduced Ag presentation and activa-
tion of T-cell immune responses by these APCs. 
In addition, neutrophils secrete many molecules 
such as HMG-B1 and other alarmins which can 
directly induce DC maturation or the activation 
of both the innate and the adaptive immune 
response. It is possible that the reduced neutro-
phil function with aging will also affect this 
aspect of their role in immune response.

A very efficient network exists among the dif-
ferent cells participating in the innate immune 
response aiming to eradicate invaders, restore 
homeostasis by resolving acute inflammation, 
and ultimately to efficiently activate the adaptive 
immune response [16]. The individual function-
ing of the innate immune cells was shown to be 
dysregulated with aging either because of 
receptor- driven signaling pathway alterations or 
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because of an age-related proinflammatory 
milieu sustained by cytokines and oxidative 
stress [22]. These alterations will induce a dis-
ruption in their functioning and in their mutually 
supporting network, resulting in inefficient eradi-
cation of the challenge, contribution in chronic 
antigenic stimulation, and a chronic low-grade 
inflammation. On the other hand, they ultimately 
lead to the altered and inadequate activation of 
the adaptive immune response.

One of the important central players of the 
cooperation of the innate and adaptive immune 
response is TNF-α. This factor is at the center 
stage of the cytokines secreted by various cells of 
the innate immune system, such as monocytes 
stimulated by many external or internal agents 
leading to modulation of the T-cell response 
either to enhance it or dampen it via downregula-
tion of CD28 or exhaustion of T-cells [115]. 
TNF-α production is increased in oxidative 
stress, chronic antigenic stimulation, CMV infec-
tion, and visceral adiposity [116–118]. Thus, the 
regulation and control of this vital molecule to 
maintain it under a beneficial threshold may be 
the key to aging and age-related pathologies such 
as cancer.

Alterations in the T-cell compartment can also 
trigger changes in the innate immune system 
because the accumulation of memory and termi-
nally differentiated/exhausted T-cells secreting 
more proinflammatory cytokines and chemo-
kines will chronically stimulate and attract the 
innate immune cells. The increased susceptibility 
to apoptosis of certain T-cell subsets like CD4+ 
naive T-cells may also chronically contribute to 
the stimulation of innate cells.

All these data demonstrate that with aging, 
alterations in both arms of the immune system, as 
well as in their efficient cooperation, contribute 
to altered protection against different challenges 
and participate in the development and mainte-
nance of age-related low-grade inflammation and 
increased susceptibility to diseases such as can-
cer [9]. The same interaction between the innate 
and adaptive immune response may favor either 
the eradication or the progression of cancers 
depending on their state of activation, the pheno-
type repartition, and the microenvironment.

23.3  Inflammation, Aging, 
and Oxidative Stress

The relationship between chronic low-grade 
inflammation (inflammaging) related to immu-
nosenescence and age-associated diseases, such 
as cancer, remains to be elucidated. It is of note 
that alterations of certain proinflammatory (IL-6, 
TNF, IL-1) as well as anti-inflammatory cyto-
kines (IL-10, IL-4) are observed at greater fre-
quencies in age-associated diseases compared to 
healthy aging [9]. Thus, age-related immune dys-
regulation manifested essentially by a basic 
chronic low-grade inflammation and a suppres-
sion of the adaptive response may eventually lead 
to the development of clinically significant path-
ological conditions including cardiovascular dis-
ease, dementia, diabetes mellitus, osteoporosis, 
and cancer [8]. Age-related low-grade inflamma-
tory process seems to accelerate the progression 
of chronic diseases, as well as having an immu-
nosuppressive effect on cellular immune 
responses by contributing to their exhaustion. 
The question arises as to whether this proinflam-
matory activity is the primum movens for disease 
development or just a secondary reaction follow-
ing latent chronic inflammatory diseases. 
Moreover, this low-grade inflammation may also 
represent an adaptive mechanism to maintain an 
acceptable level of response against pathogens 
and cells, including nascent tumor cells. However, 
when increasing over a certain level, it could 
become predominantly detrimental by favoring 
their proliferation and the clinical appearance of 
cancer.

What are the molecular events underlying 
inflammaging? It seems that NF-κB is at the cen-
ter stage of metabolic pathways, as it controls the 
secretion of proinflammatory molecules, such as 
cytokines, chemokines, MMPs, COX2, and iNOS 
[119, 120]. NF-κB is also activated by many of 
these molecules via various pathways such as the 
MAPK and the IP3/Akt pathway. As might be 
expected from knowledge of the pathways lead-
ing to their development, NF-κB activity is high-
est in CD8+ TEMRA cells [121]. Moreover, the 
FOXO family of transcription factors plays a role 
in longevity, cell survival, and proliferation via 
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the modulation of NF-κB by free radical produc-
tion [122]. Thus, NF-κB modulating pathways 
are heavily implicated in the occurrence, as well 
as in the perpetuation of this low-grade 
inflammation.

Thus, what is the relation between inflammag-
ing and free radicals which have been shown to 
increase with aging as a result of increased oxida-
tive stress [123]? The degree of oxidative stress is 
the result of the disequilibrium between the pro-
duction of ROS and endogenous antioxidant spe-
cies. Free radicals are produced as by-products of 
aerobic respiration [124]. They are hormetically 
beneficial for signaling, enzyme activation, and 
microbial elimination, while over a certain 
threshold, they may become detrimental by caus-
ing mutations in DNA and oxidation of macro-
molecules [125]. The role of free radicals became 
the basis of one of the leading theories of aging 
and consequently has been related to many age- 
associated diseases including cancer [126, 127]. 
In this context, it has been known for many years 
that age-related increased ROS production due to 
mitochondrial dysfunction may cause DNA dam-
age and favor cancer development [128]. 
Recently, it was recognized that local inflamma-
tory processes such as in the intestine and stom-
ach may lead to the development of cancers. 
However, the relationship between oxidative 
stress and inflammaging is less well established. 
When innate immune cells are chronically acti-
vated, they continuously release free radicals 
which can contribute to tumorigenesis directly as 
well as via the alterations they cause to the adap-
tive immune system, as already mentioned [129]. 
It is of note that free radicals can create a vicious 
circle by maintaining (through TLRs and inflam-
masome activation) the production of free radi-
cals by other innate immune cells such as 
neutrophils, DCs, and monocyte/macrophages 
which in turn reactivate them. Thus, free radicals 
directly and indirectly via oxidatively modified 
proteins or lipids activate NF-kB, leading to pro-
inflammatory cytokine production. Similarly, 
these free radicals and lipid peroxides also acti-
vate the Nalp3 inflammasome. These events lead 
to low level of activation of innate cells at the 
basal level and participate in its maintenance.

Oxidatively modified proteins are also con-
tinuously produced as a result of the low-grade 
inflammation [130, 131], accumulating in 
immune cells, especially in T-cells, which inter-
fere with their functioning. Many proteins includ-
ing TCR, CD45, and enzymes are targeted by 
free radicals and become carbonylated or glycox-
idated. This accumulation is further enhanced by 
decreased proteasome (and other intracellular 
proteolytic) activity to eliminate these altered 
proteins [132–134]. Thus, the free radicals create 
an altered cellular environment, favoring the acti-
vation of innate cells and decreased functioning 
of adaptive immune cells.

Furthermore, these free radicals will affect the 
surrounding cells in infiltrating tissues by induc-
ing cell proliferation, evasion of apoptosis, tissue 
invasion, angiogenesis, autophagy, and altera-
tions in macromolecule functions either by gain 
of functions or by loss of functions. All these 
activities may contribute to some extent to tumor-
igenesis. Free radicals mediate these functions by 
stimulating different molecular pathways includ-
ing the Ras, MAPK, PI3K, mTOR, and NF-kB 
pathways. Consequently, ROS also alter Nrf2 
activity which is considered to be the master reg-
ulator of the antioxidant response [129]. Nrf2 
modulates a large number of genes that control 
several processes including immune and inflam-
matory responses [135]. We have shown that with 
T-cell aging, the Nrf2 is altered [22], which is 
also hypothesized in innate immune cells, and 
further contributes to the inflammatory process 
and consequently to carcinogenesis. Thus, the 
immunosenescence- associated inflammaging 
contributes to cancer development by many path-
ways, especially by the increased basal free radi-
cal production, which in turn further activates 
these cells by propagating inflammatory signal 
by free radicals.

23.4  Immunosenescence 
and Cancer

A causative connection between inflammation 
and some cancers is well established [136]. 
Inflammation in its uncontrolled state highly 
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favors tumorigenesis by increasing genomic 
instability via the production of free radicals, 
persistence of proinflammatory cytokines and 
chemokines, and the subversion of Treg, γδT 
cell, and MDSC functions, as well as through 
angiogenesis [137]. The apparent disequilib-
rium between the retention of a reactive innate 
immune response at basal state and the more 
severely altered adaptive immune response with 
aging leads to the presence of the low-grade 
inflammatory status commonly present in the 
elderly, the inflammaging, as discussed above. 
Although the cause of this increased basal 
inflammatory state is certainly multifactorial, it 
is likely that one of the most important causes is 
chronic antigenic stimulation concomitant with 
increased free radical production related to oxi-
dative stress. In recent years, the increased reac-
tivity of the innate immune response which in 
the aging context is called inflammaging has 
been elucidated [138–140]. This phenomenon is 
called the trained innate memory. The basis of 
this phenomenon are the epigenetic and immu-
nometabolic modifications induced by an initial 
challenge which render the innate cells more 
reactive when subsequent unrelated challenge is 
met [141]. This is the concept of immunological 
training of the innate immune system. Thus, in 
the context of aging, this may be an adaptation 
serving the better response to the lifelong anti-
genic challenges [141, 142, 143]. The antigenic 
source can be exogenous, as with persistent 
viral infections such as CMV [97] and subclini-
cal bacterial infections, or endogenous like the 
various posttranslationally modified macromol-
ecules such as DNA or proteins which can be 
modified by oxidation, acylation, or glycosyl-
ation. Such altered molecules can stimulate the 
innate immune response, particularly macro-
phages via TLRs, thus contributing to a sus-
tained proinflammatory state which is 
measurable in some circumstances via increased 
circulating levels of IL-6, IL-1β, or TNF-α. 
Thus, aging is accompanied by a chronic low-
grade inflammatory process and by many other 
changes, some related to inflammaging, some 
independent thereof. Hence, this may be the 
price that has to be paid for maintaining immu-

nosurveillance against persistent pathogens or 
endogenous stressors such as cancer cells. All 
these changes contribute to a decreasingly effec-
tive immune environment, probably unable to 
appropriately respond either to new Ags such as 
represented by the continuous risk of exposure 
to new pathogens, or to chronic persisting Ags 
such as those from CMV or tumor cells during 
the life span. Therefore, inflammaging related to 
immunosenescence is likely to be one of the 
most important general driving forces for cancer 
development. It is of note that every individual 
alteration at all cellular and molecular levels 
also contributes to increased tumorigenesis. The 
most important elements for immunosenescence 
are the decreased neutrophil, macrophage, and 
DC functions but maintaining uncontrolled pro-
inflammatory cytokine production, as well as 
the decreased specific adaptive immune 
response by T-cells to tumor Ags. TNF-α seems 
to play a particularly important role, as it is 
secreted mainly by immune cells, in contrast to 
IL-6. It is the consequence of and the support 
for inflammaging via NF-kB and AP-1 
signaling.

Furthermore, an important aspect of the 
inflammatory response is the production of free 
radicals which leads to the activation of various 
signaling cascades resulting in effector functions 
and apoptosis as well as in the further production 
of proinflammatory cytokines. They also increase 
the possibility of genomic instability and epigen-
etic deregulation leading to enhanced mutations. 
These proinflammatory cytokines secreted by the 
cells of the innate immune system are also able to 
induce the production of free radicals. Thus, the 
deregulation of innate immune responses strongly 
contributes to age-related chronic inflammatory 
processes and associated pathologies, as well as a 
functionally neutral consequence of the aging 
process. As a result, its modulation could be ben-
eficial in the treatment of these diseases.

Moreover, the deregulated immune response 
with aging also produces directly pro-tumor mol-
ecules as well as induces the accumulation of 
immunosuppressive immune cells either systemi-
cally or in the tumor microenvironment. Data 
suggest that pro-tumor molecules such as NO, 
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IDO, TGFβ, IL-10, VEGF, and PD-1,, as well as 
cells dampening the immune reactivity like 
MDSCs (CD11b+, CD33+, CD34+, CD14- 
HLADR-) under the high proinflammatory cyto-
kine micro- and macroenvironment and Tregs, 
are increasing with age which suppress the anti-
tumor activities of cytotoxic T-cells, NK, and 
NKT cells [18, 21]. These changes completely 
alter tumor-immune interactions necessary for 
cancer eradication or at least for the maintenance 
of the equilibrium stage.

Finally, altered immune network functioning 
also favors tumorigenesis. The altered presenta-
tion of antigens by DC and macrophages 
decreases the activation of T-cells, the functions 
of which are further altered by oxidative stress 
and proinflammatory cytokines produced by 
innate immune cells. In contrast, the altered 
T-cell phenotype and functions are further 
increasing the innate cell functions. Thus, a 
vicious circle is created leading to the appearance 
of tumor cells.

23.5  Modulation

Due to our increased understanding of tumor- 
immune interactions now, the patient’s immune 
system, even in nonimmunological treatments, 
like radiotherapy, should be taken into consider-
ation [12, 144], in order to achieve long-term 
tumor control or complete tumor elimination. 
Thus, the patient’s immune system needs to 
become integral to cancer therapy. It is also clear 
that immunotherapies are mostly used in late- 
stage cancers when the immune system is already 
subverted. Consequently, immunotherapy should 
be initiated when the immune system is still able 
to react.

Dendritic cells (DCs) possess the specialized 
potential to present exogenously derived antigen 
to cytotoxic T lymphocytes in order to elicit an 
immune response. This process, termed cross- 
presentation, is crucial for the generation of 
immune response to viruses and tumors and in 
autoimmune disease. The ability of DCs to cross- 
present exogenous Ag to CTLs makes them an 
attractive target for exploitation in immunother-

apy. In recent years, significant advances have 
been made in understanding the mechanism of 
cross-presentation and the DC subsets involved. 
The recent discovery of human cross-presenting 
DC has given this field a new lease of life relative 
to cancer immunotherapy [145]. Such an exam-
ple is the injection of monoclonal antibodies 
(mAbs) which not only directly eliminate tumor 
cells but also result in the release of new tumor 
antigens by killing tumor cells. These can then 
participate in cross-presentation to T and B-cells, 
thus amplifying the primary treatment [146].

Modern immunotherapy clearly needs to con-
sider many aspects of tumor biology and associ-
ated immune reactions. The heterogeneity of 
tumors and their microenvironment combined 
with the diversity of immune cells/molecules will 
need complex approaches to immunotherapy. 
The new paradigm is to use autologous tumor 
cells for vaccine and/or in combination with per-
sonalized peptide vaccination which would lead 
to eradication of tumors or at least to the retarda-
tion of their development and metastasis forma-
tion [21]. In an aging/geriatric environment, 
certain characteristics specific to elderly subjects, 
such as functional status and comorbidities, 
should definitely be further considered.

These last years, immune checkpoint immu-
notherapy targeting exhausted T-cells in earlier 
fatal tumor types became excessively successful 
to treat melanoma, renal cancer, NSCLC as well 
as bladder cancer [147, 148]. It was longtime 
debated whether because of the occurrence of all 
the changes in the immune response with aging 
the immunotherapy may be efficiently used also 
in elderly. The most recent clinical trials indicate 
that this therapy may be as almost as efficiently 
used to treat the above cancers in old people suf-
fering from them as in the younger patients [149–
151]. While aging has been associated with 
immunosenescence, we have here the evidence 
that certain aspects of immunity are sustained in 
older age, including the boosting capacity of 
checkpoint inhibitors. This also suggests whether 
older individuals or those with weakened immu-
nity may benefit from low doses of checkpoint 
inhibitors in other context than cancer 
immunotherapy.
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23.6  Concluding Remarks

There is no doubt that aging is the main risk fac-
tor for the development of many diseases includ-
ing cancers, type 2 diabetes, and cardiovascular 
and neurodegenerative diseases. Understanding 
the mechanisms regulating aging is the most 
important for the comprehension of the occur-
rence of these different diseases. The low-grade 
inflammation seen with aging can be a common 
factor linking aging to these diseases; thus, it is 
strictly deleterious. However, from a different 
perspective considering inflammaging as a con-
sequence of immunosenescence, it may be essen-
tial to survival, likely ensuring that elderly can 
probably react to challenge much more easily 
and rapidly than they would be able to with an 
immune response similar to young people. In 
fact, this could be an evolutionary adaptation to 
maintain a response without losing control if the 
immune system would have a youngish function 
in an aging milieu. There are several examples, 
such as the increase in the number of NK cells 
and CMV-specific late differentiated CD8+ 
T-cells, as well as their IFN-γ secretion [72, 97, 
98]. Indeed in semi-supercentenarians, it was 
demonstrated that the presence of a controlled 
inflammatory status was the most determinant for 
their longevity [152].Therefore, understanding 
the interaction between this low-grade inflamma-
tion and its shifting toward pathogenic pathways, 
either in cells or their microenvironment, can 
provide the key to unveiling why aging is the 
most important risk factor for these diseases. It is 
also evident that a unifying picture starts to 
emerge implicating genomic instability, metabo-
lism, and immunity in the development of cancer 
and other inflammation-related diseases. 
However, the challenge is to discover why dif-
ferentiation toward individual diseases occurs 
under the presence of the same elements. Notably, 
the occurrence of each disease predisposes to 
other conditions as well; the best example would 
be diabetes, recognized to be a very high risk for 
the development of cancer or rheumatoid arthri-
tis, as well as cardiovascular diseases. The prob-
lem is to intervene in the aging process to 
maintain its reactivity toward different challenges 

and at the same time decrease the risk for the 
development of disease. Thus, understanding the 
real mechanism underlying aging may lead to 
delay in the onset of these pathologies, ultimately 
extending the healthiest life span possible with 
aging.
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24.1  Introduction

Changes in immunologic pathways play a lead-
ing role in all stages of cancer. Proper immune 
function also associates with quantitative and 
qualitative aspects of nutrition [1, 2]. Therefore, 
overnutrition and imbalanced nutrition may 
affect development, progression, and therapeu-
tic response of cancer [2]. Pro-inflammatory 
cytokines such as tumor necrosis factor (TNF), 
interferon-γ (IFN-γ), and interleukins 1 and 6 
(IL-1 and IL-6) are important mediators of can-
cer complications such as cachexia [3]. A tumor 
can trigger the release of cytokines such as IL-6 
[4], which is associated with an increase in 
lipolysis and proteolysis, which in turn affect 
the appetite and host neuroendocrine axis and 
induce anorexia and cachexia [4, 5]. Several 
neuropeptides such as neuropeptide Y (NPY) 
and adipokines such as leptin have been impli-
cated in the pathogenesis of cancer cachexia 
syndrome [5, 6]. Thus, an imbalance of cyto-
kine production, and neuropeptide and adipo-
kine dysfunction as well as changes in 
microbiota (particularly in GI in the conse-
quence of cancer and tumor suppressive agents) 
may be a major cause of the nutritional conse-
quences of cancer.

24.2  Role of Nutrition 
in Predisposition of Cancer 
from an Immunologic View

One of the known risk factors for cancer is obe-
sity, especially with the modern lifestyle and low 
physical activity [3]. Dietary patterns have a sig-
nificant effect on the cytokine profile; for 

instance, the high intake of saturated fats, espe-
cially in obese people, leads to infiltration of adi-
pose tissue by macrophages producing IL-1β, 
IL-6, and macrophage inhibitory factor (MIF) 
[4–6]. Moreover, a decrease in the secretion of 
anti-inflammatory adipokines such as adiponec-
tin may maintain pro-inflammatory signals and 
activate the production of C-reactive protein 
(CRP) by the liver [7, 8]. Based on previous stud-
ies, this chronic inflammatory process is related 
to an increased susceptibility to various types of 
cancer, including cancers of the gastrointestinal, 
respiratory, and genitourinary systems [9–11]. It 
has been evident that the inflammation is 
 promoted by saturated fatty acids and their bind-
ing to the Toll-like receptors (TLR 2 and 4) acti-
vating pro-inflammatory factors such as nuclear 
factor- kappa B (NF-κB) [12]. Moreover, down-
regulation of autophagy and decreased cytoplas-
mic recycling of damaged organelles accelerate 
activation of inflammasome and complement 
components [13, 14]. Chronic inflammation dys-
regulates immune function from immunosurveil-
lance to carcinogenic inflammasome by 
stimulating cellular turnover, increasing stem cell 
divisions, enhancing production of reactive oxy-
gen species and metabolic rate locally [15]. 
Unresolved inflammation due to overnutrition 
provides a local immunosuppressive microenvi-
ronment by production of transforming growth 
factor beta (TGF-β) and myeloid-derived sup-
pressor cells within the tumor lesion [16, 17]. 
Obesity also affects the microbiota leading to an 
intestinal dysbiosis and diminishes the bacterial 
and endotoxin barriers, which increases the risk 
of procarcinogenic metabolites presentation [18, 
19]. Decreased autophagy also enhances aging 
process affecting immune profile by decreasing 
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cytotoxic T-cells, thymic atrophy, and dendritic 
cells’ dysfunction [19–21].

Vice versa, intermittent fasting and adjusted 
low-carbohydrate/hypocaloric diet has beneficial 
effects on antagonizing the chronic inflammation 
process mediated by increased ketone-bodies, 
decreased risk factors of metabolic syndrome [1, 
22–25]. Surprisingly this method can be used for 
boosting chemotherapy since it can increase the 
remodeling of the immune-cell infiltrate by an 
increased infiltrating cytotoxic T-cells and local 
depletion of regulatory T-cells [26, 27]. Treatment 
with one or several fasting cycles diminishes 
tumor growth, prevents cellular transformation, 
and upregulates autophagy [28–30].

Influenced by this important effect of nutri-
tion on the immune system, characteristics of the 
human diet can directly stimulate gastrointestinal 
malignancies [31]. A diet low in fiber and vegeta-
bles may affect the regulation of carbohydrate 
absorption and short chain fatty acid formation, 
which affects the metabolism of carcinogens 
[32]. This process is linked to colon cancer and 
its progression [33]; apparently, a decrease in 
fiber intake may allow more time for exposure of 
colon cells and the immune system to the poten-
tial carcinogens, affecting intestinal transit [34]. 
However, recently the anti-inflammatory effects 
of fiber and multiple distinct phytochemicals 
(e.g., enterolactone, flaxseed, lignin, and spermi-
dine) on microbiome have been reported includ-
ing increased proportion of Lactobacilli and 
Bifidobacteria [35, 36]. Moreover, based on the 
evidence used to draw conclusions about a gluten 
free diet in patients with celiac disease leading to 
cancer protection, it seems reasonable to con-
sider gluten as a booster for cancer in celiac 
patients [37, 38]. Meat consumption is a risk fac-
tor for some cancers, especially colon, rectum, 
and prostate. Red meat consumption increases 
the risk of colon cancer by causing increased 
production of heterocyclic amines [39, 40]. On 
the other hand, a change in the normal diet and 
deficiency of vitamins or minerals may affect the 
adequacy of either innate immunity (phagocytic 
activity, chemotaxis of neutrophils, or release of 
cytokines from monocytes) or adaptive immu-
nity (immunoglobulin production of B-cells or 
cell-mediated immunity) [41–44]. Many of the 

consequences of malnutrition in the regulation of 
signal transduction and immunoregulatory gene 
expression were first recognized in the early 
1800s as nutrigenomics [44, 45]. The majority of 
these changes are reversible after administration 
of adequate nutrition supplements [46]. The fol-
lowing list of specific dietary factors has been 
studied in relation to the immune aspects of 
cancer.

24.2.1  Protein–Calorie Balance

The formation of lymphocytes, eosinophils, and 
vital immune system proteins such as thymic 
hormones, antibody (Ab) responses to T-cell 
dependent antigens (Ags), and Ab affinity are 
affected by protein–calorie imbalance [47]. It has 
long been recognized that caloric restriction with 
a well-balanced diet avoiding certain nutrient 
deficiencies can increase longevity and has can-
cer preventive effects in mammals [48].

24.2.2  Essential Fatty Acids

Essential fatty acids, mainly suggested by 
 consumption of nuts, in our body can regulate the 
production of prostaglandins, prostacyclins, 
thromboxanes, and leukotrienes, causing a signifi-
cant effect on the host immune system and regula-
tion of inflammation and C-reactive proteins [49].

24.2.3  Antioxidants (Selenium, 
Vitamin E, and Vitamin C)

These nutrients have strong antioxidative effects 
and may reduce the risk of cancer by neutralizing 
reactive oxygen species or free radicals that can 
damage DNA [50, 51].

24.2.3.1  Vitamin A
Vitamin A plays an important role in protection 
against measles, white blood cell (WBC) func-
tion, resistance to carcinogens, and skin and 
mucous membrane defenses. Vitamin A precur-
sor carotenoids, such as lycopene, have a poten-
tial effect on cancer prevention [52, 53].
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24.2.4  Vitamin D

25-hydroxyvitamin D has been of interest based 
on ecologic studies on populations with greater 
exposure to ultraviolet light who had a lower risk 
of breast cancer, colon cancer, and prostate can-
cer. This vitamin regulates humoral Ab response, 
enhances organ specific cytotoxic T-cells, and 
supports a Th2-mediated anti-inflammatory pro-
file of cytokines; therefore, its anticancer proper-
ties are strongly suggested [54–56].

24.2.5  Vitamin B6

Pyridoxine and its metabolite PLP (pyridoxal-5′ 
phosphate) induce immunosurveillance activa-
tion and Th1 cytokine-mediated immune 
responses. Epidemiologic studies and laboratory 
animal models have shown that vitamin B6 mod-
ulates the risk of cancer. It is not clear how vita-
min B6 mediates this effect, but it has been 
reported that high dietary vitamin B6 attenuates 
and low dietary vitamin B6 increases the risk of 
cancer [55, 57–59].

24.2.6  Folate

Folate is important for DNA methylation, repair, 
and synthesis, which is also crucial for lympho-
cyte development [60, 61]. Epidemiologic stud-
ies have shown that low folic acid intake is 
associated with a higher risk of various cancers, 
most notably colon, breast, and probably cervical 
cancer. The fact that methylenetetrahydrofolate 
reductase, an enzyme predicted to reduce the risk 
of colon cancer, is associated with folate status 
supports the role of folate deficiency in cancers 
[62, 63].

24.2.7  Calcium

Many studies show that calcium may reduce the 
risk of colorectal cancer via direct and indirect 
effects. Calcium has a direct effect on prolifera-

tion, stimulating differentiation, and apoptosis in 
the colonic mucosa [64, 65]. Its indirect effect is 
binding to toxic secondary bile acids and ionized 
fatty acids to form insoluble soaps in the lumen 
of the colon [66].

24.2.8  Nutrition Overdose in Cancer

In addition to deficiency, an overdose of some 
micronutrients can also have an immunosuppres-
sive effect, especially megadoses of vitamin E 
[67]. High doses of certain minerals such as chro-
mium, copper, iron, manganese, and zinc also 
may induce cancer and immune dysfunction [68].

In summary, attenuated innate and adaptive 
immunity as a result of an inadequate diet leads 
to a higher risk of cancer and lower homeostasis 
for cancerous antigens, which could be resulted 
from reducing nutrient intake, increasing losses, 
and interfering with utilization due to altering 
metabolic pathways. Thus, nutrition may have a 
significant role in immune prevention and 
immune surveillance of cancer.

24.3  Aging as a Confounder 
of the Triangle of Nutrition, 
Immunity, and Cancer

Aging may be a confounder of the triangle of nutri-
tion, immunity, and cancer (Fig.  24.1); however, 
neither the relationships nor the mechanisms of 
interaction are known. Unfortunately, only a few 
studies have considered that nutrition and immune 
function simultaneously decrease in elderly indi-
viduals [69]. It is known that increased age 
adversely affects the function of the immune sys-
tem as well as nutrient intake habits [70]. Therefore, 
both immunosuppression (mainly due to decreased 
effectiveness of T and natural killer cells) and nutri-
tional deficiencies (as defined by the 1989 recom-
mended dietary allowances) in the elderly may 
have independent correlations with an increased 
risk of infection and neoplasia development [42].

One of the probable mechanisms that may affect 
both immunity and nutrition in old people is turn-
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over fluctuations of cellular components in lyso-
somes or autophagy. Advanced age leads to a 
reduction in the autophagy of loading viral Ags and 
cross presentation of tumor Ags into MHC class I 
molecules, as well as pathogen killing [71–73]. 
Similarly, the capability of autophagy for energetic 
balance recycling of amino acids to maintain pro-
tein synthesis under starvation conditions and the 
capacity of intracellular lipid stores or glycogen 
mobilization are disturbed [74, 75]. However, only 
minimal information has been produced concern-
ing human cancer initiation as a direct result of a 
specific dietary etiology in the elderly.

24.4  Microbiota as a Confounder 
of the Triangle of Nutrition, 
Immunity, and Cancer

Studies examining the composition of alimentary 
elements on the intestinal microbiome and the 
role of dysbiosis in different diseases states have 
uncovered associations with inflammation and 
tumorigenesis [76, 77]. Moreover, the impact of 
immunosuppressive and anticancer agents on the 
microbiota profile has been recorded [78–81]. 
High protein diet can increase the microbial 

diversity and proportion of Bifidobacteria, 
Lactobacilli, and Eubacterium Rectale but can 
decrease Bacteroides species. Similarly most of 
natural sugar can enhance incidence of 
Bifidobacteria rather than Bacteroides. Moreover 
high fat diet inhibits propagation of the lactic 
acid bacteria but provide an environment in favor 
of Clostridiales and Bacteroides. Probiotics also 
can change the microbiota by overpresentation of 
Bifidobacteria, Lactobacilli, aerobes/anaerobes, 
and lower presentation coliforms, Helicobacter 
pylori, Escherichia coli [82, 83].

Immunosurveillance profile (low short chain 
fatty acids, low lipopolysaccharide levels, low 
IL-6, and high IL-10) is associated with specific 
microbiome molecular patterns which usually can 
be linked with Mediterranean diet with domi-
nancy of Bifidobacteria, Lactobacilli, Eubacteria, 
Bacteroides, and Prevotella. Studies that involve 
intake of a specific dietary component demon-
strate how certain bacteria tend to respond to the 
nutrient-specific challenge. Protein, fats, digest-
ible and non-digestible carbohydrates, and probi-
otics all induce shifts in the microbiome with 
secondary effects on host immunologic and meta-
bolic markers suggesting maintaining healthy gut 
microbiome is critical to human health [84, 85].
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Fig. 24.1 Schematic 
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network of 
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24.5  Role of Cancer 
in Predisposition 
to Malnutrition 
from an Immunologic View

Despite the role of nutrition in either preventing 
or causing cancer in humans, malnutrition is a 
common problem (global percentage of 56.5%), 
and weight loss is often predictive of shortened 
survival in these patients [86]. In advanced stages 
of cancer, up to 35% of related deaths may be 
linked to improper diet [87, 88]. Moreover, a pro-
portion of patients with malignancy develop 
cachexia, a progressive involuntary weight loss 
status that is attributed to clinic-pathologic fac-
tors of the tumor (origin, metastasis, and size), 
host immunity, and antitumor treatment 
(Fig.  24.2) [89]. During the development of 
cancer- associated cachexia, several Th2- 
dominant condition mediators such as IL-2 and 
TNF (prognostic markers) are implicated in 
appetite loss and metabolic disturbances, as well 
as leptin, IL-1, IL-6, IFN-γ, leukemia inhibitory 
factor, NPY, and proteoglycan 24  K [90, 91]. 
These immunologic and metabolic changes 
induce cancer cachexia syndrome, which is char-
acterized by patient tissue wasting, anorexia, 
appetite loss, prolonged fatigue and lethargy, 
insulin resistance, microcytic anemia, hyperlipid-
emia, and hypoalbuminemia [92, 93]. Metabolic 
features of this syndrome include increases in the 

heterogeneity of energy requirement, substrate 
cycling and turnover, Cori cycle activity, and 
hepatic protein synthesis, as well as decreases in 
peripheral muscle protein synthesis, serum pro-
tein lipase activity, and plasma concentration of 
branched chain amino acids. In general, the 
severity of malnutrition and cachexia in digestive 
neoplasias is in highest percentages (from 79% in 
esophageal cancer to 40% in rectum cancers) due 
to the involvement of all predisposing factors 
described in Fig. 24.2 during the development of 
cancer and in chemotherapy or tumor resection. It 
should be noted that antitumor agents with their 
side effect on cells with high turnover may exac-
erbate malnutrition [94]. This could be explained 
by the competition between cancerous regions 
and normal cells of the gastrointestinal system to 
use nutrients to repair the adverse effects of anti-
tumor drugs (hypermetabolic state) [95]. Briefly, 
impaired caloric intake, side effects of therapy, 
changes in taste and mood, pain and other adverse 
consequences of eating, obstruction, fistula, and 
malabsorption all promote malnutrition in cancer 
patients; therefore, well-nourished cancer 
patients with intact gastrointestinal integrity have 
lower morbidity and mortality than others [96]. It 
should be noted that cachexia after cancer differs 
from cachexia following starvation. Increased 
protein and glucose turnover, high whole body 
synthesis and catabolism, accelerated hepatic 
protein production (especially acute phase 
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agents), increased serum free fatty acid levels, 
and depletion of fat stores were reported only in 
cancer patients. However, metabolic abnormali-
ties and, paradoxically, impaired immune 
response are probable consequences of cancer 
cachexia, as explained in the previous section. 
Increased levels of immunosuppressive media-
tors (e.g., TGF-β), decreased C3 and delayed 
hypersensitivity response, and diminished num-
bers and activity of NK cells are the most com-
mon changes in the immune system of patients 
with cancer cachexia, leading to more infectious 
complications and poor prognosis [96]. 
Neutrophil chemotaxis, monocyte phagocytosis 
and cytotoxicity, number of T-cells, and prolifer-
ation of lymphocytes are also defective in patients 
with lung cancer. Phagocytic and bactericidal 
activities of neutrophils were low in hepatocellu-
lar carcinoma patients. In addition, surgical stress 
in cancer patients enhances Th2 and compro-
mises the Th1/Th2 balance and expression of 
HLA-DR on monocytes, which is considered to 
be a central marker of immune paralysis after sur-
gical trauma [97, 98]. Most of these immune 
parameters are also reduced during radiotherapy 
and chemotherapy because of their side effects on 
bone marrow. However, these factors are revers-
ible after nutrition improvement [99].

24.6  Role of Nutritional Support 
in Immune Restoration 
of Cancer Patients

Adjuvant therapy of cancer patients by different 
nutritional support strategies (dietary counseling, 
oral nutritional supplements, enteral tube feed-
ing, and parenteral tube feeding) is the main-
stream recommendation to increase their quality 
of life and to obviate the risks associated with 
gastrointestinal complications and reverse mal-
nutrition. However, there is no comprehensive 
approach based on the needs of cancer patients 
with cachexia or those with increased nutrient 
requirements. Several studies have shown the 
effectiveness of nutritional supply in groups of 
patients with malignancy that resulted in weight 
gain, increased appetite, increased energy and 

protein intake, reduced gastrointestinal toxicity, 
and enhanced immune function [100]. In the clin-
ical setting with standard treatment protocols, it 
turns out that the implementation of nutrition 
support in patients with cancer is most effective 
when it is limited to special, well-described cir-
cumstances. Nonetheless, the potential advan-
tages of some specific nutrients have been 
described and are outlined below [101].

24.6.1  Arginine

Arginine is a semi-essential amino acid with 
immunomodulatory potentials such as stimulated 
thymic growth and mononuclear cell response to 
mitogens, which enhances lymphokine-activated 
killer cell generation via a nitric oxide-mediated 
mechanism and stimulates the release of poly-
amines by the small intestine. In one randomized 
trial of malnourished patients with head and neck 
cancer, follow-up at 10 years indicated better sur-
vival in those who received supplemental argi-
nine preoperatively [102].

24.6.2  Glutamine

Glutamine is the most abundant amino acid in the 
human body and the preferential fuel of rapidly 
dividing cells such as lymphocytes and macro-
phages [103]. However, supplementing gluta-
mine in the diets of patients with cancer may be 
counterproductive because glutamine (which is 
essential for fast growing cells in culture) may 
promote accelerated tumor growth. A meta- 
analysis of studies that used parenteral glutamine 
postoperatively showed it was associated with a 
shorter hospital stay and a lower incidence of 
infectious complications [104].

24.6.3  Branched Chain Amino Acids

L-valine, L-leucine, and L-isoleucine can 
improve the immune response and maintain 
serum albumin level in the course of hepatocel-
lular carcinoma recurrence [105].
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24.6.4  Nucleotides, Long-Chain

Omega-3 polyunsaturated fatty acids and eicosa-
pentaenoic acid. These lipid agents have anti- 
inflammatory, anticachectic, immunomodulating, 
and antitumor effects [106–108].

24.6.5  Fructooligosaccharides

This group of functional fibers associated with 
increased lactic acid bacteria acts as an immuno-
modulator by stimulating IgA synthesis, promot-
ing mucin production, modulating inflammatory 
cytokines, and decreasing Ag absorption [90].

24.6.6  Bioactive Compounds

Agaricaceae fungus consisting of ergosterol, 
oleic acid, and triterpenes may inhibit neovascu-
larization induced by tumors and therefore atten-
uate cancer progression [109].

24.6.7  Antioxidants (Vitamin E 
and Vitamin C)

Since chemotherapy may induce mucositis and 
bleomycin in particular induces chromosomal dam-
age in lymphocytes, the administration of vitamins 
C and E may reduce the side effects of therapy [110].

24.6.8  Vitamin A

This fat-soluble vitamin can increase the numbers 
of NK cells or regulatory lymphocytes in cancer 
patients [89]. A recent study showed that all-trans 
retinoic acid can potentiate the chemotherapeutic 
effect of cisplatin by inducing differentiation of 
tumor initiating cells in liver cancer [111].

24.7  Concluding Remarks

In summary, due to the safety and cost- 
effectiveness of oral dietary therapies, nutrition 
counseling and the implementation of nutritional 

supplements should be the initial approaches to 
nutritional support [112]. Even though paren-
teral nutrition may also lead to weight gain and 
improvement in nitrogen balance in patients 
with cancer, it does not clearly improve serum 
 albumin levels or alter whole body protein turn-
over even with prolonged administration. 
Therefore, when nutrition support is chosen as a 
therapy, the use of enteral nutrition is preferred if 
the gastrointestinal tract is functional [113, 114]. 
The use of parenteral nutrition should be limited 
to malnourished cancer patients who are receiv-
ing active anticancer treatment, whose gastroin-
testinal tract is not functional or who cannot 
tolerate enteral nutrition, and who are antici-
pated to be unable to meet their nutrient require-
ments for 14 days or more [113]. Moreover, it is 
proposed that preoperative and postoperative 
immune- nutrition intervention by total paren-
teral nutrition using a lipid-based regimen is the 
method of choice in cancer patients who have 
undergone major surgery to reduce immune dys-
function without enhancing tumor growth 
(increased augmentation of lymphocyte blasto-
genesis and production of helper T-lymphocyte 
lymphokine IL-2, increased ICAM-1 level, and 
decreased IL-4 and IL-10 values) [114, 115]. 
This observed preference of parenteral nutrition 
is marginal, and enteral methods are always the 
preferable route for cancer patients with an intact 
digestive system. It is also reported that comple-
ment components and lymphocyte response may 
be better with enteral rather than parenteral 
nutrition [115, 116].
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25.1  Introduction

Immunodeficiency disorders are classified as 
either primary (genetic) or secondary (acquired). 
Primary immunodeficiencies (PIDs) are a hetero-
geneous group of disorders that predispose to fre-
quent and severe infections, autoimmune 
disorders, and in certain diseases, cancers. The 
genomic revolution has identified hundreds of 
new genetic etiologies of immune dysfunction, 
including defects in regulators of known immune 
pathways, scaffolding proteins of immune recep-
tors, transcription factors, and genes involved in 
DNA replication and repair [1]. The International 
Union of Immunological Societies Expert 
Committee in 2015 has reported more than 300 
genetically defined single-gene inborn error of 
immunity [2].

The actual incidence and prevalence of PIDs 
remain unclear given lack of specific, dedicated 
epidemiologic studies; however, recent epidemi-
ologic studies have suggested that PIDs are more 
common than generally thought. In a report by 
Bousfiha et al. [3] published in 2013, it was esti-

mated that six million people may be living with 
a PID worldwide, whereas only 27,000–60,000 
have been identified to date. The overall risk of 
developing cancers in children with PIDs is 
reportedly 4–25%, with lymphomas representing 
up to 60% of all cancer types [4–6]. As therapeu-
tic strategies improve, we should anticipate that 
the emergence of cancers will be unmasked by 
increasing longevity.

Increasing evidence suggests that defective 
immunosurveillance mechanisms, interacting 
with oncogenic viruses, chronic antigen stimula-
tion, defective DNA damage response, and 
genetic alterations of oncogenic and tumor sup-
pressor genes, are the major factors driving the 
development of cancer in patients with PIDs [7–
11]. While further elucidation of the precise 
molecular pathogenesis of cancers in the context 
of immunodeficiency syndromes offers an excit-
ing prospect for the development of targeted 
 cancer therapies, we report here the most recent 
clinical observations on the incidence and types 
of cancers, which should alert clinicians to the 
potential importance of more vigilant screening 
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in immunodeficient patients. It should be noted, 
however, that surveillance protocols should be 
applied judiciously, without indiscriminate and 
frequent use of certain radiological procedures, 
due to increased risk of radiosensitivity in some 
syndromes [12]. Furthermore, early intervention 
with hematopoietic cell transplantation, which is 
indicated in certain PIDs, may decrease not only 
the infection but also the cancer risk [13].

25.2  Predominantly Antibody 
Deficiencies

25.2.1  Common Variable 
Immunodeficiency

Common variable immunodeficiency (CVID) is 
the second most common PID (second to selec-
tive IgA deficiency), which affects both children 
and adults, with an estimated prevalence of 1 in 
25,000 individuals [14]. CVID is a clinically and 
genetically heterogeneous group of diseases 
characterized by hypogammaglobulinemia of 
two or more isotypes (IgG, IgA, or IgM), 
impaired functional antibody responses, and con-
sequently increased susceptibility to chronic 
recurrent bacterial infections [15]. Furthermore, 
affected individuals are predisposed to autoim-
mune and granulomatous diseases as well as 
hematological and certain solid malignancies in 
1.5–20.7% of subjects [15–17].

Non-Hodgkin lymphomas (NHLs) represent 
the most common malignancies with up to a 259- 
fold increase in risk compared to the general 
population [18–20]. NHLs in CVID are mostly 
extranodal, well differentiated, and of B-cell ori-
gin [18]. In older studies, there was an increased 
risk of gastric cancer (up to 47-fold) [19–21], 
probably related to the increased frequency of 
pernicious anemia or Helicobacter pylori infec-
tion [22]. However, a 2010 study of 476 patients 
revealed that gastric cancer was diagnosed in 
only 0.6% of patients, suggesting a potential 
downward trend. In this study, 6.7% of patients 
developed NHL and 0.8% developed Hodgkin 
lymphoma (HL). Other solid malignancies, 
including breast, colon, oral, and other cancers, 

collectively accounted for cancer in up to 4% of 
patients [16].

There are multiple genetic components involved 
in CVID pathogenesis [23, 24]. Monogenic causes 
of CVID have been found in approximately 2–10% 
of cases. Genes that have been implicated in mono-
genic CVID include CD19 (OMIM∗107265), 
CD20 (MS4A1, OMIM∗112210), CD21 (CR2, 
OMIM∗120650), CD81 (OMIM∗186845), isotype 
switching and somatic hypermutation (ICOS; 
OMIM∗604558), tumor necrosis factor (TNF) 
receptor superfamily, member 13B (TNFRSF13B 
or TACI; OMIM∗604907), member 13C 
(TNFRSF13C or BAFF-R; OMIM∗606269), and 
member 7 (TNFRSF7, OMIM∗186711), TNF 
ligand superfamily, member 12 (TNFSF12 or 
TWEAK, OMIM∗602695), IL21 (OMIM∗605384), 
IL21 receptor (IL21R, OMIM∗605383), cyto-
toxic  T lymphocyte-associated 4 (CTLA-4, 
OMIM∗123890), protein kinase C, delta (PRKCD, 
OMIM 176977), phospholipase C, gamma-2 
(PLCG2, OMIM∗600220), nuclear factor-kappa 
B, subunit 1 (NF-κB1, OMIM∗164011) and sub-
unit 2 (NF-κB2, OMIM∗164012), NLR family 
pyrin domain containing 12 (NLRP12, 
OMIM∗609648), lipopolysaccharide- responsive 
beige-like anchor protein (LRBA, OMIM∗606453) 
among so many others [24]. There is accumulating 
evidence that at least a subgroup of patients with 
CVID has a complex rather than a monogenic 
inheritance. Further genetic complexity may come 
from transcriptional and epigenetic disturbances.

The immunologic defects in CVID are multi-
faceted. Despite normal numbers of B-cells in 
the majority of affected individuals, their inabil-
ity to undergo terminal differentiation into 
immunoglobulin- secreting plasma cells forms 
the core common defect [25]. T-cell abnormali-
ties are also frequently encountered in patients 
with CVID, including impaired T-cell prolifera-
tive responses, partly due to defects in T-cell 
receptor signaling [26, 27]; decreased numbers 
of CD4

+ T-cells in conjunction with normal to 
increased numbers of CD8

+ T-cells, giving rise to 
reversed CD4:CD8 ratio [28, 29]; imbalanced 
T-helper cell responses, representing a shift 
toward a Th1 phenotype [30, 31]; increased sup-
pressor T-cell activity [30]; and diminished 
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expression of the costimulatory molecule CD40 
ligand [32]. Several studies have also reported 
disturbed frequencies and functional characteris-
tics of Treg, which contributes to the aberrant 
immune responses observed in CVID [33]. 
Moreover, the absolute and relative NK, invari-
ant NKT, and plasmacytoid dendritic cell num-
bers are reported to be decreased in patients with 
CVID [34, 35].

The complex derangement in numerical and 
functional characteristics of B, T, NK, and den-
dritic cells results in impaired humoral and cel-
lular immune responses. As a result, patients 
often develop chronic inflammatory and autoim-
mune diseases, as well as recurrent bacterial 
infections. These factors, along with persistent 
antigenic stimulation, mainly from chronic 
Helicobacter pylori [36], human herpesvirus 8 
[37], cytomegalovirus [38], human papillomavi-
rus (HPV) [39], and Epstein–Barr virus (EBV) 
[40] infections, may ultimately drive tumorigen-
esis; however, their relative contribution and the 
precise underlying mechanisms remain to be elu-
cidated [15]. Furthermore, given the possible role 
of an autocrine B-cell activating factor (BAFF) 
signaling circuit in promoting tumor cell survival 
and proliferation [41, 42], it is possible that aber-
rant BAFF-R signal transduction resulting from 
CVID-related mutations might enhance malig-
nant transformation [15]. Finally, defective DNA 
repair, as evident by enhanced radiosensitivity, 
has been reported in patients with CVID [43], 
with those having the highest rate of chromo-
somal aberration developing lymphoma [42, 43].

25.2.2  X-Linked 
Agammaglobulinemia

X-linked agammaglobulinemia (XLA) is the pro-
totypic humoral immunodeficiency arising from 
a defect in B-cell maturation, affecting the transi-
tion of B-cell progenitors into mature B lympho-
cytes and leading to the consequent failure of 
immunoglobulin production. It is estimated to 
afflict three to six out of every million males of 
all racial and ethnic groups. As the maternally 
derived antibodies are degraded, most patients 

with XLA begin to experience recurrent infec-
tions by the end of the first year of life [21, 44]. 
Approximately 10–15% of individuals with XLA 
have higher concentrations of serum immuno-
globulin than expected or are not recognized to 
have immunodeficiency until after the age of 
5 years. XLA is mainly characterized by recur-
rent bacterial infections, in particular with extra-
cellular encapsulated bacteria, most commonly 
localized in the respiratory tract. Diarrhea and 
skin infections are also frequently seen [21, 44, 
45]. Despite general resistance to viral infections, 
affected individuals are susceptible to severe and 
chronic enteroviral infections [46].

The gene defective in XLA, Bruton’s tyrosine 
kinase (BTK; OMIM∗300300), encodes a cyto-
plasmic tyrosine kinase of the Btk/Tec family 
[47]. The crucial role of BTK in B-cell growth 
and differentiation has been documented by a 
developmental block at the pro-B-cell to pre-B- 
cell transition with a reduction in mature B-cells 
[45], whereas T lymphocyte subsets are normal 
and may show a relative increase. In B-cells, 
B-cell antigen receptor (BCR) cross-linking acti-
vates BTK downstream of the Src family kinases 
[48, 49], where it is a critical component in BCR- 
coupled calcium signaling cascade [50, 51]. BTK 
also acts as a mediator of oxidative stress-induced 
apoptosis of irradiated neoplastic B-cells and 
B-cell precursors [57], probably via the negative 
regulation of the antiapoptotic signal transducer 
and activator of transcription 3 (STAT3) function 
[52]. In addition, BTK interacts with and func-
tions downstream of Toll-like receptor (TLR)-8 
and TLR9, linking BTK to the innate immune 
system [52–54].

Although the overall chance of developing 
malignancies in XLA is low, there are reports of 
a 30-fold increased risk of colorectal cancer in 
patients with XLA [55]. Aberrant immunological 
function and/or persistent asymptomatic inflam-
mation in the colon is generally thought to 
 contribute to the increased risk of colorectal can-
cer. However, it has been shown that BTK loss of 
function is associated with excessive Wnt-β- 
catenin signaling [56], which is known as a major 
contributor to the development of colorectal car-
cinoma [57]. In addition to colorectal cancer, 
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cases of pituitary adenomas [21], gastric adeno-
carcinoma [58], squamous lung cancer [59], and 
extranodal cytotoxic T-cell lymphoma [60] have 
been reported.

25.2.3  Selective IgA Deficiency

Selective IgA deficiency (IgAD) is the most com-
mon PID with a prevalence that varies from 1 in 
143 to 1 in 18,550 in different ethnic groups [61, 
62]. It is defined as occurring when serum IgA 
levels are equal to or below 0.07 g/L with normal 
IgM and IgG levels in individuals 4 years of age 
or older in whom other causes of hypogamma-
globulinemia have been excluded [63]. As many 
as 85–90% of patients with IgAD are asymptom-
atic, which could be explained by a compensa-
tory increase in IgM production and subsequent 
increase in secretary IgM in the mucosal lumen 
[64]. However, IgAD can present with a broad 
spectrum of clinical manifestations, including 
recurrent sinopulmonary and gastrointestinal 
infections, allergic disorders, GI diseases (espe-
cially celiac disease), progressive neurodegener-
ative disorders, autoimmunity, and malignancy, 
with gastric carcinomas and lymphomas being 
frequently associated with the disease [64–68].

In IgAD, the common finding is a defect in the 
maturation of B-cells producing IgA [67]. The 
genetic basis of IgAD is complex and has 
remained unclear. Autosomal recessive, autoso-
mal dominant, and sporadic transmission patterns 
have all been observed. In view of the lack of an 
identified primary genetic defect and the variation 
in the inheritance patterns, it is likely that IgAD 
represents a heterogeneous group of genetic 
abnormalities such as CVID.  In support of this 
notion is the observation that mutations in trans-
membrane activator and calcium modulator and 
cyclophilin ligand interactor (TACI) gene 
(TNFRSF13B; OMIM∗604907), which appear to 
act as a disease-modifying mutation, have been 
found in IgA deficiency and CVID [69]. Moreover, 
a novel shared risk locus associated with lower 
inducible costimulator (ICOS) and higher cyto-
toxic T lymphocyte-associated protein- 4 
(CTLA-4) expression has been recently defined 

in both diseases [70]. Both major histocompatibil-
ity complex (MHC) and non-MHC associations 
have been identified. Among the former, the 
ancestral HLA-A1, B8, DR3, and DQ2 (8.1) have 
been associated with susceptibility to IgAD [71]. 
Non-MHC genetic associations include IFIH1 
(OMIM∗606951), CLEL16A (OMIM∗611303), 
PVT1 (OMIM∗165140), and ATG13-AMBRA1 
(OMIM∗615088- OMIM∗611359) [72].

The association of malignancy, especially of 
the lymphoreticular and gastrointestinal systems, 
with IgAD has been documented mainly in adults 
[73, 74] with an estimated twofold increased risk 
compared to general population [75]. However, 
in a combined Danish and Swedish study of 386 
patients with IgAD, the incidence of cancer was 
not increased. Yet, the investigators in the same 
study found that relatives of the same patients 
had slightly elevated cancer rates. In contrast to 
adults, children with IgAD appear not to be at 
risk of malignancy [76, 77], which has only been 
reported in case reports [78–80].

25.3  Immunodeficiencies 
Affecting Cellular 
and Humoral Immunity

25.3.1  Coronin-1A Deficiency

Coronin-1A deficiency is a rare PID manifested 
by either T−B+NK+ severe combined immunode-
ficiency or variable degrees of T-cell lymphope-
nia associated with severe viral infections, 
EBV-associated lymphoproliferative disease 
(LPD), and shortened telomeres. Thus far, nine 
patients with coronin-1A deficiency have been 
reported in the literature, of who five developed 
B-cell lymphomas before reaching the age of 
2 years [81–86].

Coronin-1A, expressed predominantly in 
hematopoietic cells, is a member of the Coronin 
family of actin-associated proteins. Coronin-1A 
can link the plasma membrane to the actin cyto-
skeleton and is essential for signal transduction, 
migration, phagocytosis, and vesicle trafficking 
[82, 87–91]. Coronin-1A deficiency is caused by 
mutations in CORO1A gene (OMIM∗605000). 
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There seems to be a genotype–phenotype corre-
lation in the patients reported so far. Complete 
absence of Coronin-1A is associated with severe 
combined immunodeficiency, whereas hypo-
morphic mutations causing diminished but still 
detectable protein expression lead to a milder 
immunological phenotype [81–85]. Recently, a 
truncating mutation in CORO1A was identified 
in two young adult siblings with a history of dis-
seminated varicella, cutaneous warts, and CD4+ 
T-cell lymphopenia, which permits normal pro-
tein expression and survival into young adult-
hood. This mutant was shown to prevent 
oligomerization and was associated with 
increased filamentous actin accumulation in 
T-cells, severely defective thymic output, and 
impaired T-cell survival but normal calcium flux 
and cytotoxicity [86].

25.3.2  MST1 (STK4) Deficiency

MST1 deficiency, also known as STK4 defi-
ciency, is a novel autosomal recessive PID, which 
has been only reported in 12 patients from five 
different families [92–95]. MST1 deficiency is 
characterized by profound CD4 lymphopenia, 
accompanied by multiple bacterial and viral 
infections, mucocutaneous candidiasis, and auto-
immune complications. EBV-associated LPD 
developed in 4 out of 12 patients during the 
course of their illness [92–95].

MST1 deficiency is caused by homozygous 
mutations resulting in premature stop codon in 
macrophage stimulating 1 (MST1) gene, also 
known as serine/threonine kinases 4 (STK4) 
(OMIM∗604965) [92–95]. MST1 deficiency 
results in a naïve T-cell survival defect (due to 
defective IL-7R/Bcl2 pathway and increased Fas 
expression) [92, 93], as well as impaired lympho-
cyte trafficking (both non-functional expression 
of the homing receptors CCR7 and CD62L and 
impaired LFA-1 activation and cell polarization 
have been proposed) [93, 95]. Notably, MST1 
deficiency has overlapping features with other 
PIDs involving defects in actin cytoskeletal reor-
ganization, including DOCK8 deficiency and 
WAS. Recent studies have also suggested a role 

for MST1  in regulation of autophagy, though 
with conflicting evidence regarding its precise 
role [96–98].

25.3.3  Purine Nucleoside 
Phosphorylase Deficiency

Purine nucleoside phosphorylase (PNP) defi-
ciency is a rare, autosomal recessive, combined 
immunodeficiency disorder, with an estimated 
frequency of 4% among patients with SCID [99]. 
The disease usually manifests during the first 
year of life; however, the onset of symptoms may 
vary, with some patients having no apparent clin-
ical immunodeficiency until later in childhood 
[100–102]. Common clinical manifestations in 
patients with PNP deficiency include recurrent 
bacterial, viral, and opportunistic infections; pro-
longed diarrhea; failure to thrive; neurologic 
abnormalities, including nonprogressive cerebral 
palsy, ataxic diplegia, or disequilibrium; and 
autoimmune disorders, including autoimmune 
hemolytic anemia, idiopathic thrombocytopenia, 
autoimmune neutropenia, lupus, and central ner-
vous system vasculitis [99, 100, 103–106]. Due 
to profound T-cell abnormalities, patients are 
extremely susceptible to viral infections and may 
develop disseminated or even fatal disease [99, 
101]. A high frequency of malignancy is also 
noted, including pharyngeal tumors, lymphoma, 
and lymphosarcoma [99, 107, 108]. In a report of 
33 patients with PNP deficiency, 4 had developed 
lymphoma or lymphosarcoma and 1 had a pha-
ryngeal tumor [99].

Several disease-causing mutations have been 
identified in the PNP gene (OMIM∗164010), 
producing proteins with differing degrees of 
enzymatic activity that inversely correlate with 
clinical severity (i.e., more functional proteins 
are associated with milder forms of disease, 
while less functional proteins lead to severe phe-
notypes) [102, 109, 110]. PNP is an enzyme in 
the purine salvage pathway that reversibly con-
verts inosine to hypoxanthine and guanosine to 
guanine. Of all accumulated PNP substrates, only 
deoxyguanosine can be phosphorylated further in 
the mammalian cells. Thus, in PNP deficiency, 
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there is accumulation of abnormally high levels 
of lymphotoxic dGTP [111, 112]. This, in turn, 
inhibits ribonucleotidase reductase activity, 
depletes dCTP, and inhibits DNA synthesis and 
repair [111, 112]. Moreover, mitochondrial dGTP 
is also likely to inhibit mitochondrial DNA repair 
and initiate the apoptotic protease cascade trig-
gered by cytochrome C release [113–115].

The most characteristic immune abnormality 
in PNP deficiency is a profound defect in T-cell 
number and function; however, abnormal B-cell 
functions, including defective antibody produc-
tion, are common and in part due to abnormal 
T-cell help [99, 116]. However, an intrinsic defect 
in B-cell function has not been excluded. The 
T-cell specificity of PNP lies in the high deoxy-
guanosine phosphorylating activity in the T lym-
phocytes, as compared with B lymphocytes or 
other tissues [117, 118], and the inherent suscep-
tibility of immature thymocytes to apoptosis dur-
ing T-cell selection [119, 120].

25.3.4  Wiskott–Aldrich Syndrome

Wiskott–Aldrich syndrome (WAS) is a rare 
X-linked immunodeficiency with highly variable 
manifestations characterized by thrombocytope-
nia with small platelets, eczema, and humoral 
and cellular immunodeficiency with increased 
susceptibility to pyogenic and opportunistic 
infections. Patients with WAS may also present 
with an increased incidence of autoimmunity and 
malignancies [121–126].

The disease is caused by mutations in the 
WAS gene (OMIM∗300392), which is expressed 
exclusively in hematopoietic cells. More than 
300 unique mutations spanning the WAS gene 
have been described. The effect of a given 
mutation on WASp expression correlates with 
the disease severity: mutations that cause 
decreased WASp levels result in the mild vari-
ant X-linked thrombocytopenia (XLT), charac-
terized mainly by thrombocytopenia [127, 128], 
whereas mutations that abolish WASp expres-
sion or result in the expression of a truncated 
protein are associated with classic WAS.  In 
addition, a third disorder termed X-linked neu-

tropenia (XLN), characterized by neutropenia 
and variable myelodysplasia, has been attrib-
uted to activating mutations in the GTPase-
binding domain of WASp [129–131].

The WASp is a multifaceted protein which 
exists in complex with several partners involved 
in relaying signals from cell surface receptors to 
the actin cytoskeleton; lack of WASp results in 
cytoskeletal defects that compromise multiple 
aspects of normal cellular activity including pro-
liferation, phagocytosis, immune synapse forma-
tion, adhesion, and directed migration [124]. It is 
therefore not surprising that lack of WASp results 
in a wide range of defects in cellular function 
involving all hematopoietic cell lineages [124].

Malignancies are relatively common in older 
patients (adolescent and young adults), especially 
in those with autoimmune manifestations, and 
are frequently associated with a poor prognosis 
[122, 125, 132]. The most frequent malignancy 
reported is B-cell lymphoma, which often occurs 
in EBV-positive patients [122, 126]. In a report of 
154 patients with WAS, 21 (13%) developed 
malignancies, mostly of lymphoreticular origin, 
with the average age at onset of 9.5 years [122]. 
Nonlymphoid malignancies, including glioma, 
acoustic neuroma, testicular carcinoma, and 
Kaposi sarcoma, have infrequently been reported 
[122, 133]. The development of hematological 
malignancies in WAS patients is at least partly 
due to NK cell and cytotoxic T lymphocyte dys-
function [134–136], absence of invariant NKT 
cells [137, 138], and chronic stimulation of auto-
reactive cells and ineffective clearance of virally 
infected cells [139, 140]. It has been reported that 
despite normal expression levels of lytic mole-
cules, the cytotoxic CD8+ T-cells from WAS 
patients failed to effectively kill B-cell lymphoma 
target cells due to inefficient polarization of cyto-
toxic granules toward the target tumor cells 
[134]. Recently, activating mutations in WASp 
(which give rise to XLN) have been found to lead 
to genetic instability through dysregulation of 
actin polymerization. Enhanced and delocalized 
actin polymerization throughout the cell was 
shown to inhibit myelopoiesis through defective 
mitosis and cytokinesis, with micronuclei forma-
tion indicative of genomic instability [141]. 
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Despite lack of direct evidence, genomic instabil-
ity might contribute to the development of malig-
nancies in WAS patients [124].

Early HSCT is the treatment of choice for 
patients with classic WAS, preferably from a 
matched related donor [142]. Furthermore, 
immune reconstitution in WAS patients follow-
ing HSCT leads to a decrease in cancer risk 
[142]. Gene therapy is an alternative to HSCT 
in the treatment of WAS [143]; however, the 
long- term outcome needs to be further moni-
tored. This could be explained by the fact that 
the viruses used for therapy integrate in the host 
genome, with preferential insertion at transcrip-
tion start sites, promoter and enhancer regions 
of active genes, and at conserved noncoding 
DNA, resulting in a high rate of transforma-
tions and the development of secondary malig-
nancies [144, 145]. Acute T-cell leukemia due 
to vector insertion in the vicinity of the T-cell 
oncogene LMO2 has been reported in one 
patient [146, 147].

25.3.5  Dedicator of Cytokinesis 8 
Deficiency

Dedicator of cytokinesis 8 (DOCK8) deficiency, 
initially described as a form of autosomal reces-
sive hyper-IgE syndrome [148], is now regarded 
as a combined immunodeficiency disorder pre-
senting early in life with: (1) recurrent sinopul-
monary infections; (2) cutaneous viral, bacterial, 
and fungal infections; (3) severe atopy, asthma, 
and allergies; (4) immune-mediated pathologies 
including autoimmune hemolytic anemia and 
vasculitis; (5) neurological complications; (6) 
malignancies; and (7) extremely high serum IgE 
levels and eosinophilia [148–152]. Cutaneous 
viral infections are the most distinctive clinical 
feature and often identified as recalcitrant, exten-
sive lesions caused by herpes simplex virus, 
HPV, Molluscum contagiosum virus, and vari-
cella zoster virus [149–152]. Moreover, EBV 
and/or cytomegalovirus infections are docu-
mented in up to 40% of patients [151, 152]. 
Increased frequencies of malignancies, including 
squamous cell carcinoma (SCC), cutaneous 

T-cell lymphoma/leukemia, Burkitt’s lymphoma, 
anaplastic B-cell lymphoma, acute myeloid leu-
kemia (AML), as well as adrenal leiomyoma and 
microcytic adnexal carcinoma, have been 
reported in up to 17% of DOCK8-deficient 
patients [149, 150, 152–154].

The disease is due to biallelic mutations in the 
DOCK8 gene (OMIM∗611432), which encodes 
DOCK8, a member of the DOCK180-related fam-
ily of atypical guanine- nucleotide-exchange fac-
tors (GEFs) highly expressed in lymphocytes 
[155]. DOCK8 was initially shown to bind to the 
Rho GTPases Cdc42, Rac1, RHOJ, and RHOQ in 
a yeast two-hybrid system but not in GST pulldown 
assay [156]. Following the generation of Dock8-
knockout mice, Dock8 was found to have Cdc42-
specific GEF activity [157]. Ham et  al. [158] 
reported that DOCK8 exists in a macromolecular 
complex with the Wiskott–Aldrich syndrome 
 protein (WASp), an actin nucleation-promoting 
factor activated by Cdc42, as well as with talin, a 
protein required for integrin- mediated adhesion. 
Subsequently, Janssen et  al. [159] demonstrated 
that the WASp- interacting protein (WIP) bridges 
DOCK8 to WASp and actin in T-cells, and that the 
Cdc42- specific GEF activity of DOCK8 is essen-
tial for the integrity of the subcortical actin cyto-
skeleton as well as for TCR-driven WASp 
activation, F-actin assembly, immune synapse for-
mation, mechanotransduction, T-cell transendothe-
lial migration, and homing to lymph nodes, all of 
which also depend on WASp. These findings indi-
cate the role of DOCK8 in TCR-driven actin 
dynamics and formation of the immunologic syn-
apse, which are required for full T-cell activation, 
proliferation, and acquisition of effector functions. 
Additional roles of DOCK8 have also emerged, 
including linking the TLR9-MyD88 cascade to the 
transcription factor STAT3 that is essential for 
B-cell proliferation and  differentiation [160, 161], 
regulating Src-dependent NK cell cytotoxicity and 
cytokine production in response to target cell 
engagement or receptor ligation [162], and control-
ling IL-2 signaling, crucial for maintenance and 
competitive fitness of regulatory T-cells, via a 
STAT5-dependent manner [163].

DOCK8 deficiency impacts both innate and 
adaptive immune responses. Immunological 
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 features of DOCK8 deficiency, besides high 
serum IgE levels and eosinophilia, include lym-
phopenia (progressive with age) affecting CD4+ 
and CD8+ T-cells (especially the CD4+ T-cells) 
and, to a lesser extent, NK and B-cells [149–152], 
plus a virtual lack of circulating CD19+CD27+ 
memory B-cells [160]. Studies in DOCK8-
deficient patients have demonstrated decreased 
T-cell activation and proliferation in response to 
mitogens [149–152], but not to specific antigens 
[151]; however, these functional studies are 
inconclusive due to the difficulty in isolating 
naive T-cells from the peripheral blood. In murine 
models of Dock8 deficiency, despite the twofold 
reduction in peripheral naïve T-cells, the Dock8-
deficient mice generated a normal primary CD8+ 
immune response to viral infection and the defect 
was mainly localized to decreased survival of 
CD8+ memory T-cells [164], which can explain 
why DOCK8 deficient patients are susceptible to 
recurrent infections. DOCK8-deficient humans 
and/or mice also exhibit abnormalities in cyto-
kine secretion associated with a T-helper 2-biased 
immune response [149, 151, 164], low serum 
IgM levels and impaired antibody responses 
[160, 165], decreased CD4+ T-helper type 17 
cells, and impaired NK cell cytotoxicity [149, 
150, 158, 166].

Increased susceptibility to malignancy in 
DOCK8-deficient patients can be explained by 
failure of CD8+ T- and NK cell-mediated tumor 
immunosurveillance, as well as chronic antigenic 
stimulation. Moreover, there is evidence that 
DOCK8 itself might have direct tumor suppres-
sor activity [167–170], and that loss of DOCK8 
expression might contribute to carcinogenesis 
[171]. Reduced DOCK8 expression has been 
demonstrated in the vast majority of primary lung 
cancers, irrespective of the histological type, 
compared with normal lung tissue. Epigenetic 
mechanisms, including DNA methylation and 
histone deacetylation, were indicated to be 
involved in DOCK8 downregulation in lung can-
cer cells [167], as with other candidate tumor 
suppressor genes, such as p16, RASSF1A, and 
MYO18B [172–175]. Moreover, homozygous 
deletions of the DOCK8 gene have been shown in 
breast and gastric cancer cell lines. These results 

suggest that genetic and epigenetic inactivation 
of DOCK8 is involved in the development and/or 
progression of lung cancers and other cancers by 
disturbing the regulatory functions of DOCK8 in 
cell migration, morphology, adhesion, and 
growth of cells [167].

25.3.6  RHOH Deficiency

Ras homolog family member H (RHOH) defi-
ciency is a novel form of PID recently identified 
by genome-wide linkage analysis in two young 
adult siblings born to consanguineous French 
parents [176]. Since childhood, both patients dis-
played a phenotype resembling epidermodyspla-
sia verruciformis (EV), characterized by 
persistent cutaneous infections with EV-specific 
HPV (EV-HPV) genotypes. The older sibling had 
also developed Burkitt’s lymphoma in childhood, 
granulomatous lung disease, and psoriatic-like 
lesions, whereas the younger sibling had mollus-
cum contagiosum, psoriatic lesions, and gingivo-
stomatitis, indicating that the phenotypic 
spectrum of the disease is not restricted to sus-
ceptibility to HPV [176].

RHOH deficiency results from homozygous 
loss-of-expression mutations (Y38X) in the 
RHOH gene (OMIM∗602037) located on chro-
mosome 4p13, which encodes an atypical Rho 
GTPase (RHOH) expressed predominantly in 
hematopoietic cells. RHOH is GTPase deficient 
and remains constitutively in the active, GTP- 
bound state, suggesting that its activity is likely 
regulated by the level of the protein expressed in 
the cells rather than guanine nucleotide cycling 
[177]. It has been shown to counteract Rac 
GTPase activities in lymphoid cell lines and 
cytokine-stimulated hematopoietic progenitor 
cells, resulting in reduced proliferation, increased 
apoptosis, and defective actin polymerization 
[177–180].

Immunologic evaluation of RHOH-deficient 
patients revealed no major abnormality in the fre-
quencies of B-cell subsets, NK cells, NKT cells, 
monocytes, or polymorphonuclear cells, as well as 
in antibody production. Despite maintaining nor-
mal T-cell counts, both patients displayed a 
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restricted T-cell repertoire, lack of circulating 
naive T-cells consistent with the defect in thymic 
T-cell development observed in Rhoh−/− mice 
[179], expansion of effector memory T-cells (more 
likely to be consequences of chronic infection), 
altered expression of T-cell tissue-homing markers 
with strikingly lower than normal proportion of 
skin-homing β7+ T-cells, and impaired T-cell pro-
liferative responses to anti-CD3 but variable 
responses to mitogens and recall antigens [176]. It 
is evident that on TCR stimulation, murine RhoH 
undergoes tyrosine phosphorylation and mediates 
recruitment of Zap70 and Lck to the TCR/linker of 
activation in T-cell (LAT) signalosome [181]. This 
finding has been confirmed in RHOH-deficient 
T-cells of patients, showing little or no ZAP70 
phosphorylation in the presence or absence of 
CD3 stimulation [176]. The combination of T-cell 
defects common to both mice and humans, includ-
ing impaired T-cell responses, a lack of naive cells, 
and smaller than normal proportion of β7+ T-cells, 
might explain the pathogenesis of susceptibility to 
cutaneous EV-HPVs.

The RhoH/TTF (translocation three four) gene 
was first identified by fusion to the BCL6/LAZ3 
oncogene resulting from t(3;4)(q27;p11) translo-
cation in an NHL cell line [182–184]. Another 
chromosomal alteration involving the RhoH/TTF 
gene in a patient with multiple myeloma and 
t(4;14)(p13;q32) translocation has also been iden-
tified [184]. Moreover, aberrant somatic hypermu-
tations in RHOH gene have been previously 
reported in various B-cell malignancies, including 
diffuse large B-cell lymphomas [185], AIDS-
related NHL [186], primary central nervous sys-
tem lymphomas [187], and, rarely, Burkitt’s 
lymphoma [185]. However, it remains unclear 
whether these mutations translate into abnormal 
levels of RhoH expression in lymphomas and what 
pathophysiological contribution hypermutation in 
the RhoH gene plays in lymphomagenesis.

25.3.7  MCM4 Deficiency

MCM4 deficiency is an autosomal recessive dis-
order manifested with short stature, adrenal fail-
ure, selective NK cell deficiency (low number 

and function), and predisposition to viral infec-
tions [188–191]. To date, only one patient with 
MCM4 deficiency has been reported to develop 
EBV-associated LPD [188].

MCM4 deficiency is caused by homozygous 
mutations in minichromosome maintenance 
complex component 4 (MCM4) gene 
(OMIM∗602638). MCM4 is part of the replica-
tive helicase MCM2-7 complex, which is essen-
tial for normal DNA replication and genome 
stability in all eukaryotes. MCM4 is crucial for 
preserving the DNA integrity during the prolif-
eration of NK cells. The immunologic defect in 
MCM4 deficient patients is lack of transition of 
CD56bright NK cells to CD56dim NK cells, which 
account for about 90 % of circulating NK cells. 
Other immune cell lines are normal in number 
and function.

It is also possible that MCM4 deficient 
patients may have an increased risk of neoplastic 
change due to defective DNA damage response 
pathways. It has been demonstrated that Chaos3 
mouse model, which by virtue of an amino acid 
alteration in MCM4 that destabilizes the 
MCM2–7 DNA replicative helicase, is at 
increased risk of genomic instability and cancer 
development [192].

25.3.8  Signal Transducer 
and Activator of Transcription 
3 Deficiency

Hyper-IgE syndrome (HIES) is a complex PID 
characterized by recurrent staphylococcal infec-
tions beginning early in infancy, predominantly 
involving the skin and lungs, chronic eczema, 
and markedly high serum IgE concentrations 
[193–195]. Skin infections due to S. aureus lack 
the usual local or systemic features of inflamma-
tion, forming so-called cold abscesses [196]. 
Recurrent sinopulmonary infections, resulting in 
bronchiectasis and pneumatocele formation fre-
quently superimposed with bacterial and fungal 
infections, are the major causes of morbidity and 
mortality in patients with HIES [197]. Despite 
having extremely high serum IgE levels and 
eosinophilia, patients with HIES are usually free 
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from other allergic manifestations, recognized as 
a marked difference from DOCK8 deficiency 
[193, 195]. In patients with HIES, serum IgG, 
IgM, and IgA levels are usually normal; however, 
most have impaired antigen-specific antibody 
response to immunization [198]. Diminished cir-
culating memory B-cells and defects in the dif-
ferentiation of Th17 cells have also been 
demonstrated [198–200]. The multisystem nature 
of the disease extends beyond the immune sys-
tem and accounts for the characteristics craniofa-
cial, musculoskeletal, dental, and vascular 
abnormalities [201–204].

Dominant negative mutations in STAT3 
(OMIM∗102582) have been identified as the 
major molecular etiology of autosomal dominant 
and sporadic cases of HIES [205, 206]. STAT3, 
one of the seven STAT proteins in the human, is a 
transcription factor and plays a critical role in 
responses to many cytokines and growth factors 
through the shared signal-transducing molecule 
gp130 [194, 195]. It is crucial for cell prolifera-
tion, survival, migration, apoptosis, and inflam-
mation in various tissues [207], probably 
explaining the diverse clinical findings in patients 
with HIES.

STAT3 deficiency is associated with an 
increased risk of LPD, most notably HL and 
NHL (relative risk: 259), with the majority of 
B-cell origin and aggressive histology [208–210]. 
Other cancers described in patients with HIES 
include leukemia and cancers of the vulva, liver, 
and lung [211]. The underlying mechanisms, 
however, remain unclear. The higher risk of 
tumor formation has been attributed to defective 
immunosurveillance and chronic B-cell stimula-
tion, resulting in an increased turnover of B-cells 
and accumulating genetic aberrations, giving rise 
to malignant B-cell clones [212].

25.3.9  Chromosome 22q11.2 
Deletion Syndrome

Chromosome 22q11.2 deletion syndrome is rela-
tively common (estimated in 1  in 4000 births) 
[213], and about 6% of newly diagnosed cases 
are familial [214]. The presenting symptoms of 

chromosome 22q11.2 deletion syndrome vary 
depending on age. While developmental delay 
and speech issues are the usual presenting symp-
toms in older children and adults, cardiac anoma-
lies, hypocalcemia, and infection are the major 
manifestations in infants. Cardiac defects are 
seen in approximately 80% of patients; and con-
versely, tetralogy of Fallot and interrupted aortic 
arch type B have a strong positive predictive 
value for chromosome 22q11.2 deletion syn-
drome [215, 216]. Palatal dysfunction, feeding 
problems, facial dysmorphism, renal anomalies, 
and gastrointestinal manifestations also are seen 
in most of these patients [217]. Patients are also 
at an increased risk of atopy and autoimmune dis-
ease development [218, 219].

The immune system is affected in approxi-
mately 75% of the patients [217, 219, 220]. The 
severity ranges from absent thymic tissue and 
no circulating T-cells to completely normal 
T-cell counts. Many infants with low T-cell 
counts will demonstrate improvement in the 
first year of life, but after that, T-cell counts 
decline [221]. Patients may also suffer from 
variable degrees of B-cell defects [222, 223]. In 
a cohort of 687 patients with chromosome 
22q11.2 deletion syndrome, six cases of malig-
nancy were identified. This gives an overall fre-
quency of 0.9% (900 per 100,000) in this large 
pediatric group of patients, whereas the overall 
risk of malignancy in children under the age of 
14 years is 3.4 per 100,000 children [224]. As 
reported in the literature, patients with chromo-
some 22q11.2 deletion syndrome have a clearly 
increased risk of lymphoma, particularly B-cell 
lymphoma [225–228]. There have also been 
reports of myelodysplasia, acute lymphoblastic 
leukemia, SCC, astrocytoma,  neuroblastoma, 
hepatoblastoma, renal cell carcinoma, and rhab-
doid tumors [224, 229–233].

25.3.10  DNA Repair Defects

B and T lymphocyte development depends 
largely on multiplex genetic rearrangements, i.e., 
V(D)J recombination, class switch recombina-
tion, and somatic hypermutation, which are 
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 carried out by multiple DNA repair and damage 
response protein complexes [234]. Variations in 
the DNA repair genes might compromise the 
delicate balance between the generation of 
genetic variation and replication fidelity of DNA 
[235, 236].

PIDs associated with defects in DNA repair, 
collectively termed genomic instability syn-
dromes, are generally associated with cellular 
radiosensitivity, developmental defects, and pre-
disposition to cancer [236–238]. Syndromes 
known to be associated with malignancies, 
including ataxia-telangiectasia, Nijmegen syn-
drome, Bloom syndrome, DNA ligase IV defi-
ciency, Artemis deficiency, cartilage hair 
hypoplasia, PMS2 deficiency, and FAAP24 defi-
ciency are summarized in Table 25.1.

Although these defects are associated with an 
increased risk of lymphoid malignancies, mainly 
NHL, nonlymphoid tumors affecting the brain, 
skin, breast, and gastrointestinal tract have also 
been reported [238–244]. This is partly due to the 
fact that diverse DNA repair processes are not 
specific to antigen receptor diversification. DNA 
double-strand breaks, arising from multiple 
sources, including exposure to ionizing radiation, 
can potentially lead to replication errors, loss or 
rearrangements of genomic material, and eventu-
ally cell death or carcinogenesis. The DNA dam-
age response pathway, responsible for sensing 
and repairing the damaged DNA, comprises the 
most powerful tumor surveillance mechanism 
[243]. The observation of an increased risk of 
cancer development in heterozygote carriers pro-
vides additional insight into their tumorigenic 
potential [244–247]. Additionally, defects in 
immunosurveillance mechanisms per se, similar 
to certain PIDs not associated with DNA repair 
defects, contribute to cancer development.

25.4  Congenital Defects 
of Phagocyte Number 
or Function

The underlying mechanism of cancer develop-
ment in PIDs caused by defects of phagocytic 
cells is quite different from that observed in other 

immunodeficiency disorders. Here the implicated 
genes are important for proper myeloid cell 
development; thus cancers form due to dysregu-
lated myelopoiesis. This is distinct from cancers 
that occur in some other conditions including 
impaired immunosurveillance and presence of 
specific viruses.

25.4.1  Severe Congenital 
Neutropenia (Kostmann 
Syndrome)

Severe congenital neutropenia (SCN) is a rare 
PID characterized by a maturation arrest of 
myelopoiesis at the level of the promyelocyte/
myelocyte stage with peripheral blood absolute 
neutrophil counts (ANCs) below 0.5 × 109/L, in 
addition to early-onset superficial and systemic 
bacterial infections [254, 255]. The skin and 
mucous membranes are usually affected by ulcer-
ation, gingival hyperplasia, periodontitis, and 
abscess formation [256]. Patients may also suffer 
from neurological disorders including develop-
mental delay, mental retardation, epilepsy, and 
decreased cognitive function [257, 258].

SCN follows an autosomal dominant or reces-
sive pattern of inheritance or can occur sporadi-
cally. It is a genetically heterogeneous disorder 
caused by a variety of mutations in several differ-
ent genes. Nonetheless, the different genetic 
forms of SCN share a rather similar clinical phe-
notype. Mutations in the neutrophil elastase 
(ELA2) gene (OMIM∗130130) are found in 
approximately 50% of all cases, i.e., those with 
dominant autosomal or sporadic SCN [256, 259]. 
ELA2 is a serine protease, exclusively expressed 
in neutrophils and monocytes, and is stored in the 
primary granules of neutrophils [260]. 
Interestingly, mutations in the ELA2 gene are 
also responsible for the clinical phenotype of 
cyclic neutropenia. The pathophysiological 
mechanisms responsible for the development of 
different phenotypes, congenital or cyclic neutro-
penia, are not yet understood [261]. Most patients 
with autosomal recessive disease, which com-
prises approximately 30% of SCN, have muta-
tions in the HS-1-associated protein X (HAX1) 
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gene (OMIM∗605998) [262]. HAX-1, a 
mitochondria- targeted protein containing Bcl-2 
homology domains, is an apoptosis-regulating 
protein [262]. Mutations in the glucose-6- 
phosphatase catalytic subunit 3 (G6PC3) gene 
(OMIM∗611045) have been identified in a group 
of autosomal recessive SCN patients with addi-
tional syndromic features including cardiac and 
urogenital anomalies and increased venous mark-
ing [263]. Patients with X-linked SCN harbor 
activating mutations in Wiskott–Aldrich syn-
drome (WAS) gene (OMIM∗300392), leading to 
a constitutively active form of the WAS protein 
and unregulated actin polymerization [131]. 
Inactivating mutations in the proto-oncogene 
growth factor-independent 1 (GFI1) gene 
(OMIM∗600871) are also associated with SCN 
[264]. In addition, SCN without a maturation 
arrest has recently been associated with p14 pro-
tein deficiency [265]. Finally, acquired nonsense 
mutations in colony-stimulating factor 3 receptor 
(CSF3R) gene (OMIM∗138971) have also been 
found to affect 20% of SCN patients [266].

SCN patients are at an increased risk of 
myelodysplasia (MDS) and AML development 
with a cumulative incidence of leukemia of 22% 
after 15  years of G-CSF treatment [267, 268]. 
Independent of the genetic subtype, conversion to 
leukemia in patients with SCN is often associated 
with one or more somatic cellular genetic abnor-
malities (e.g., monosomy 7, RAS mutations, tri-
somy 21, or CSF3R mutations), which may be 
diagnostically useful to identify subgroups of 
patients at high risk of developing leukemia 
[261]. Other risk factors for progression to MDS 
and/or AML are the severity of neutropenia, 
younger age at diagnosis, and prior exposure to 
G-CSF [269]. Interestingly, marrow cells from 
nearly 80% of patients with SCN who transform 
to leukemia show point mutations in CSF3R, 
suggesting that these mutations play an important 
role in leukemogenesis [270].

Hematopoietic stem-cell transplantation 
(HSCT) is the only definitive treatment for 
patients with bone marrow failure, MDS, or leu-
kemia; however, it seems that patients with SCN 
may be at increased risk of transplant-related 
mortality for unknown reasons. As a result, there 

is no clear consensus on when a patient with SCN 
should undergo HSCT [271].

25.4.2  Shwachman–Diamond 
Syndrome

Shwachman–Diamond syndrome (SDS) is a rare 
autosomal recessive, systemic disease character-
ized by exocrine pancreatic insufficiency, 
impaired hematopoiesis, and leukemia predispo-
sition [272]. Other clinical features include skel-
etal, immunologic, hepatic, and cardiac disorders 
[271]. There is considerable phenotypic variabil-
ity between individuals, and making the diagno-
sis can be challenging, particularly in older 
patients in whom symptoms such as steatorrhea 
may have resolved [271] or may not be present 
[273]. The most common hematologic abnormal-
ity in patients with SDS is neutropenia, which 
can be chronic or intermittent. Anemia and 
thrombocytopenia are also common manifesta-
tions. Patients with SDS are susceptible to recur-
rent infections [274] likely due to neutropenia. 
Other immune defects have also been reported. 
These include neutrophil chemotactic defects 
[275, 276], decreased proportions of circulating 
B-cells, low immunoglobulin levels, decreased 
in vitro B-cell proliferation, lack of specific anti-
bodies, or decreased total circulating T lympho-
cytes, as well as decreased proliferative responses 
[277, 278].

Approximately 90% of patients with clini-
cal  features of SDS have mutations in the 
Shwachman–Bodian–Diamond syndrome (SBDS) 
gene (OMIM∗607444) [279], with the encoded 
protein being essential for normal  ribosome matu-
ration, though its precise molecular function 
remains unclear [280, 281]. In addition to a stem-
cell defect [282], patients with SDS have also a 
serious, generalized marrow dysfunction with an 
abnormal bone marrow stroma in terms of its 
 ability to support and maintain hematopoiesis 
[281, 283].

Similar to other marrow failure syndromes, 
patients with SDS have an increased risk for 
MDS and AML [284], with an estimated risk of 
19% at 20 years and 36% at 30 years [269]. There 
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are also case reports of solid tumors in patients 
with SDS [285–287]. The reason behind this 
malignant predisposition is not known. However, 
several theories have been proposed, including 
chromosome instability [288, 289], accelerated 
apoptosis linked to increased expression of the 
Fas antigen and to hyperactivation of the Fas sig-
naling pathway [290], and abnormal gene expres-
sion patterns as evident by upregulation of several 
oncogenes, including LARG, TAL1, and MLL, 
and downregulation of several tumor suppressor 
genes, including DLEU1, RUNX1, FANCD2, and 
DKC1, which might result in continuous stimula-
tion favoring evolution or progression of malig-
nant clones [291]. Accordingly, all patients with 
SDS should be monitored with peripheral blood 
counts every 3–4 months and marrow evaluation 
on a yearly basis, and if indicated, HSCT should 
be done prior to the development of overt 
leukemia.

25.4.3  GATA2 Deficiency

GATA2 deficiency causes a wide spectrum of 
phenotypes including disseminated mycobacte-
rial infections (typically Mycobacterium avium 
complex), opportunistic fungal infections, dis-
seminated HPV infections, and pulmonary alveo-
lar proteinosis, with an increased risk of 
myelodysplasia, cytogenetic abnormalities, and 
myeloid leukemias [292–295]. Germline muta-
tions in GATA2 have been initially associated with 
several clinical entities, including MonoMAC 
syndrome (Monocytopenia and Mycobacterium 
avium complex infections) [293, 296], DCML 
(dendritic cell, monocyte, and lymphocyte) defi-
ciency [294], familial MDS/AML (without other 
hematopoietic defects) [297, 298], and Emberger’s 
syndrome characterized by congenital deafness 
and primary lymphedema of the lower limb [299], 
which are now collectively defined as GATA2 
deficiency. Despite pleiotropic clinical manifesta-
tions, the high propensity for the development of 
MDS constitutes the most common clinical 
denominator. This form of immunodeficiency 
occurs either as an autosomal dominant form or 

sporadically, and can present from early child-
hood to late adulthood [296]. Reportedly, near 
380 GATA2-deficient patients have been reported, 
with a roughly estimated prevalence of myeloid 
neoplasia of at least 75% [300].

While considerable efforts have been made to 
identify the mutations that characterize this dis-
order, pathogenesis remains a work in progress. 
Heterozygous disease-causing germline muta-
tions in GATA2 gene (OMIM∗137295) indicate 
dominant interference of gene function by either 
dominant negative effects or haploinsufficiency 
[293, 301, 302]. The GATA family of transcrip-
tion factors, which contain zinc fingers in their 
DNA-binding domain, have emerged as candi-
date regulators of gene expression in hematopoi-
etic cells. GATA2 functions in the regulation of 
hematopoiesis and, in particular, is required for 
maintenance and survival of the hematopoietic 
stem-cell pool [303, 304]. GATA2 also functions 
in the formation of early blood and lymphatic 
vessels [305, 306]. The role of GATA2 mutation 
in disease manifestation is incompletely under-
stood but likely complex and thought to be linked 
to the generation or maintenance of progenitors 
required for the affected cell subsets [301].

Immunological characterization of patients 
with the MonoMAC syndrome/DCML defi-
ciency revealed profoundly decreased or absent 
monocytes, NK cells, and B-cells as well as a 
severe decrease in circulating and tissue dendritic 
cells (DCs). In most cases, GATA2 deficiency is 
accompanied by a severe reduction in peripheral 
blood NK cells, specifically the CD56bright subset, 
with marked functional impairment [293], which 
predispose to significant HPV and other viral 
infections, as well as HPV-associated SCC. Bone 
marrow failure resulting from loss of stem cells 
may underlie the multilineage cytopenias 
described in most patients; however, the underly-
ing mechanisms for cytogenetic abnormalities or 
the leukemic transformation need to be further 
clarified [300]. In addition to MDS/AML and 
SCC, two cases of invasive melanoma have been 
reported, suggesting an association between 
decreased GATA2 expression and melanoma pro-
gression [307].
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25.5  Defects in Intrinsic 
and Innate Immunity

25.5.1  Epidermodysplasia 
Verruciformis

Epidermodysplasia verruciformis (EV) is a 
chronic, genetically inherited skin condition 
characterized by increased susceptibility to cuta-
neous infection with certain HPV genotypes, 
referred to as EV-HPVs [308, 309]. EV begins 
during infancy or early childhood, and the more 
benign lesions manifest as flat, wart-like, 
hypopigmented, or hyperpigmented papules, or 
pityriasis versicolor-like plaques, whereas lesions 
with greater potential for malignant transforma-
tion present more variably as verrucous and seb-
orrheic keratosis-like lesions, occurring mainly 
on sun-exposed areas [308–310]. Approximately 
30–60% of individuals eventually develop skin 
malignancies, eventually in the fourth to fifth 
decades, with Bowen carcinoma in situ being the 
most frequent tumor, followed by invasive SCC 
and, less frequently, basal-cell carcinoma 
[310–313].

EV is inherited primarily in an autosomal 
recessive pattern [314], although both X-linked 
recessive and autosomal dominant modes of 
inheritance have been reported [315, 316]. 
Genome-wide linkage studies have identified two 
EV susceptibility loci EV1 and EV2, on chromo-
somes 17 and 2, respectively [317]. Mutations in 
the EVER1 (OMIM∗605828) and EVER2 
(OMIM∗605829) genes, which are part of the 
EV1 locus, have been identified in approximately 
75% of patients with EV [308].

The EVER proteins, localized in the endoplas-
mic reticulum of human keratinocytes [318], 
interact with ZnT-1 [319], a zinc transporter reg-
ulating cellular zinc homeostasis. Loss of EVER 
zinc homeostasis enhances the expression of 
viral genes, specifically the pro-oncogenic E6 
and E7, contributing to HPV-mediated carcino-
genesis. Besides keratinocytes, EVER proteins 
are expressed in T and B lymphocytes, NK cells, 
endothelial cells, myeloid cells, and DCs. Zinc 
has been shown to contribute to TCR signaling 
by increasing ZAP70 phosphorylation [320]. 

Mutated, dysfunctional EVER genes would dis-
rupt zinc homeostasis and consequently produce 
a defect in cell-mediated immunity, which could 
compromise viral clearance and lead to malig-
nant transformation [319, 321].

25.5.2  Warts, Hypogamma-
globulinemia, Infections, 
and Myelokathexis Syndrome

Warts, hypogammaglobulinemia, infections, and 
myelokathexis (WHIM) syndrome is a rare, dom-
inantly inherited PID characterized by warts, 
hypogammaglobulinemia, infections, and myelo-
kathexis, which refers to neutropenia resulting 
from abnormal retention of mature neutrophils 
and increased neutrophils apoptosis in the bone 
marrow [322–324]. The incidence of WHIM syn-
drome has been estimated to be 0.23 cases per 
million births [325]. The clinical onset usually 
occurs during infancy or early childhood with 
recurrent gastrointestinal, respiratory, and cutane-
ous bacterial infections and increased susceptibil-
ity to HPV infection, causing numerous, 
recalcitrant skin and genital warts [323, 324]. 
Genital warts (condylomata acuminata) may 
undergo dysplastic changes conferring to an 
increased risk of malignancy [322–324]. Contrary 
to the long-held belief, HPV is not the only unique 
viral susceptibility in WHIM syndrome. More 
recently, EBV-associated LPD [326, 327] as well 
as herpes zoster [328], herpes simplex virus [328, 
329], and molluscum contagiosum [326] infec-
tions have been reported, indicating a generalized 
susceptibility to Herpesviridae viruses.

WHIM syndrome is primarily caused by gain- 
of- function mutations in the gene encoding the 
chemokine receptor CXCR4 (OMIM∗162643) 
[330], a member of the G-protein-coupled recep-
tor superfamily specific for the CXC chemokine 
stromal cell-derived factor 1 (SDF-1) [331], also 
known as CXCL12. All CXCR4 mutations 
reported to date disrupt receptor downregulation 
leading to enhanced and prolonged chemotactic 
responsiveness to SDF-1 [332, 333].

Immunological and hematological abnormali-
ties in WHIM syndrome include peripheral 
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 neutropenia, B lymphopenia with a particular 
reduction in the number of switched memory 
B-cells (CD27+ IgD−), T lymphopenia with 
decreased number of naïve T-cells, and a relative 
expansion of memory T-cells with a restricted 
repertoire, deficiency of plasmacytoid DCS, and 
hypogammaglobulinemia [334–337]. The mech-
anisms by which dysregulated CXCR4 signaling 
affects leukocyte homeostasis and predisposes to 
a selective susceptibility to HPV infection and 
carcinogenesis are still unknown. It remains pos-
sible that defective trafficking of effector cells 
(T-cells and NK cells) and antigen-presenting 
cells might contribute to defective cutaneous 
immunity, explaining the abnormal susceptibility 
to viruses affecting the skin [212].

25.6  Diseases of Immune 
Dysregulation

25.6.1  X-Linked Lymphoproliferative 
Disease

X-linked lymphoproliferative disease (XLP), for-
merly known as Duncan disease, is a rare and 
often fatal inherited immunodeficiency disorder 
initially described by Purtilo et al. [338], with an 
estimated incidence of one to three per million 
male births [339]. It is characterized by severe 
immune dysregulation in males with a variable 
clinical presentation, often following EBV infec-
tion, manifesting as fulminant infectious mono-
nucleosis and/or acquired hemophagocytic 
lymphohistiocytosis (HLH), dysgammaglobu-
linemia, and malignant lymphoma [340–343]. 
Other, albeit less common, clinical features of 
XLP include aplastic anemia, lymphocytic vas-
culitis, pulmonary lymphoid granulomatosis, 
arthritis, colitis, and psoriasis [343–345].

Most cases of XLP are caused by germ line 
mutations in the Src homology 2 domaincontain-
ing gene 1A (SH2D1A; OMIM∗300490) encod-
ing the 128 amino acid signaling lymphocytic 
activation molecule (SLAM)-associated protein 
(SAP) [346–348]. In humans, SAP is expressed 
predominantly in NK, NKT, and T-cells [349–
351]. It has been shown to serve as an adaptor 

molecule downstream of several SLAM immu-
nomodulatory receptors family [352]. The 
SLAM–SAP association potentiates the develop-
ment of NKT cells, T–B-cell conjugation required 
for the development of germinal centers and 
immunoglobulin production, and EBV-directed 
cytotoxicity by T- and NK cells. In addition, it is 
required for normal T-cell homeostasis mediated 
by reactivation-induced cell death (RICD) [353, 
354]. A second XLP-like disorder caused by 
mutations in the X-linked inhibitor of apoptosis 
protein (XIAP; OMIM∗300079) was described in 
2006 [355]. XIAP directly limits the activity of 
several critical death-inducing caspases, either by 
direct enzyme inhibition or through ubiquitin- 
mediated proteasomal degradation. XIAP over- 
expression, or increased activity, is associated 
with cancer progression, resistance to therapy 
and poor prognosis [356]. XIAP deficiency is 
predominantly associated with recurrent EBV- 
associated HLH; however, no lymphoma occur-
rence has been reported in affected patients till 
now [171, 343, 355, 357].

SAP-deficient patients are at increased risk of 
lymphoma development, as well as other 
LPD.  Approximately 30% of patients develop 
lymphoma at a mean age of 15 years at diagnosis 
[343, 358]. Expectedly, the majority are of B-cell 
origin, arising in extranodal sites, most com-
monly localized in the ileocecal region, with 
Burkitt’s lymphoma comprising approximately 
50–60% of total lymphomas [343, 359, 360]. 
Notably, not all cases of lymphomas arise due to 
malignant transformation of EBV-infected 
B-cells, as up to one-third of patients with lym-
phoma are EBV seronegative [343, 358, 360], 
indicating that the genetic defect per se can result 
in lymphoma. It is likely that defective antitumor 
immunosurveillance due to poor CD8+ T- and NK 
cell cytotoxic responses and lack of NKT cells 
contributes to lymphomagenesis [212].

25.6.2  IL-2-Inducible T-Cell Kinase 
Deficiency

IL-2-inducible T-cell kinase (ITK) deficiency is a 
novel PID characterized by severe EVB- 
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associated immune dysregulation, with a clinical 
picture similar to that seen in X-linked lymphop-
roliferative disease (XLP) [361]. ITK deficiency 
was originally described in 2009, where two 
ITK-deficient female siblings from a consanguin-
eous Turkish family developed uncontrolled 
EBV infection resembling hemophagocytic lym-
phohistiocytosis (HLH) with eventual progres-
sion to HL [362]. In a report of three cases from 
a single Arab family, the first presentation was 
HL, whereas fulminant hemophagocytosis and 
severe mononucleosis appeared after remission 
of lymphoma [361]. Adding to the complexity of 
the disease, seven additional ITK-deficient 
patients, of who four developed HL, were identi-
fied following the screen of patients with autoim-
mune lymphoproliferative syndrome or suspicion 
of congenital forms of HLH [363, 364]. More 
recently, the clinical spectrum of ITK deficiency 
has been further extended to include late-onset 
isolated involvement of the lungs and the medias-
tinal lymph nodes with a polyclonal proliferation 
of small B-cells not suggestive of any malignant 
lymphoma [365].

In ITK deficiency, germ line loss-of-function 
mutations in the ITK gene (OMIM∗186973) 
result in pronounced instability or truncation of 
the ITK protein [361]. ITK, a member of the Tec 
family tyrosine kinases, is expressed in T as well 
as NK cells, invariant NKT cells, and mast cells 
[366]. ITK plays a critical modulatory role in the 
T-cell receptor (TCR) signaling cascade. In mice, 
it functions in the positive/negative selection of 
thymocyte development, as well as regulation of 
conventional vs. innate-type CD8+ T-cell develop-
ment [367, 368]. Moreover, Itk−/− CD8+ T-cells 
fail to mount effective primary or memory 
immune responses to a variety of viral infections 
[368–370]. ITK deficiency affects the expansion 
of cytotoxic T lymphocytes, causes a delay in the 
expression of cytolytic effectors during activation, 
and leads to an intrinsic defect in degranulation 
[371]. In the absence of ITK, enhanced develop-
ment of CD4+ gammadelta T-cells can induce the 
secretion of IgE by wild-type B-cells [372]. Itk is 
also crucial for invariant NKT-cell development 
and function in mice [366]. Similarly, a character-
istic reduction in naive CD45RA+ T-cells and 

NKT cells has been reported in ITK-deficient 
patients [373]. Moreover, ITK has been shown to 
differentially regulate NK cell-mediated cytotox-
icity, which might be impaired in the absence of 
ITK protein [374].

The development of LPD in ITK-deficient 
patients almost always follows primary EBV 
infection and is diagnosed as HL, as opposed to 
Burkitt’s lymphoma or other NHL seen in XLP 
[375]. It is speculated that perturbed innate and 
adaptive antitumor immunosurveillance, includ-
ing lack of NKT cells and impaired NK- and 
T-cell-mediated cytotoxicity, plays contributory 
roles in the development of EBV-associated LPD 
in ITK-deficient patients [212].

25.6.3  XMEN Disease

X-linked immunodeficiency with magnesium 
defect, EBV infection, and neoplasia (XMEN) 
disease has been recently identified in nine male 
patients (two of which were siblings) [376–378]. 
The major clinical features of XMEN disease 
include persistent elevation in EBV-viral load, 
EBV-associated LPD, often with splenomegaly, 
dysgammaglobulinemia, and decreased CD4:CD8 
ratio. In addition, XMEN patients may have sus-
ceptibility to sinopulmonary and ear infections, 
viral pneumonias, and other viral infections, 
but  these are generally mild and infrequent. 
 EBV-associated lymphoproliferation ultimately 
emerges in late childhood and is the most com-
mon cause of severe morbidity and mortality in 
this patient population [376–378].

XMEN disease is caused by loss-of-function 
mutations in MAGT1 (OMIM∗300715), which 
encodes a membrane-associated transporter that 
selectively conducts Mg2+ across the membrane, 
with almost no permeability to other cations 
including Ca2+ [379, 380]. Immunological investi-
gations in patients with MAGT1 deficiency 
revealed CD4 lymphopenia, leading to an inverted 
CD4:CD8 ratio and reduced number of recent 
thymic emigrant T-cells, indicating that impaired 
thymopoiesis may contribute to CD4 lymphope-
nia. No major disturbance was observed in 
other lymphocyte populations. MAGT1- deficient 
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T-cells showed impaired proliferation and activa-
tion upon in vitro stimulation with anti- CD3 anti-
body. In contrast, T-cell activation in response to 
phorbol myristate acetate and ionomycin was 
intact, showing that the patients had a proximal 
TCR signaling defect prior to the induction of the 
Ca2+ flux. MAGT1-deficint B-cells showed nor-
mal activation upon BCR stimulation [376]. 
Recapitulating the patients’ phenotype by knock-
ing down MGAT1 in normal T-cells, as well as 
rescuing patients’ T-cells with ectopic expression 
of MAGT1, established that MAGT1 is required 
for TCR-stimulated Mg2+ influx that transiently 
raises free [Mg2+]i in order to temporarily coordi-
nate T-cell activation [376, 381].

XMEN patients have uncontrolled EBV infec-
tion and a predisposition to lymphoma. This has 
been attributed to a selective loss of NKG2D 
expression (posttranscriptional, accelerated pro-
tein turnover) and the resultant impaired cytolytic 
responses of NK and cytotoxic CD8+ T lympho-
cytes [377], which are essential for control of viral 
infections and tumor immunosurveillance [382]. 
Hence, MAGT1 not only mediates TCR- induced 
Mg2+ flux but also regulates the basal- free [Mg2+]i 
homeostasis required for NKG2D cytolytic activ-
ity. This has been verified by cultivation of NK and 
cytotoxic CD8+ T lymphocytes from XMEN 
patients in Mg2+-supplemented medium, causing a 
dose-dependent increase in free [Mg2+]i, which did 
recover the cytotoxicity defect partially in cyto-
toxic CD8+ T lymphocytes and almost completely 
in NK cells [377]. Most notably, magnesium sup-
plementation in vivo concurrently reduced EBV-
infected cells, which may provide an adjunctive 
treatment to prevent early lymphoma development 
and mortality in XMEN patients.

25.6.4  CD27 Deficiency and CD70 
Deficiency

CD27 deficiency and CD70 deficiency are two 
related, newly identified PID predominantly 
manifesting with EBV-related diseases, hypo-
gammaglobulinemia, and additional viral infec-
tions [383–387]. CD27 deficiency has been 
reported in 17 patients, of who five developed 

EBV-associated LPD and six developed lym-
phoma (HL, T-cell lymphoma, or diffuse large 
B-cell lymphoma) [386]. CD70 deficiency has 
been recently identified in four patients, of who 
three developed EBV-associated HL. The immu-
nological phenotype of CD27- and CD70- 
deficient patients includes largely normal counts 
of T, B, and NK cells but reduced proportions of 
memory B-cells, impaired CD8+ T cytotoxic 
responses to EBV, and variably reduced NK cell 
function [383, 384, 387].

CD27, a member of TNF receptor superfam-
ily, is expressed on human naïve and some mem-
ory T-cells, germinal center and memory B-cells, 
plasma cells, and a subset of NK cells [388–392]. 
CD27 binds to its specific ligand CD70, which is 
structurally related to TNF and is only transiently 
expressed on activated dendritic, T-, and B-cells 
[390, 393, 394]. CD27 deficiency is caused by 
homozygous/compound heterozygous mutations 
in CD27 gene (OMIM∗615122), resulting in 
absent/reduced CD27 expression [386]. CD70 
deficiency is caused by homozygous frameshift 
or in-frame deletions in CD70 gene 
(OMIM∗602840), causing an abolished CD70 
surface expression or binding to its cognate 
receptor CD27 [387].

CD27-CD70 interaction regulates the sur-
vival, function, and differentiation of T-, B-, NK, 
and plasma cells [383, 390, 395]. In T-cells, 
CD27-CD70 interaction is critical for cell prolif-
eration, long-term maintenance of antigen- 
specific T-cells, antiviral responses, antitumor 
immunity, and alloreactivity [396, 397]. In 
B-cells, ligation of CD27 by CD70 results in 
enhanced plasma cell formation and increased 
IgG production [397]. CD27–CD70 interaction is 
also essential for augmented IFN-γ secretion by 
NK cells [398, 399] and development of iNKT 
cells [384]. These data support the notion that 
CD27 deficiency and Cd70 deficiency can 
increase susceptibility to malignancies.

25.6.5  CTPS1 Deficiency

CTP synthase 1 (CTPS1) deficiency is a novel 
autosomal recessive PID characterized with 

M. Hedayat et al.



565

early-onset severe viral (EBV and VZV) and bac-
terial infections, LPD and EBV-associated 
NHL.  CTPS1 deficiency has been reported in 
eight patients from five different families, of who 
two patients developed EBV-driven B-cell 
NHL. The immunologic features of CTPS1 defi-
ciency include variable lymphopenia (exacer-
bated during infection episodes) with inversed 
CD4:CD8 T-cell ratio and poor proliferation to 
antigen, decreased expansion of NK cells, and 
low numbers of iNKT and MAIT cells, with nor-
mal to elevated immunoglobulin levels [400].

CTPS1 deficiency is caused by homozygous 
mutations in cytidine 5-prime triphosphate syn-
thase 1 (CTPS1) gene (OMIM∗123860). CTPS1 is 
required for the de novo synthesis of the CTP 
nucleotide, a precursor of the metabolism of 
nucleic acid. CTP synthase activity is a potentially 
important step for DNA synthesis in lymphocytes, 
as evident by enhanced expression of CTPS1 fol-
lowing TCR activation, as well as impaired capac-
ity of activated T- and B-cells to proliferate in 
response to antigen receptor mediated activation in 
the absence of CTPS1 [400]. The finding that 
CTPS1 deficiency causes no extra-hematopoietic 
manifestations favors a redundancy with CTPS2 
activity in other cell lineages and tissues.

25.6.6  RASGRP1 Deficiency

RASGRP1 deficiency is a novel autosomal reces-
sive PID, which has been reported in only four 
patients presented with EBV-associated LPD and 
EBV-driven HL [401–403]. The immunologic 
features of RASGRP1 deficiency include lym-
phopenia notably characterized by decreased 
counts of B-cells, naïve CD4+ and CD8+ T-cells, 
NK cells, MAIT and absence of iNKT cells, and 
impaired T-cell proliferation in response to anti-
gens and mitogens [401–403].

RASGRP1 deficiency is caused by homozy-
gous mutations in RAS guanyl releasing protein 
1 (RASGRP1) gene (OMIM∗603962). RASGRP1 
is a guanine-nucleotide-exchange factor (GEF) 
preferentially expressed in T- and NK cells, 
which in turn activates the cascade of Raf-MEK- 
ERK kinases (also termed as the MAP kinases/

MAPK cascade) [404, 405]. Notably, RASGRP1- 
deficient T-cells exhibit defective MAPK activa-
tion and decreased CD27-dependent proliferation 
toward CD70-expressing EBV-transformed 
B-cells, which is a crucial pathway required for 
expansion of antigen-specific T-cells during anti- 
EBV immunity, as well as failure to up-regulate 
CTPS1, which is an important enzyme involved 
in DNA synthesis [401].

25.6.7  RLTPR (CARMIL2) Deficiency

RLTPR deficiency is a novel autosomal recessive 
PID characterized by recurrent bacterial, fungal, 
and mycobacterial infections, viral warts, 
Molluscum contagiosum, malignancies, as well 
as atopy [406–408]. To date, 14 patients have 
been reported in the literature, of who one was 
diagnosed with leiomyosarcoma and four were 
diagnosed with EBV-positive disseminated 
smooth muscle tumors [406, 408]. Immune phe-
notypic and functional studies are indicative of 
impaired naïve-T cell activation, proliferation, 
effector function, and insufficient gain of T-cell 
memory, with particular absence of regulatory 
T-cells [408].

RLTPR deficiency is caused by mutations in 
RGD motif, leucine rich repeats, tropomodulin 
domain, and proline-rich containing (RLTPR) 
gene (OMIM∗610859), also known as CARMIL2 
(capping protein regulator and myosin 1 linker 
2). RLTPR deficiency selectively impairs the 
activation of the canonical NF-κB pathway in a 
CD28-dependent manner, and leads to defective 
cytoskeletal organization and migration. Of note, 
RLTPR deficiency is not associated with EBV- 
induced B-cell proliferation, but rather with 
slowly proliferating smooth muscle tumors asso-
ciated with EBV infection [408].

25.6.8  Autoimmune 
Lymphoproliferative 
Syndrome

Autoimmune lymphoproliferative syndrome 
(ALPS) is a rare disease characterized by defective 
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Fas-mediated apoptosis that disrupt lymphocyte 
homeostasis [409]. The prevalence and true inci-
dence of ALPS are unknown, likely since many 
instances remain undiagnosed or misdiagnosed. 
Though considered a rare disease, ALPS is now 
more commonly diagnosed given recognition of 
adult-onset disease and patients with a mild phe-
notype [410]. Apoptotic defects lead to LPD mani-
festing with lymphadenopathy, hepatomegaly, 
splenomegaly, autoimmune disease, and second-
ary malignancies. Autoimmunity, affecting over 
70% of patients, is mainly directed against blood 
cells [411]. Other autoimmune manifestations are 
rare and include autoimmune nephritis, hepatitis, 
arthritis, uveitis, iridocyclitis, and vasculitis [412]. 
Autoantibodies are more common than obvious 
clinical disease and present in up to 92% of 
patients [413]. Signature laboratory abnormalities 
in ALPS include an increased number of charac-
teristic T-cell population termed double-negative T 
(DNT) cells (though not pathogonomic), as well 
as in  vitro evidence of defective Fas-mediated 
lymphocyte apoptosis. Furthermore, elevated cir-
culating levels of soluble FAS ligand (sFASL), 
IL-10, vitamin B12, IL-18, and IgG may be useful 
to aid in diagnosis [414–420].

Germline or somatic mutations in genes regu-
lating the Fas apoptotic pathway, including FAS 
(TNFRSF6, or CD95; OMIM∗134637), FASL 
(TNFSF6, or CD95L; OMIM∗134638), and 
CASP10 (OMIM∗601762), have all been linked 
to ALPS [421]. Over the past decade, improve-
ments in genomic technologies have led to the 
description of a number of ALPS-like autoim-
mune and LPD which are often misdiagnosed as 
ALPS, including RAS-associated leukoprolifera-
tive disease (RALD) [422]; caspase-8 deficiency 
state (CEDS) [423]; p110delta activating muta-
tion causing senescent T-cells, lymphadenopathy, 
and immunodeficiency (PASLI or activated PI3K 
delta syndrome) [424]; CTLA-4 haploinsuffi-
ciency with autoimmune infiltration (CHAI) 
[425]; gain-of-function signal transducer and 
activator of transcription 3 (STAT3) mutations 
[426]; and lipopolysaccharide-responsive vesicle 
trafficking, beach and anchor containing (LRBA) 
deficiency with autoantibodies, regulatory T-cell 

defects, autoimmune infiltration, and enteropathy 
(LATAIE) [425, 427]. XLP, a genetic immunode-
ficiency caused by mutations or deletions in the 
SH2D1A gene, can be included in the spectrum 
of ALPS-like disorders, since these patients fre-
quently display defective apoptosis in response to 
TCR restimulation [428, 429]. Mutations in the 
ALPS and ALPS-related genes often manifest 
with variable penetrance [430]. Thus, patients 
with ALPS often have family members with the 
same genetic mutation with no clinical pheno-
type or very mild symptoms. The penetrance of 
the mutation is not related to the type of mutation 
but probably depends on unknown genetic and 
environmental modifiers. Hence, the clinical sig-
nificance of isolated detection of a heterozygous 
Fas mutation in a healthy relative of a patient 
with ALPS is not yet clear.

Apoptosis is critical in tumor scrutiny as FAS, 
a putative tumor suppressor, is silenced in many 
tumors [431–433]. As anticipated, patients with 
ALPS have an increased risk of malignancies, 
most commonly both HL and NHL [434, 435]. 
This risk is estimated to be up to 60 to 150 times 
that of the general population and is more preva-
lent in FAS mutant [410, 434]. An increased risk 
of cancer has also been observed in unaffected 
family members who may inherit the same muta-
tion but fail to develop an overt ALPS phenotype 
[434]. Sporadic NHL harbors somatic mutations 
of the FAS gene in 11% [436] of cases and in the 
CASP10 gene in 14.5% of cases [437]. 
Furthermore, in HL, somatic FAS gene mutations 
are found in Reed–Sternberg cells in 10–20% of 
cases [431, 438].

25.6.9  Autoimmune 
Polyendocrinopathy 
with Candidiasis 
and Ectodermal Dystrophy

Autoimmune polyendocrinopathy with candidia-
sis and ectodermal dystrophy (APECED), for-
merly known as autoimmune polyendocrine 
syndrome type I (APS-1), is a rare autosomal 
recessive disease, most commonly seen in Iranian 
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Jews, Sardinians, and Finns. The diagnosis of 
APECED is reached if patients manifest at least 
two of the following conditions: (1) chronic 
mucocutaneous candidiasis (CMC), (2) hypo-
parathyroidism, or (3) Addison’s disease. 
Additional autoimmune components may appear 
throughout life and include gonadal failure, dia-
betes mellitus type 1, hypothyroidism, pernicious 
anemia, hepatitis, alopecia, vitiligo, and/or ecto-
dermal dystrophies. Although the endocrine fea-
tures are clearly autoimmune, the underlying 
immunodeficiency predisposing to CMC has 
been a long-standing puzzle. Recently, autoanti-
bodies against the Th17-related cytokines IL-22, 
IL-17A, and IL-17F, which are implicated in pro-
tection against fungi at epithelial surfaces, were 
discovered in the sera of APS-1 patients [439, 
440], suggesting that the underlying immunode-
ficiency in patients with APECED has an autoim-
mune basis.

The disease is characterized by loss of toler-
ance against self-antigens [441, 442], which is 
caused by mutations in the autoimmune regulator 
(AIRE) gene (OMIM∗607358) [443, 444]. AIRE 
acts as a crucial transcription regulator that 
prompts immunological central tolerance by 
inducing the ectopic thymic expression of many 
tissue-specific antigens, among other functions 
[445, 446]. Although the syndrome is a mono-
genic disease, the great variability that character-
izes APECED implies that additional factors 
modulate the clinical expression of the disease.

Several cases of oral and esophageal SCC 
have been reported in APECED patients with 
CMC [447–450]. In a cohort of 92 Finnish 
patients, six had developed oral or esophageal 
SCC by the mean age of 37, representing 10% of 
patients older than 25  years [447]. The partial 
T-cell defect of APECED seems to favor the 
growth of Candida albicans and predispose to 
chronic mucositis and the development of 
SCC. Besides chronic inflammation and increased 
cell turnover, Candida albicans biotypes are 
capable of producing the carcinogenic nitrosa-
mine N-nitrosobenzylmethylamine [451, 452], 
and can also act to promote oral carcinogenesis in 
rats when a known carcinogen, 4-nitroquinoline- 
1-oxide, is repeatedly applied [453].

25.7  Concluding Remarks

The expanded life expectancy of patients with 
PIDs has increased the overall risk for developing 
cancers. However, the management of cancers in 
such patients remains challenging, in part due to 
the rarity, the increased risk for infection and 
other complications, as well as the rather slow 
pace of scientific advancement related to these 
conditions. Continued progress in understanding 
the interplay between chronic antigen stimula-
tion, oncogenic viruses, genetic factors, and 
impaired host immunity during tumor formation 
in various PIDs may lead to earlier diagnosis of 
the disease, choosing the best treatment modali-
ties available and development of novel therapeu-
tic strategies to decrease morbidity and mortality 
brought about by malignancies.

References

 1. Chinen J, Badran YR, Geha RS, Chou JS, Fried 
AJ. Advances in basic and clinical immunology in 
2016. J Allergy Clin Immunol. 2017;140(4):959–73.

 2. Bousfiha A, Jeddane L, Al-Herz W, Ailal F, Casanova 
JL, Chatila T, et al. The 2015 IUIS phenotypic clas-
sification for primary immunodeficiencies. J Clin 
Immunol. 2015;35(8):727–38.

 3. Bousfiha AA, Jeddane L, Ailal F, Benhsaien I, 
Mahlaoui N, Casanova JL, et al. Primary immuno-
deficiency diseases worldwide: more common than 
generally thought. J Clin Immunol. 2013;33(1):1–7.

 4. Filipovich AH, Mathur A, Kamat D, Shapiro 
RS.  Primary immunodeficiencies: genetic risk 
factors for lymphoma. Cancer Res. 1992;52(19 
Suppl):5465s–7s.

 5. Mueller BU, Pizzo PA. Cancer in children with pri-
mary or secondary immunodeficiencies. J Pediatr. 
1995;126(1):1–10.

 6. Salavoura K, Kolialexi A, Tsangaris G, Mavrou 
A.  Development of cancer in patients with pri-
mary immunodeficiencies. Anticancer Res. 
2008;28(2B):1263–9.

 7. Dunn GP, Old LJ, Schreiber RD. The immunobiol-
ogy of cancer immunosurveillance and immunoedit-
ing. Immunity. 2004;21(2):137–48.

 8. Martin D, Gutkind JS.  Human tumor- associated 
viruses and new insights into the molecular 
mechanisms of cancer. Oncogene. 2008;27(Suppl 
2):S31–42.

 9. Philip M, Rowley DA, Schreiber H. Inflammation as 
a tumor promoter in cancer induction. Semin Cancer 
Biol. 2004;14(6):433–9.

25 Inborn Errors of Immunity and Cancers



568

 10. Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F, 
Zieger K, et al. DNA damage response as a candi-
date anti-cancer barrier in early human tumorigen-
esis. Nature. 2005;434(7035):864–70.

 11. Tran H, Nourse J, Hall S, Green M, Griffiths L, 
Gandhi MK. Immunodeficiency-associated lympho-
mas. Blood Rev. 2008;22(5):261–81.

 12. Chakraborty R, Sankaranarayanan K. Cancer predis-
position, radiosensitivity and the risk of radiation- 
induced cancers. II. A Mendelian single-locus model 
of cancer predisposition and radiosensitivity for 
predicting cancer risks in populations. Radiat Res. 
1995;143(3):293–301.

 13. Kamani NR, Kumar S, Hassebroek A, Eapen M, 
LeRademacher J, Casper J, et  al. Malignancies 
after hematopoietic cell transplantation for primary 
immune deficiencies: a report from the Center 
for International Blood and Marrow Transplant 
Research. Biol Blood Marrow Transplant. 
2011;17(12):1783–9.

 14. Hammarstrom L, Vorechovsky I, Webster 
D.  Selective IgA deficiency (SIgAD) and com-
mon variable immunodeficiency (CVID). Clin Exp 
Immunol. 2000;120(2):225–31.

 15. Chua I, Quinti I, Grimbacher B. Lymphoma in com-
mon variable immunodeficiency: interplay between 
immune dysregulation, infection and genetics. Curr 
Opin Hematol. 2008;15(4):368–74.

 16. Cunningham-Rundles C. How I treat common vari-
able immune deficiency. Blood. 2010;116(1):7–15.

 17. Tak Manesh A, Azizi G, Heydari A, Kiaee F, 
Shaghaghi M, Hossein-Khannazer N, et  al. 
Epidemiology and pathophysiology of malignancy 
in common variable immunodeficiency? Allergol 
Immunopathol. 2017;45(6):602–15.

 18. Cunningham-Rundles C, Bodian C.  Common 
variable immunodeficiency: clinical and immu-
nological features of 248 patients. Clin Immunol. 
1999;92(1):34–48.

 19. Kinlen LJ, Webster AD, Bird AG, Haile R, Peto 
J, Soothill JF, et  al. Prospective study of cancer in 
patients with hypogammaglobulinaemia. Lancet. 
1985;1(8423):263–6.

 20. Cunningham-Rundles C, Siegal FP, Cunningham- 
Rundles S, Lieberman P. Incidence of cancer in 98 
patients with common varied immunodeficiency. J 
Clin Immunol. 1987;7(4):294–9.

 21. Hermaszewski RA, Webster AD. Primary hypogam-
maglobulinaemia: a survey of clinical manifestations 
and complications. Q J Med. 1993;86(1):31–42.

 22. Zullo A, Romiti A, Rinaldi V, Vecchione A, Tomao 
S, Aiuti F, et  al. Gastric pathology in patients 
with common variable immunodeficiency. Gut. 
1999;45(1):77–81.

 23. Kienzler AK, Hargreaves CE, Patel SY.  The 
role of genomics in common variable immu-
nodeficiency disorders. Clin Exp Immunol. 
2017;188(3):326–32.

 24. Bogaert DJ, Dullaers M, Lambrecht BN, Vermaelen 
KY, De Baere E, Haerynck F. Genes associated with 

common variable immunodeficiency: one diagnosis 
to rule them all? J Med Genet. 2016;53(9):575–90.

 25. Cunningham-Rundles C.  Clinical and immu-
nologic analyses of 103 patients with common 
variable immunodeficiency. J Clin Immunol. 
1989;9(1):22–33.

 26. Boncristiano M, Majolini MB, D’Elios MM, Pacini 
S, Valensin S, Ulivieri C, et  al. Defective recruit-
ment and activation of ZAP-70 in common variable 
immunodeficiency patients with T cell defects. Eur J 
Immunol. 2000;30(9):2632–8.

 27. Gulbranson-Judge A, Tybulewicz VL, Walters AE, 
Toellner KM, MacLennan IC, Turner M. Defective 
immunoglobulin class switching in Vav-deficient 
mice is attributable to compromised T cell help. Eur 
J Immunol. 1999;29(2):477–87.

 28. Baumert E, Wolff-Vorbeck G, Schlesier M, Peter 
HH. Immunophenotypical alterations in a subset of 
patients with common variable immunodeficiency 
(CVID). Clin Exp Immunol. 1992;90(1):25–30.

 29. Holm AM, Sivertsen EA, Tunheim SH, Haug T, 
Bjerkeli V, Yndestad A, et al. Gene expression anal-
ysis of peripheral T cells in a subgroup of common 
variable immunodeficiency shows predominance 
of CCR7(-) effector-memory T cells. Clin Exp 
Immunol. 2004;138(2):278–89.

 30. North ME, Webster AD, Farrant J.  Primary defect 
in CD8+ lymphocytes in the antibody deficiency 
disease (common variable immunodeficiency): 
abnormalities in intracellular production of 
interferon- gamma (IFN-gamma) in CD28+ (‘cyto-
toxic’) and CD28- (‘suppressor’) CD8+ subsets. 
Clin Exp Immunol. 1998;111(1):70–5.

 31. Bayry J, Hermine O, Webster DA, Levy Y, Kaveri 
SV.  Common variable immunodeficiency: the 
immune system in chaos. Trends Mol Med. 
2005;11(8):370–6.

 32. Farrington M, Grosmaire LS, Nonoyama S, Fischer 
SH, Hollenbaugh D, Ledbetter JA, et  al. CD40 
ligand expression is defective in a subset of patients 
with common variable immunodeficiency. Proc Natl 
Acad Sci U S A. 1994;91(3):1099–103.

 33. Azizi G, Hafezi N, Mohammadi H, Yazdani R, 
Alinia T, Tavakol M, et  al. Abnormality of regula-
tory T cells in common variable immunodeficiency. 
Cell Immunol. 2017;315:11–7.

 34. Aspalter RM, Sewell WA, Dolman K, Farrant J, 
Webster AD. Deficiency in circulating natural killer 
(NK) cell subsets in common variable immunode-
ficiency and X-linked agammaglobulinaemia. Clin 
Exp Immunol. 2000;121(3):506–14.

 35. Trujillo CM, Muskus C, Arango J, Patino PJ, 
Montoya CJ. Quantitative and functional evaluation 
of innate immune responses in patients with com-
mon variable immunodeficiency. J Investig Allergol 
Clin Immunol. 2011;21(3):207–15.

 36. Hussell T, Isaacson PG, Crabtree JE, Spencer J. The 
response of cells from low-grade B-cell gastric lym-
phomas of mucosa-associated lymphoid tissue to 
Helicobacter pylori. Lancet. 1993;342(8871):571–4.

M. Hedayat et al.



569

 37. Wheat WH, Cool CD, Morimoto Y, Rai PR, 
Kirkpatrick CH, Lindenbaum BA, et al. Possible role 
of human herpesvirus 8  in the lymphoproliferative 
disorders in common variable immunodeficiency. J 
Exp Med. 2005;202(4):479–84.

 38. Raeiszadeh M, Kopycinski J, Paston SJ, Diss T, 
Lowdell M, Hardy GA, et  al. The T cell response 
to persistent herpes virus infections in common 
variable immunodeficiency. Clin Exp Immunol. 
2006;146(2):234–42.

 39. Vu J, Wallace GR, Singh R, Diwan H, Prieto 
V, Rady P, et  al. Common variable immunode-
ficiency syndrome associated with epidermo-
dysplasia verruciformis. Am J Clin Dermatol. 
2007;8(5):307–10.

 40. Zuccaro G, Della Bella S, Polizzi B, Vanoli M, 
Scorza R.  Common variable immunodeficiency 
following Epstein–Barr virus infection. J Clin Lab 
Immunol. 1997;49(1):41–5.

 41. He B, Chadburn A, Jou E, Schattner EJ, Knowles 
DM, Cerutti A. Lymphoma B cells evade apoptosis 
through the TNF family members BAFF/BLyS and 
APRIL. J Immunol. 2004;172(5):3268–79.

 42. Kern C, Cornuel JF, Billard C, Tang R, Rouillard D, 
Stenou V, et  al. Involvement of BAFF and APRIL 
in the resistance to apoptosis of B-CLL through an 
autocrine pathway. Blood. 2004;103(2):679–88.

 43. Vorechovsky I, Scott D, Haeney MR, Webster 
DA.  Chromosomal radiosensitivity in com-
mon variable immune deficiency. Mutat Res. 
1993;290(2):255–64.

 44. Lederman HM, Winkelstein JA. X-linked agamma-
globulinemia: an analysis of 96 patients. Medicine 
(Baltimore). 1985;64(3):145–56.

 45. Ochs HD, Smith CI.  X-linked agammaglobulin-
emia. A clinical and molecular analysis. Medicine 
(Baltimore). 1996;75(6):287–99.

 46. McKinney RE Jr, Katz SL, Wilfert CM.  Chronic 
enteroviral meningoencephalitis in agammaglobu-
linemic patients. Rev Infect Dis. 1987;9(2):334–56.

 47. Vihinen M, Mattsson PT, Smith CI. Bruton tyrosine 
kinase (BTK) in X-linked agammaglobulinemia 
(XLA). Front Biosci. 2000;5:D917–28.

 48. Aoki Y, Isselbacher KJ, Pillai S.  Bruton tyrosine 
kinase is tyrosine phosphorylated and activated in 
pre-B lymphocytes and receptor-ligated B cells. 
Proc Natl Acad Sci U S A. 1994;91(22):10606–9.

 49. Afar DE, Park H, Howell BW, Rawlings DJ, Cooper 
J, Witte ON. Regulation of Btk by Src family tyro-
sine kinases. Mol Cell Biol. 1996;16(7):3465–71.

 50. Takata M, Kurosaki T. A role for Bruton’s tyrosine 
kinase in B cell antigen receptor-mediated activa-
tion of phospholipase C-gamma 2. J Exp Med. 
1996;184(1):31–40.

 51. Scharenberg AM, El-Hillal O, Fruman DA, Beitz 
LO, Li Z, Lin S, et  al. Phosphatidylinositol- 
3,4,5-trisphosphate (PtdIns-3,4,5-P3)/Tec kinase- 
dependent calcium signaling pathway: a target 
for SHIP-mediated inhibitory signals. EMBO J. 
1998;17(7):1961–72.

 52. Uckun F, Ozer Z, Vassilev A.  Bruton’s tyrosine 
kinase prevents activation of the anti-apoptotic 
transcription factor STAT3 and promotes apop-
tosis in neoplastic B-cells and B-cell precur-
sors exposed to oxidative stress. Br J Haematol. 
2007;136(4):574–89.

 53. Sochorova K, Horvath R, Rozkova D, Litzman J, 
Bartunkova J, Sediva A, et  al. Impaired Toll-like 
receptor 8-mediated IL-6 and TNF-alpha pro-
duction in antigen-presenting cells from patients 
with X-linked agammaglobulinemia. Blood. 
2007;109(6):2553–6.

 54. Lougaris V, Baronio M, Vitali M, Tampella G, 
Cattalini M, Tassone L, et al. Bruton tyrosine kinase 
mediates TLR9-dependent human dendritic cell acti-
vation. J Allergy Clin Immunol. 2014;133(6):1644–
50 e4.

 55. van der Meer JW, Weening RS, Schellekens PT, 
van Munster IP, Nagengast FM.  Colorectal cancer 
in patients with X-linked agammaglobulinaemia. 
Lancet. 1993;341(8858):1439–40.

 56. James RG, Biechele TL, Conrad WH, Camp ND, 
Fass DM, Major MB, et al. Bruton’s tyrosine kinase 
revealed as a negative regulator of Wnt-beta-catenin 
signaling. Sci Signal. 2009;2(72):ra25.

 57. Espada J, Calvo MB, Diaz-Prado S, Medina V. Wnt 
signalling and cancer stem cells. Clin Transl Oncol. 
2009;11(7):411–27.

 58. Lavilla P, Gil A, Rodriguez MC, Dupla ML, 
Pintado V, Fontan G.  X-linked agammaglobu-
linemia and gastric adenocarcinoma. Cancer. 
1993;72(5):1528–31.

 59. Echave-Sustaeta JM, Villena V, Verdugo M, Lopez- 
Encuentra A, de Agustin P, Alberti N.  X-linked 
agammaglobulinaemia and squamous lung cancer. 
Eur Respir J. 2001;17(3):570–2.

 60. Kanavaros P, Rontogianni D, Hrissovergi D, 
Efthimiadoy A, Argyrakos T, Mastoris K, et  al. 
Extranodal cytotoxic T-cell lymphoma in a patient 
with X-linked agammaglobulinaemia. Leuk 
Lymphoma. 2001;42(1-2):235–8.

 61. al-Attas RA, Rahi AH. Primary antibody deficiency 
in Arabs: first report from eastern Saudi Arabia. J 
Clin Immunol. 1998;18(5):368–71.

 62. Kanoh T, Mizumoto T, Yasuda N, Koya M, Ohno Y, 
Uchino H, et al. Selective IgA deficiency in Japanese 
blood donors: frequency and statistical analysis. Vox 
Sang. 1986;50(2):81–6.

 63. Conley ME, Notarangelo LD, Etzioni A. Diagnostic 
criteria for primary immunodeficiencies. 
Representing PAGID (Pan-American Group 
for Immunodeficiency) and ESID (European 
Society for Immunodeficiencies). Clin Immunol. 
1999;93(3):190–7.

 64. Yel L.  Selective IgA deficiency. J Clin Immunol. 
2010;30(1):10–6.

 65. Jacob CM, Pastorino AC, Fahl K, Carneiro-Sampaio 
M, Monteiro RC. Autoimmunity in IgA deficiency: 
revisiting the role of IgA as a silent housekeeper. J 
Clin Immunol. 2008;28(Suppl 1):S56–61.

25 Inborn Errors of Immunity and Cancers



570

 66. Ballow M.  Primary immunodeficiency disorders: 
antibody deficiency. J Allergy Clin Immunol. 
2002;109(4):581–91.

 67. Cunningham-Rundles C. Physiology of IgA and IgA 
deficiency. J Clin Immunol. 2001;21(5):303–9.

 68. Chow MA, Lebwohl B, Reilly NR, Green 
PH. Immunoglobulin A deficiency in celiac disease. 
J Clin Gastroenterol. 2012;46(10):850–4.

 69. Castigli E, Wilson SA, Garibyan L, Rachid R, 
Bonilla F, Schneider L, et al. TACI is mutant in com-
mon variable immunodeficiency and IgA deficiency. 
Nat Genet. 2005;37(8):829–34.

 70. Haimila K, Einarsdottir E, de Kauwe A, Koskinen 
LL, Pan-Hammarstrom Q, Kaartinen T, et  al. The 
shared CTLA4-ICOS risk locus in celiac disease, 
IgA deficiency and common variable immunodefi-
ciency. Genes Immun. 2009;10(2):151–61.

 71. Wang N, Hammarstrom L.  IgA deficiency: 
what is new? Curr Opin Allergy Clin Immunol. 
2012;12(6):602–8.

 72. Bronson PG, Chang D, Bhangale T, Seldin MF, 
Ortmann W, Ferreira RC, et al. Common variants at 
PVT1, ATG13-AMBRA1, AHI1 and CLEC16A are 
associated with selective IgA deficiency. Nat Genet. 
2016;48(11):1425–9.

 73. Zenone T, Souquet PJ, Cunningham-Rundles C, 
Bernard JP.  Hodgkin’s disease associated with 
IgA and IgG subclass deficiency. J Intern Med. 
1996;240(2):99–102.

 74. Cunningham-Rundles C, Pudifin DJ, Armstrong D, 
Good RA.  Selective IgA deficiency and neoplasia. 
Vox Sang. 1980;38(2):61–7.

 75. Strober W, Sneller MC. IgA deficiency. Ann Allergy. 
1991;66(5):363–75.

 76. Buckley RH. Clinical and immunologic features of 
selective IgA deficiency. Birth Defects Orig Artic 
Ser. 1975;11(1):134–42.

 77. De Laat PC, Weemaes CM, Gonera R, Van Munster 
PJ, Bakkeren JA, Stoelinga GB.  Clinical mani-
festations in selective IgA deficiency in child-
hood. A follow-up report. Acta Paediatr Scand. 
1991;80(8-9):798–804.

 78. Lee CH, Quin JW, Wong CS, Grace CS, Rozenberg 
MC.  IgA deficiency, superior mediastinal tumour 
with unusual clinical manifestations. Aust N Z J 
Med. 1979;9(3):306–9.

 79. Hamoudi AB, Ertel I, Newton WA Jr, Reiner CB, 
Clatworthy HW Jr. Multiple neoplasms in an adoles-
cent child associated with IGA deficiency. Cancer. 
1974;33(4):1134–44.

 80. Shkalim V, Monselize Y, Segal N, Zan-Bar I, Hoffer 
V, Garty BZ. Selective IgA deficiency in children in 
Israel. J Clin Immunol. 2010;30(5):761–5.

 81. Shiow LR, Paris K, Akana MC, Cyster JG, Sorensen 
RU, Puck JM. Severe combined immunodeficiency 
(SCID) and attention deficit hyperactivity disorder 
(ADHD) associated with a Coronin-1A mutation 
and a chromosome 16p11.2 deletion. Clin Immunol. 
2009;131(1):24–30.

 82. Shiow LR, Roadcap DW, Paris K, Watson SR, 
Grigorova IL, Lebet T, et al. The actin regulator coro-
nin 1A is mutant in a thymic egress-deficient mouse 
strain and in a patient with severe combined immu-
nodeficiency. Nat Immunol. 2008;9(11):1307–15.

 83. Moshous D, Martin E, Carpentier W, Lim A, 
Callebaut I, Canioni D, et al. Whole-exome sequenc-
ing identifies Coronin-1A deficiency in 3 siblings 
with immunodeficiency and EBV-associated B-cell 
lymphoproliferation. J Allergy Clin Immunol. 
2013;131(6):1594–603.

 84. Stray-Pedersen A, Jouanguy E, Crequer A, Bertuch 
AA, Brown BS, Jhangiani SN, et  al. Compound 
heterozygous CORO1A mutations in siblings with 
a mucocutaneous-immunodeficiency syndrome of 
epidermodysplasia verruciformis-HPV, molluscum 
contagiosum and granulomatous tuberculoid lep-
rosy. J Clin Immunol. 2014;34(7):871–90.

 85. Punwani D, Pelz B, Yu J, Arva NC, Schafernak 
K, Kondratowicz K, et  al. Coronin-1A: immune 
deficiency in humans and mice. J Clin Immunol. 
2015;35(2):100–7.

 86. Yee CS, Massaad MJ, Bainter W, Ohsumi TK, Foger 
N, Chan AC, et al. Recurrent viral infections associ-
ated with a homozygous CORO1A mutation that dis-
rupts oligomerization and cytoskeletal association. J 
Allergy Clin Immunol. 2016;137(3):879–88 e2.

 87. Mace EM, Orange JS.  Lytic immune synapse 
function requires filamentous actin deconstruc-
tion by Coronin 1A.  Proc Natl Acad Sci U S A. 
2014;111(18):6708–13.

 88. Nal B, Carroll P, Mohr E, Verthuy C, Da Silva MI, 
Gayet O, et  al. Coronin-1 expression in T lym-
phocytes: insights into protein function during 
T cell development and activation. Int Immunol. 
2004;16(2):231–40.

 89. Ferrari G, Langen H, Naito M, Pieters J. A coat pro-
tein on phagosomes involved in the intracellular sur-
vival of mycobacteria. Cell. 1999;97(4):435–47.

 90. Grogan A, Reeves E, Keep N, Wientjes F, Totty NF, 
Burlingame AL, et al. Cytosolic phox proteins inter-
act with and regulate the assembly of coronin in neu-
trophils. J Cell Sci. 1997;110(Pt 24):3071–81.

 91. Pick R, Begandt D, Stocker TJ, Salvermoser 
M, Thome S, Bottcher RT, et  al. Coronin 1A, a 
novel player in integrin biology, controls neu-
trophil trafficking in innate immunity. Blood. 
2017;130(7):847–58.

 92. Abdollahpour H, Appaswamy G, Kotlarz D, 
Diestelhorst J, Beier R, Schaffer AA, et  al. The 
phenotype of human STK4 deficiency. Blood. 
2012;119(15):3450–7.

 93. Nehme NT, Schmid JP, Debeurme F, Andre-Schmutz 
I, Lim A, Nitschke P, et al. MST1 mutations in auto-
somal recessive primary immunodeficiency char-
acterized by defective naive T-cell survival. Blood. 
2012;119(15):3458–68.

 94. Halacli SO, Ayvaz DC, Sun-Tan C, Erman B, Uz E, 
Yilmaz DY, et al. STK4 (MST1) deficiency in two 

M. Hedayat et al.



571

siblings with autoimmune cytopenias: a novel muta-
tion. Clin Immunol. 2015;161(2):316–23.

 95. Dang TS, Willet JD, Griffin HR, Morgan NV, 
O’Boyle G, Arkwright PD, et  al. Defective leu-
kocyte adhesion and chemotaxis contributes to 
combined immunodeficiency in humans with auto-
somal recessive MST1 deficiency. J Clin Immunol. 
2016;36(2):117–22.

 96. Lee JK, Shin JH, Hwang SG, Gwag BJ, McKee AC, 
Lee J, et al. MST1 functions as a key modulator of 
neurodegeneration in a mouse model of ALS. Proc 
Natl Acad Sci U S A. 2013;110(29):12066–71.

 97. Maejima Y, Kyoi S, Zhai P, Liu T, Li H, Ivessa A, 
et  al. Mst1 inhibits autophagy by promoting the 
interaction between Beclin1 and Bcl-2. Nat Med. 
2013;19(11):1478–88.

 98. Wilkinson DS, Jariwala JS, Anderson E, Mitra K, 
Meisenhelder J, Chang JT, et al. Phosphorylation of 
LC3 by the Hippo kinases STK3/STK4 is essential 
for autophagy. Mol Cell. 2015;57(1):55–68.

 99. Markert ML. Purine nucleoside phosphorylase defi-
ciency. Immunodefic Rev. 1991;3(1):45–81.

 100. Pannicke U, Tuchschmid P, Friedrich W, Bartram 
CR, Schwarz K. Two novel missense and frameshift 
mutations in exons 5 and 6 of the purine nucleoside 
phosphorylase (PNP) gene in a severe combined 
immunodeficiency (SCID) patient. Hum Genet. 
1996;98(6):706–9.

 101. Banzhoff A, Schauer U, Riedel F, Gahr M, Rieger 
CH. Fatal varicella in a 5-year-old boy. Eur J Pediatr. 
1997;156(4):333–4.

 102. Gelfand EW, Dosch HM, Biggar WD, Fox 
IH.  Partial purine nucleoside phosphorylase defi-
ciency. Studies of lymphocyte function. J Clin 
Invest. 1978;61(4):1071–80.

 103. Andrews LG, Markert ML. Exon skipping in purine 
nucleoside phosphorylase mRNA processing lead-
ing to severe immunodeficiency. J Biol Chem. 
1992;267(11):7834–8.

 104. Aust MR, Andrews LG, Barrett MJ, Norby-Slycord 
CJ, Markert ML. Molecular analysis of mutations in 
a patient with purine nucleoside phosphorylase defi-
ciency. Am J Hum Genet. 1992;51(4):763–72.

 105. Tam DA Jr, Leshner RT.  Stroke in purine nucleo-
side phosphorylase deficiency. Pediatr Neurol. 
1995;12(2):146–8.

 106. Carpenter PA, Ziegler JB, Vowels MR. Late diagnosis 
and correction of purine nucleoside phosphorylase 
deficiency with allogeneic bone marrow transplanta-
tion. Bone Marrow Transplant. 1996;17(1):121–4.

 107. Stoop JW, Zegers BJ, Hendrickx GF, van Heukelom 
LH, Staal GE, de Bree PK, et al. Purine nucleoside 
phosphorylase deficiency associated with selec-
tive cellular immunodeficiency. N Engl J Med. 
1977;296(12):651–5.

 108. Soutar RL, Day RE.  Dysequilibrium/ataxic diple-
gia with immunodeficiency. Arch Dis Child. 
1991;66(8):982–3.

 109. Markert ML, Finkel BD, McLaughlin TM, Watson 
TJ, Collard HR, McMahon CP, et  al. Mutations in 

purine nucleoside phosphorylase deficiency. Hum 
Mutat. 1997;9(2):118–21.

 110. Ochs UH, Chen SH, Ochs HD, Osborne WR, Scott 
CR. Purine nucleoside phosphorylase deficiency: a 
molecular model for selective loss of T cell function. 
J Immunol. 1979;122(6):2424–9.

 111. Gudas LJ, Ullman B, Cohen A, Martin DW Jr. 
Deoxyguanosine toxicity in a mouse T lym-
phoma: relationship to purine nucleoside 
phosphorylase- associated immune dysfunction. 
Cell. 1978;14(3):531–8.

 112. Ullman B, Gudas LJ, Clift SM, Martin DW Jr. 
Isolation and characterization of purine-nucleoside 
phosphorylase-deficient T-lymphoma cells and sec-
ondary mutants with altered ribonucleotide reduc-
tase: genetic model for immunodeficiency disease. 
Proc Natl Acad Sci U S A. 1979;76(3):1074–8.

 113. Snyder FF, Jenuth JP, Dilay JE, Fung E, Lightfoot 
T, Mably ER.  Secondary loss of deoxyguano-
sine kinase activity in purine nucleoside phos-
phorylase deficient mice. Biochim Biophys Acta. 
1994;1227(1-2):33–40.

 114. Jenuth JP, Dilay JE, Fung E, Mably ER, Snyder 
FF. Absence of dGTP accumulation and compensa-
tory loss of deoxyguanosine kinase in purine nucleo-
side phosphorylase deficient mice. Adv Exp Med 
Biol. 1991;309B:273–6.

 115. Park I, Ives DH. Properties of a highly purified mito-
chondrial deoxyguanosine kinase. Arch Biochem 
Biophys. 1988;266(1):51–60.

 116. Giblett ER, Ammann AJ, Wara DW, Sandman R, 
Diamond LK.  Nucleoside-phosphorylase defi-
ciency in a child with severely defective T-cell 
immunity and normal B-cell immunity. Lancet. 
1975;1(7914):1010–3.

 117. Carson DA, Kaye J, Seegmiller JE. Lymphospecific 
toxicity in adenosine deaminase deficiency and 
purine nucleoside phosphorylase deficiency: pos-
sible role of nucleoside kinase(s). Proc Natl Acad 
Sci U S A. 1977;74(12):5677–81.

 118. Kazmers IS, Mitchell BS, Dadonna PE, Wotring 
LL, Townsend LB, Kelley WN. Inhibition of purine 
nucleoside phosphorylase by 8-aminoguanosine: 
selective toxicity for T lymphoblasts. Science. 
1981;214(4525):1137–9.

 119. Veis DJ, Sentman CL, Bach EA, Korsmeyer 
SJ.  Expression of the Bcl-2 protein in murine and 
human thymocytes and in peripheral T lymphocytes. 
J Immunol. 1993;151(5):2546–54.

 120. Cohen A, Lee JW, Dosch HM, Gelfand EW.  The 
expression of deoxyguanosine toxicity in T lympho-
cytes at different stages of maturation. J Immunol. 
1980;125(4):1578–82.

 121. Kirchhausen T, Rosen FS.  Disease mechanism: 
unravelling Wiskott–Aldrich syndrome. Curr Biol. 
1996;6(6):676–8.

 122. Sullivan KE, Mullen CA, Blaese RM, Winkelstein 
JA.  A multiinstitutional survey of the Wiskott–
Aldrich syndrome. J Pediatr. 1994;125(6 Pt 
1):876–85.

25 Inborn Errors of Immunity and Cancers



572

 123. Dupuis-Girod S, Medioni J, Haddad E, Quartier P, 
Cavazzana-Calvo M, Le Deist F, et al. Autoimmunity 
in Wiskott–Aldrich syndrome: risk factors, clinical 
features, and outcome in a single-center cohort of 55 
patients. Pediatrics. 2003;111(5 Pt 1):e622–7.

 124. Massaad MJ, Ramesh N, Geha RS. Wiskott–Aldrich 
syndrome: a comprehensive review. Ann N Y Acad 
Sci. 2013;1285:26–43.

 125. Imai K, Morio T, Zhu Y, Jin Y, Itoh S, Kajiwara M, 
et  al. Clinical course of patients with WASP gene 
mutations. Blood. 2004;103(2):456–64.

 126. Shcherbina A, Candotti F, Rosen FS, Remold- 
O’Donnell E.  High incidence of lymphomas in a 
subgroup of Wiskott–Aldrich syndrome patients. Br 
J Haematol. 2003;121(3):529–30.

 127. Villa A, Notarangelo L, Macchi P, Mantuano E, 
Cavagni G, Brugnoni D, et al. X-linked thrombocy-
topenia and Wiskott–Aldrich syndrome are allelic 
diseases with mutations in the WASP gene. Nat 
Genet. 1995;9(4):414–7.

 128. Zhu Q, Zhang M, Blaese RM, Derry JM, Junker 
A, Francke U, et  al. The Wiskott–Aldrich syn-
drome and X-linked congenital thrombocytopenia 
are caused by mutations of the same gene. Blood. 
1995;86(10):3797–804.

 129. Ancliff PJ, Blundell MP, Cory GO, Calle Y, Worth A, 
Kempski H, et al. Two novel activating mutations in 
the Wiskott–Aldrich syndrome protein result in con-
genital neutropenia. Blood. 2006;108(7):2182–9.

 130. Beel K, Cotter MM, Blatny J, Bond J, Lucas 
G, Green F, et  al. A large kindred with X-linked 
neutropenia with an I294T mutation of the 
Wiskott–Aldrich syndrome gene. Br J Haematol. 
2009;144(1):120–6.

 131. Devriendt K, Kim AS, Mathijs G, Frints SG, Schwartz 
M, Van Den Oord JJ, et al. Constitutively activating 
mutation in WASP causes X-linked severe congeni-
tal neutropenia. Nat Genet. 2001;27(3):313–7.

 132. Ochs HD, Filipovich AH, Veys P, Cowan MJ, Kapoor 
N.  Wiskott–Aldrich syndrome: diagnosis, clinical 
and laboratory manifestations, and treatment. Biol 
Blood Marrow Transplant. 2009;15(1 Suppl):84–90.

 133. Picard C, Mellouli F, Duprez R, Chedeville G, 
Neven B, Fraitag S, et  al. Kaposi’s sarcoma in a 
child with Wiskott–Aldrich syndrome. Eur J Pediatr. 
2006;165(7):453–7.

 134. De Meester J, Calvez R, Valitutti S, Dupre L. The 
Wiskott–Aldrich syndrome protein regulates 
CTL cytotoxicity and is required for efficient kill-
ing of B cell lymphoma targets. J Leukoc Biol. 
2010;88(5):1031–40.

 135. Gismondi A, Cifaldi L, Mazza C, Giliani S, Parolini 
S, Morrone S, et  al. Impaired natural and CD16- 
mediated NK cell cytotoxicity in patients with WAS 
and XLT: ability of IL-2 to correct NK cell func-
tional defect. Blood. 2004;104(2):436–43.

 136. Orange JS, Ramesh N, Remold-O’Donnell E, 
Sasahara Y, Koopman L, Byrne M, et  al. Wiskott–
Aldrich syndrome protein is required for NK cell 
cytotoxicity and colocalizes with actin to NK cell- 

activating immunologic synapses. Proc Natl Acad 
Sci U S A. 2002;99(17):11351–6.

 137. Locci M, Draghici E, Marangoni F, Bosticardo M, 
Catucci M, Aiuti A, et al. The Wiskott–Aldrich syn-
drome protein is required for iNKT cell maturation 
and function. J Exp Med. 2009;206(4):735–42.

 138. Astrakhan A, Ochs HD, Rawlings DJ.  Wiskott–
Aldrich syndrome protein is required for homeosta-
sis and function of invariant NKT cells. J Immunol. 
2009;182(12):7370–80.

 139. Schuetz C, Niehues T, Friedrich W, Schwarz 
K. Autoimmunity, autoinflammation and lymphoma 
in combined immunodeficiency (CID). Autoimmun 
Rev. 2010;9(7):477–82.

 140. Blundell MP, Worth A, Bouma G, Thrasher AJ. The 
Wiskott–Aldrich syndrome: the actin cytoskel-
eton and immune cell function. Dis Markers. 
2010;29(3-4):157–75.

 141. Moulding DA, Blundell MP, Spiller DG, White MR, 
Cory GO, Calle Y, et al. Unregulated actin polym-
erization by WASp causes defects of mitosis and 
cytokinesis in X-linked neutropenia. J Exp Med. 
2007;204(9):2213–24.

 142. Moratto D, Giliani S, Bonfim C, Mazzolari E, 
Fischer A, Ochs HD, et  al. Long-term outcome 
and lineage-specific chimerism in 194 patients 
with Wiskott–Aldrich syndrome treated by hema-
topoietic cell transplantation in the period 1980- 
2009: an international collaborative study. Blood. 
2011;118(6):1675–84.

 143. Boztug K, Schmidt M, Schwarzer A, Banerjee PP, 
Diez IA, Dewey RA, et al. Stem-cell gene therapy 
for the Wiskott–Aldrich syndrome. N Engl J Med. 
2010;363(20):1918–27.

 144. Cattoglio C, Pellin D, Rizzi E, Maruggi G, Corti G, 
Miselli F, et al. High-definition mapping of retroviral 
integration sites identifies active regulatory elements 
in human multipotent hematopoietic progenitors. 
Blood. 2010;116(25):5507–17.

 145. Modlich U, Navarro S, Zychlinski D, Maetzig T, 
Knoess S, Brugman MH, et al. Insertional transfor-
mation of hematopoietic cells by self-inactivating 
lentiviral and gammaretroviral vectors. Mol Ther. 
2009;17(11):1919–28.

 146. Galy A, Thrasher AJ. Gene therapy for the Wiskott–
Aldrich syndrome. Curr Opin Allergy Clin Immunol. 
2011;11(6):545–50.

 147. Avedillo Diez I, Zychlinski D, Coci EG, Galla M, 
Modlich U, Dewey RA, et al. Development of novel 
efficient SIN vectors with improved safety features 
for Wiskott–Aldrich syndrome stem cell based gene 
therapy. Mol Pharm. 2011;8(5):1525–37.

 148. Renner ED, Puck JM, Holland SM, Schmitt M, 
Weiss M, Frosch M, et  al. Autosomal recessive 
hyperimmunoglobulin E syndrome: a distinct dis-
ease entity. J Pediatr. 2004;144(1):93–9.

 149. Zhang Q, Davis JC, Lamborn IT, Freeman AF, Jing 
H, Favreau AJ, et al. Combined immunodeficiency 
associated with DOCK8 mutations. N Engl J Med. 
2009;361(21):2046–55.

M. Hedayat et al.



573

 150. Engelhardt KR, McGhee S, Winkler S, Sassi A, 
Woellner C, Lopez-Herrera G, et al. Large deletions 
and point mutations involving the dedicator of cyto-
kinesis 8 (DOCK8) in the autosomal-recessive form 
of hyper-IgE syndrome. J Allergy Clin Immunol. 
2009;124(6):1289–302 e4.

 151. Al-Herz W, Ragupathy R, Massaad MJ, Al-Attiyah 
R, Nanda A, Engelhardt KR, et  al. Clinical, 
immunologic and genetic profiles of DOCK8- 
deficient patients in Kuwait. Clin Immunol. 
2012;143(3):266–72.

 152. Alsum Z, Hawwari A, Alsmadi O, Al-Hissi S, 
Borrero E, Abu-Staiteh A, et al. Clinical, immuno-
logical and molecular characterization of DOCK8 
and DOCK8-like deficient patients: single center 
experience of twenty-five patients. J Clin Immunol. 
2013;33(1):55–67.

 153. Lei JY, Wang Y, Jaffe ES, Turner ML, Raffeld M, 
Sorbara L, et  al. Microcystic adnexal carcinoma 
associated with primary immunodeficiency, recur-
rent diffuse herpes simplex virus infection, and 
cutaneous T-cell lymphoma. Am J Dermatopathol. 
2000;22(6):524–9.

 154. Kuskonmaz B, Ayvaz D, Baris S, Unal S, Tezcan I, 
Uckan D. Acute myeloid leukemia in a child with 
dedicator of cytokinesis 8 (DOCK8) deficiency. 
Pediatr Blood Cancer. 2017;64(12).

 155. Meller N, Merlot S, Guda C.  CZH proteins: a 
new family of Rho-GEFs. J Cell Sci. 2005;118(Pt 
21):4937–46.

 156. Ruusala A, Aspenstrom P.  Isolation and charac-
terisation of DOCK8, a member of the DOCK180- 
related regulators of cell morphology. FEBS Lett. 
2004;572(1-3):159–66.

 157. Harada Y, Tanaka Y, Terasawa M, Pieczyk M, Habiro 
K, Katakai T, et  al. DOCK8 is a Cdc42 activator 
critical for interstitial dendritic cell migration during 
immune responses. Blood. 2012;119(19):4451–61.

 158. Ham H, Guerrier S, Kim J, Schoon RA, Anderson 
EL, Hamann MJ, et  al. Dedicator of cytokinesis 8 
interacts with talin and Wiskott–Aldrich syndrome 
protein to regulate NK cell cytotoxicity. J Immunol. 
2013;190(7):3661–9.

 159. Janssen E, Tohme M, Hedayat M, Leick M, Kumari 
S, Ramesh N, et al. A DOCK8-WIP-WASp complex 
links T cell receptors to the actin cytoskeleton. J Clin 
Invest. 2016;126(10):3837–51.

 160. Jabara HH, McDonald DR, Janssen E, Massaad MJ, 
Ramesh N, Borzutzky A, et al. DOCK8 functions as 
an adaptor that links TLR-MyD88 signaling to B cell 
activation. Nat Immunol. 2012;13(6):612–20.

 161. Massaad MJ, Cangemi B, Al-Herz W, LeFranc 
G, Freeman A, Baxi S, et  al. DOCK8 and STAT3 
dependent inhibition of IgE isotype switching by 
TLR9 ligation in human B cells. Clin Immunol. 
2017;183:263–5.

 162. Kearney CJ, Vervoort SJ, Ramsbottom KM, 
Freeman AJ, Michie J, Peake J et al. DOCK8 drives 
Src-dependent NK cell effector function. J Immunol. 
2017;199(6):2118–27.

 163. Singh AK, Eken A, Hagin D, Komal K, Bhise G, 
Shaji A et al. DOCK8 regulates fitness and function 
of regulatory T cells through modulation of IL-2 sig-
naling. JCI Insight. 2017;2(19).

 164. Lambe T, Crawford G, Johnson AL, Crockford 
TL, Bouriez-Jones T, Smyth AM, et  al. DOCK8 
is essential for T-cell survival and the mainte-
nance of CD8+ T-cell memory. Eur J Immunol. 
2011;41(12):3423–35.

 165. Randall KL, Lambe T, Johnson AL, Treanor B, 
Kucharska E, Domaschenz H, et  al. Dock8 muta-
tions cripple B cell immunological synapses, germi-
nal centers and long-lived antibody production. Nat 
Immunol. 2009;10(12):1283–91.

 166. Mizesko MC, Banerjee PP, Monaco-Shawver L, 
Mace EM, Bernal WE, Sawalle-Belohradsky J, et al. 
Defective actin accumulation impairs human natu-
ral killer cell function in patients with dedicator of 
cytokinesis 8 deficiency. J Allergy Clin Immunol. 
2013;131(3):840–8.

 167. Takahashi K, Kohno T, Ajima R, Sasaki H, Minna 
JD, Fujiwara T, et  al. Homozygous deletion and 
reduced expression of the DOCK8 gene in human 
lung cancer. Int J Oncol. 2006;28(2):321–8.

 168. Saelee P, Wongkham S, Puapairoj A, Khuntikeo N, 
Petmitr S, Chariyalertsak S, et al. Novel PNLIPRP3 
and DOCK8 gene expression and prognostic impli-
cations of DNA loss on chromosome 10q25.3  in 
hepatocellular carcinoma. Asian Pac J Cancer Prev. 
2009;10(3):501–6.

 169. Idbaih A, Carvalho Silva R, Criniere E, Marie Y, 
Carpentier C, Boisselier B, et al. Genomic changes 
in progression of low-grade gliomas. J Neurooncol. 
2008;90(2):133–40.

 170. Su HC.  Dedicator of cytokinesis 8 (DOCK8) 
deficiency. Curr Opin Allergy Clin Immunol. 
2010;10(6):515–20.

 171. Marsh RA, Madden L, Kitchen BJ, Mody R, 
McClimon B, Jordan MB, et  al. XIAP deficiency: 
a unique primary immunodeficiency best classified 
as X-linked familial hemophagocytic lymphohistio-
cytosis and not as X-linked lymphoproliferative dis-
ease. Blood. 2010;116(7):1079–82.

 172. Minna JD, Roth JA, Gazdar AF. Focus on lung can-
cer. Cancer Cell. 2002;1(1):49–52.

 173. Yokota J, Kohno T.  Molecular footprints of 
human lung cancer progression. Cancer Sci. 
2004;95(3):197–204.

 174. Nishioka M, Kohno T, Tani M, Yanaihara N, 
Tomizawa Y, Otsuka A, et  al. MYO18B, a can-
didate tumor suppressor gene at chromosome 
22q12.1, deleted, mutated, and methylated in 
human lung cancer. Proc Natl Acad Sci U S A. 
2002;99(19):12269–74.

 175. Hamada K, Kohno T, Kawanishi M, Ohwada 
S, Yokota J.  Association of CDKN2A(p16)/
CDKN2B(p15) alterations and homozygous 
chromosome arm 9p deletions in human lung 
carcinoma. Genes Chromosomes Cancer. 
1998;22(3):232–40.

25 Inborn Errors of Immunity and Cancers



574

 176. Crequer A, Troeger A, Patin E, Ma CS, Picard C, 
Pedergnana V, et  al. Human RHOH deficiency 
causes T cell defects and susceptibility to EV-HPV 
infections. J Clin Invest. 2012;122(9):3239–47.

 177. Li X, Bu X, Lu B, Avraham H, Flavell RA, Lim 
B. The hematopoiesis-specific GTP-binding protein 
RhoH is GTPase deficient and modulates activities 
of other Rho GTPases by an inhibitory function. Mol 
Cell Biol. 2002;22(4):1158–71.

 178. Gu Y, Zheng Y, Williams DA. RhoH GTPase: a key 
regulator of hematopoietic cell proliferation and 
apoptosis? Cell Cycle. 2005;4(2):201–2.

 179. Gu Y, Chae HD, Siefring JE, Jasti AC, Hildeman 
DA, Williams DA.  RhoH GTPase recruits and 
activates Zap70 required for T cell receptor signal-
ing and thymocyte development. Nat Immunol. 
2006;7(11):1182–90.

 180. Li S, Yamauchi A, Marchal CC, Molitoris JK, 
Quilliam LA, Dinauer MC.  Chemoattractant- 
stimulated Rac activation in wild-type and Rac2- 
deficient murine neutrophils: preferential activation 
of Rac2 and Rac2 gene dosage effect on neutrophil 
functions. J Immunol. 2002;169(9):5043–51.

 181. Dorn T, Kuhn U, Bungartz G, Stiller S, Bauer M, 
Ellwart J, et  al. RhoH is important for positive 
thymocyte selection and T-cell receptor signaling. 
Blood. 2007;109(6):2346–55.

 182. Dallery-Prudhomme E, Roumier C, Denis C, 
Preudhomme C, Kerckaert JP, Galiegue-Zouitina 
S. Genomic structure and assignment of the RhoH/
TTF small GTPase gene (ARHH) to 4p13 by in situ 
hybridization. Genomics. 1997;43(1):89–94.

 183. Dallery E, Galiegue-Zouitina S, Collyn-d’Hooghe 
M, Quief S, Denis C, Hildebrand MP, et al. TTF, a 
gene encoding a novel small G protein, fuses to the 
lymphoma-associated LAZ3 gene by t(3;4) chromo-
somal translocation. Oncogene. 1995;10(11):2171–8.

 184. Preudhomme C, Roumier C, Hildebrand MP, 
Dallery-Prudhomme E, Lantoine D, Lai JL, et  al. 
Nonrandom 4p13 rearrangements of the RhoH/
TTF gene, encoding a GTP-binding protein, in 
non-Hodgkin’s lymphoma and multiple myeloma. 
Oncogene. 2000;19(16):2023–32.

 185. Pasqualucci L, Neumeister P, Goossens T, Nanjangud 
G, Chaganti RS, Kuppers R, et al. Hypermutation of 
multiple proto-oncogenes in B-cell diffuse large-cell 
lymphomas. Nature. 2001;412(6844):341–6.

 186. Gaidano G, Pasqualucci L, Capello D, Berra E, 
Deambrogi C, Rossi D, et  al. Aberrant somatic 
hypermutation in multiple subtypes of AIDS- 
associated non-Hodgkin lymphoma. Blood. 
2003;102(5):1833–41.

 187. Montesinos-Rongen M, Van Roost D, Schaller C, 
Wiestler OD, Deckert M.  Primary diffuse large 
B-cell lymphomas of the central nervous system are 
targeted by aberrant somatic hypermutation. Blood. 
2004;103(5):1869–75.

 188. Eidenschenk C, Dunne J, Jouanguy E, Fourlinnie C, 
Gineau L, Bacq D, et al. A novel primary immuno-
deficiency with specific natural-killer cell deficiency 

maps to the centromeric region of chromosome 8. 
Am J Hum Genet. 2006;78(4):721–7.

 189. Casey JP, Nobbs M, McGettigan P, Lynch S, Ennis 
S. Recessive mutations in MCM4/PRKDC cause a 
novel syndrome involving a primary immunodefi-
ciency and a disorder of DNA repair. J Med Genet. 
2012;49(4):242–5.

 190. Hughes CR, Guasti L, Meimaridou E, Chuang 
CH, Schimenti JC, King PJ, et  al. MCM4 muta-
tion causes adrenal failure, short stature, and natu-
ral killer cell deficiency in humans. J Clin Invest. 
2012;122(3):814–20.

 191. Gineau L, Cognet C, Kara N, Lach FP, Dunne J, 
Veturi U, et al. Partial MCM4 deficiency in patients 
with growth retardation, adrenal insufficiency, 
and natural killer cell deficiency. J Clin Invest. 
2012;122(3):821–32.

 192. Wallace MD, Southard TL, Schimenti KJ, Schimenti 
JC. Role of DNA damage response pathways in pre-
venting carcinogenesis caused by intrinsic replica-
tion stress. Oncogene. 2014;33(28):3688–95.

 193. Sowerwine KJ, Holland SM, Freeman AF.  Hyper- 
IgE syndrome update. Ann N Y Acad Sci. 
2012;1250:25–32.

 194. Heimall J, Freeman A, Holland SM.  Pathogenesis 
of hyper IgE syndrome. Clin Rev Allergy Immunol. 
2010;38(1):32–8.

 195. Minegishi Y.  Hyper-IgE syndrome. Curr Opin 
Immunol. 2009;21(5):487–92.

 196. Davis SD, Schaller J, Wedgwood RJ.  Job’s 
Syndrome. Recurrent, “cold”, staphylococcal 
abscesses. Lancet. 1966;1(7445):1013–5.

 197. Freeman AF, Kleiner DE, Nadiminti H, Davis J, 
Quezado M, Anderson V, et  al. Causes of death 
in hyper-IgE syndrome. J Allergy Clin Immunol. 
2007;119(5):1234–40.

 198. Buckley RH.  The hyper-IgE syndrome. Clin Rev 
Allergy Immunol. 2001;20(1):139–54.

 199. Ma CS, Chew GY, Simpson N, Priyadarshi A, Wong 
M, Grimbacher B, et al. Deficiency of Th17 cells in 
hyper IgE syndrome due to mutations in STAT3. J 
Exp Med. 2008;205(7):1551–7.

 200. Mazerolles F, Picard C, Kracker S, Fischer A, 
Durandy A. Blood CD4+CD45RO+CXCR5+ T cells 
are decreased but partially functional in signal trans-
ducer and activator of transcription 3 deficiency. J 
Allergy Clin Immunol. 2013;131(4):1146–56.

 201. Grimbacher B, Holland SM, Gallin JI, Greenberg 
F, Hill SC, Malech HL, et  al. Hyper-IgE syn-
drome with recurrent infections--an autosomal 
dominant multisystem disorder. N Engl J Med. 
1999;340(9):692–702.

 202. Hoger PH, Boltshauser E, Hitzig WH. Craniosynostosis 
in hyper-IgE-syndrome. Eur J Pediatr. 1985; 
144(4):414–7.

 203. O’Connell AC, Puck JM, Grimbacher B, Facchetti 
F, Majorana A, Gallin JI, et al. Delayed eruption of 
permanent teeth in hyperimmunoglobulinemia E 
recurrent infection syndrome. Oral Surg Oral Med 
Oral Pathol Oral Radiol Endod. 2000;89(2):177–85.

M. Hedayat et al.



575

 204. Ling JC, Freeman AF, Gharib AM, Arai AE, 
Lederman RJ, Rosing DR, et  al. Coronary artery 
aneurysms in patients with hyper IgE recurrent infec-
tion syndrome. Clin Immunol. 2007;122(3):255–8.

 205. Holland SM, DeLeo FR, Elloumi HZ, Hsu AP, Uzel G, 
Brodsky N, et al. STAT3 mutations in the hyper-IgE 
syndrome. N Engl J Med. 2007;357(16):1608–19.

 206. Minegishi Y, Saito M, Tsuchiya S, Tsuge I, Takada 
H, Hara T, et al. Dominant-negative mutations in the 
DNA-binding domain of STAT3 cause hyper-IgE 
syndrome. Nature. 2007;448(7157):1058–62.

 207. Akira S. Roles of STAT3 defined by tissue-specific 
gene targeting. Oncogene. 2000;19(21):2607–11.

 208. Gorin LJ, Jeha SC, Sullivan MP, Rosenblatt HM, 
Shearer WT.  Burkitt’s lymphoma developing in a 
7-year-old boy with hyper-IgE syndrome. J Allergy 
Clin Immunol. 1989;83(1):5–10.

 209. Leonard GD, Posadas E, Herrmann PC, Anderson 
VL, Jaffe ES, Holland SM, et  al. Non-Hodgkin’s 
lymphoma in Job’s syndrome: a case report and liter-
ature review. Leuk Lymphoma. 2004;45(12):2521–5.

 210. Kashef MA, Kashef S, Handjani F, Karimi 
M.  Hodgkin lymphoma developing in a 4.5-year- 
old girl with hyper-IgE syndrome. Pediatr Hematol 
Oncol. 2006;23(1):59–63.

 211. Oztop I, Demirkan B, Tarhan O, Kayahan H, Yilmaz 
U, Kargi A, et  al. The development of pulmonary 
adenocarcinoma in a patient with Job’s syndrome, 
a rare immunodeficiency condition. Tumori. 
2004;90(1):132–5.

 212. Rezaei N, Hedayat M, Aghamohammadi A, Nichols 
KE.  Primary immunodeficiency diseases associ-
ated with increased susceptibility to viral infec-
tions and malignancies. J Allergy Clin Immunol. 
2011;127(6):1329–41 e2. quiz 42-3

 213. Shaffer LG, Lupski JR.  Molecular mechanisms 
for constitutional chromosomal rearrangements in 
humans. Annu Rev Genet. 2000;34:297–329.

 214. McDonald-McGinn DM, Tonnesen MK, Laufer- 
Cahana A, Finucane B, Driscoll DA, Emanuel BS, 
et  al. Phenotype of the 22q11.2 deletion in indi-
viduals identified through an affected relative: cast a 
wide FISHing net. Genet Med. 2001;3(1):23–9.

 215. Kobrynski LJ, Sullivan KE.  Velocardiofacial 
syndrome, DiGeorge syndrome: the chromo-
some 22q11.2 deletion syndromes. Lancet. 
2007;370(9596):1443–52.

 216. Peyvandi S, Lupo PJ, Garbarini J, Woyciechowski 
S, Edman S, Emanuel BS, et  al. 22q11.2 dele-
tions in patients with conotruncal defects: data 
from 1,610 consecutive cases. Pediatr Cardiol. 
2013;34(7):1687–94.

 217. McDonald-McGinn DM, Sullivan KE. Chromosome 
22q11.2 deletion syndrome (DiGeorge syndrome/
velocardiofacial syndrome). Medicine (Baltimore). 
2011;90(1):1–18.

 218. Staple L, Andrews T, McDonald-McGinn D, Zackai 
E, Sullivan KE. Allergies in patients with chromo-
some 22q11.2 deletion syndrome (DiGeorge syn-
drome/velocardiofacial syndrome) and patients 

with chronic granulomatous disease. Pediatr Allergy 
Immunol. 2005;16(3):226–30.

 219. Jawad AF, McDonald-Mcginn DM, Zackai E, 
Sullivan KE.  Immunologic features of chromo-
some 22q11.2 deletion syndrome (DiGeorge syn-
drome/velocardiofacial syndrome). J Pediatr. 
2001;139(5):715–23.

 220. Jawad AF, Prak EL, Boyer J, McDonald-McGinn 
DM, Zackai E, McDonald K, et  al. A prospective 
study of influenza vaccination and a comparison of 
immunologic parameters in children and adults with 
chromosome 22q11.2 deletion syndrome (digeorge 
syndrome/velocardiofacial syndrome). J Clin 
Immunol. 2011;31(6):927–35.

 221. Chinen J, Rosenblatt HM, Smith EO, Shearer 
WT, Noroski LM.  Long-term assessment of T-cell 
populations in DiGeorge syndrome. J Allergy Clin 
Immunol. 2003;111(3):573–9.

 222. Zemble R, Luning Prak E, McDonald K, McDonald- 
McGinn D, Zackai E, Sullivan K.  Secondary 
immunologic consequences in chromosome 
22q11.2 deletion syndrome (DiGeorge syndrome/
velocardiofacial syndrome). Clin Immunol. 
2010;136(3):409–18.

 223. Patel K, Akhter J, Kobrynski L, Benjamin Gathmann 
MA, Davis O, Sullivan KE, et al. Immunoglobulin 
deficiencies: the B-lymphocyte side of DiGeorge 
Syndrome. J Pediatr. 2012;161(5):950–3.

 224. McDonald-McGinn DM, Reilly A, Wallgren- 
Pettersson C, Hoyme HE, Yang SP, Adam MP, et al. 
Malignancy in chromosome 22q11.2 deletion syn-
drome (DiGeorge syndrome/velocardiofacial syn-
drome). Am J Med Genet A. 2006;140(8):906–9.

 225. Ramos JT, Lopez-Laso E, Ruiz-Contreras J, 
Giancaspro E, Madero S. B cell non-Hodgkin’s lym-
phoma in a girl with the DiGeorge anomaly. Arch 
Dis Child. 1999;81(5):444–5.

 226. Itoh S, Ohno T, Kakizaki S, Ichinohasama 
R.  Epstein–Barr virus-positive T-cell lymphoma 
cells having chromosome 22q11.2 deletion: an 
autopsy report of DiGeorge syndrome. Hum Pathol. 
2011;42(12):2037–41.

 227. Sato T, Tatsuzawa O, Koike Y, Wada Y, Nagata 
M, Kobayashi S, et  al. B-cell lymphoma asso-
ciated with DiGeorge syndrome. Eur J Pediatr. 
1999;158(7):609.

 228. Pongpruttipan T, Cook JR, Reyes-Mugica M, Spahr 
JE, Swerdlow SH. Pulmonary extranodal marginal 
zone lymphoma of mucosa-associated lymphoid 
tissue associated with granulomatous inflamma-
tion in a child with chromosome 22q11.2 dele-
tion syndrome (DiGeorge syndrome). J Pediatr. 
2012;161(5):954–8.

 229. Asamoto H, Furuta M. Di George syndrome associ-
ated with glioma and two kinds of viral infection. N 
Engl J Med. 1977;296(21):1235.

 230. Tewfik HH, Ptacek JJ, Krause CJ, Latourette 
HB.  DiGeorge syndrome associated with mul-
tiple squamous cell carcinomas. Arch Otolaryngol. 
1977;103(2):105–7.

25 Inborn Errors of Immunity and Cancers



576

 231. Patrone PM, Chatten J, Weinberg P. Neuroblastoma 
and DiGeorge anomaly. Pediatr Pathol. 
1990;10(3):425–30.

 232. Scattone A, Caruso G, Marzullo A, Piscitelli D, 
Gentile M, Bonadonna L, et  al. Neoplastic dis-
ease and deletion 22q11.2: a multicentric study 
and report of two cases. Pediatr Pathol Mol Med. 
2003;22(4):323–41.

 233. Ozbek N, Derbent M, Olcay L, Yilmaz Z, Tokel 
K.  Dysplastic changes in the peripheral blood of 
children with microdeletion 22q11.2. Am J Hematol. 
2004;77(2):126–31.

 234. Revy P, Buck D, le Deist F, de Villartay JP.  The 
repair of DNA damages/modifications during the 
maturation of the immune system: lessons from 
human primary immunodeficiency disorders and 
animal models. Adv Immunol. 2005;87:237–95.

 235. Moses RE.  DNA damage processing defects 
and disease. Annu Rev Genomics Hum Genet. 
2001;2:41–68.

 236. de Villartay JP, Fischer A, Durandy A. The mecha-
nisms of immune diversification and their disorders. 
Nat Rev Immunol. 2003;3(12):962–72.

 237. de Miranda NF, Bjorkman A, Pan-Hammarstrom 
Q.  DNA repair: the link between primary immu-
nodeficiency and cancer. Ann N Y Acad Sci. 
2011;1246:50–63.

 238. Patiroglu T, Eke Gungor H, Arslan D, Deniz K, Unal 
E, Coskun A.  Gastric signet ring carcinoma in a 
patient with ataxia-telangiectasia: a case report and 
review of the literature. J Pediatr Hematol Oncol. 
2013;35(8):e341–3.

 239. Peterson RD, Funkhouser JD, Tuck-Muller 
CM, Gatti RA.  Cancer susceptibility in ataxia- 
telangiectasia. Leukemia. 1992;6(Suppl 1):8–13.

 240. Kondratenko I, Paschenko O, Polyakov A, Bologov 
A.  Nijmegen breakage syndrome. Adv Exp Med 
Biol. 2007;601:61–7.

 241. Enders A, Fisch P, Schwarz K, Duffner U, Pannicke 
U, Nikolopoulos E, et  al. A severe form of human 
combined immunodeficiency due to mutations in 
DNA ligase IV. J Immunol. 2006;176(8):5060–8.

 242. Eisner JM, Russell M. Cartilage hair hypoplasia and 
multiple basal cell carcinomas. J Am Acad Dermatol. 
2006;54(2 Suppl):S8–10.

 243. De Vos M, Hayward BE, Charlton R, Taylor GR, 
Glaser AW, Picton S, et al. PMS2 mutations in child-
hood cancer. J Natl Cancer Inst. 2006;98(5):358–61.

 244. Ahmed M, Rahman N. ATM and breast cancer sus-
ceptibility. Oncogene. 2006;25(43):5906–11.

 245. Ciara E, Piekutowska-Abramczuk D, Popowska 
E, Grajkowska W, Barszcz S, Perek D, et  al. 
Heterozygous germ-line mutations in the NBN gene 
predispose to medulloblastoma in pediatric patients. 
Acta Neuropathol. 2010;119(3):325–34.

 246. Gruber SB, Ellis NA, Scott KK, Almog R, Kolachana 
P, Bonner JD, et al. BLM heterozygosity and the risk 
of colorectal cancer. Science. 2013;297(5589):2002.

 247. Lynch HT, Lynch PM, Lanspa SJ, Snyder CL, Lynch 
JF, Boland CR. Review of the Lynch syndrome: his-

tory, molecular genetics, screening, differential diag-
nosis, and medicolegal ramifications. Clin Genet. 
2009;76(1):1–18.

 248. Taylor AM, Metcalfe JA, Thick J, Mak YF. Leukemia 
and lymphoma in ataxia telangiectasia. Blood. 
1996;87(2):423–38.

 249. German J. Bloom’s syndrome. XX. The first 100 can-
cers. Cancer Genet Cytogenet. 1997;93(1):100–6.

 250. Toita N, Hatano N, Ono S, Yamada M, Kobayashi 
R, Kobayashi I, et al. Epstein–Barr virus- associated 
B-cell lymphoma in a patient with DNA ligase 
IV (LIG4) syndrome. Am J Med Genet A. 
2007;143A(7):742–5.

 251. Moshous D, Callebaut I, de Chasseval R, Poinsignon 
C, Villey I, Fischer A, et  al. The V(D)J recombi-
nation/DNA repair factor artemis belongs to the 
metallo-beta-lactamase family and constitutes a 
critical developmental checkpoint of the lymphoid 
system. Ann N Y Acad Sci. 2003;987:150–7.

 252. Daschkey S, Bienemann K, Schuster V, Kreth HW, 
Linka RM, Honscheid A, et al. Fatal lymphoprolif-
erative disease in two siblings lacking functional 
FAAP24. J Clin Immunol. 2016;36(7):684–92.

 253. Schuster V, Kreth HW, Muller-Hermelink HK, 
Huppertz HI, Feller AC, Neumann-Haefelin D, et al. 
Epstein–Barr virus infection rapidly progressing to 
monoclonal lymphoproliferative disease in a child 
with selective immunodeficiency. Eur J Pediatr. 
1990;150(1):48–53.

 254. Welte K, Zeidler C, Dale DC. Severe congenital neu-
tropenia. Semin Hematol. 2006;43(3):189–95.

 255. Boxer LA. Severe congenital neutropenia: genetics 
and pathogenesis. Trans Am Clin Climatol Assoc. 
2006;117:13–31. discussion-2

 256. Rezaei N, Moazzami K, Aghamohammadi A, Klein 
C. Neutropenia and primary immunodeficiency dis-
eases. Int Rev Immunol. 2009;28(5):335–66.

 257. Rezaei N, Chavoshzadeh Z, R Alaei O, Sandrock 
I, Klein C.  Association of HAX1 deficiency 
with neurological disorder. Neuropediatrics. 
2007;38(5):261–3.

 258. Ishikawa N, Okada S, Miki M, Shirao K, Kihara H, 
Tsumura M, et al. Neurodevelopmental abnormali-
ties associated with severe congenital neutropenia 
due to the R86X mutation in the HAX1 gene. J Med 
Genet. 2008;45(12):802–7.

 259. Dale DC, Person RE, Bolyard AA, Aprikyan AG, 
Bos C, Bonilla MA, et  al. Mutations in the gene 
encoding neutrophil elastase in congenital and cyclic 
neutropenia. Blood. 2000;96(7):2317–22.

 260. Takahashi H, Nukiwa T, Basset P, Crystal 
RG.  Myelomonocytic cell lineage expression 
of the neutrophil elastase gene. J Biol Chem. 
1988;263(5):2543–7.

 261. Welte K, Zeidler C.  Severe congenital neu-
tropenia. Hematol Oncol Clin North Am. 
2009;23(2):307–20.

 262. Klein C, Grudzien M, Appaswamy G, Germeshausen 
M, Sandrock I, Schaffer AA, et  al. HAX1 defi-
ciency causes autosomal recessive severe congeni-

M. Hedayat et al.



577

tal neutropenia (Kostmann disease). Nat Genet. 
2007;39(1):86–92.

 263. Boztug K, Appaswamy G, Ashikov A, Schaffer AA, 
Salzer U, Diestelhorst J, et al. A syndrome with con-
genital neutropenia and mutations in G6PC3. N Engl 
J Med. 2009;360(1):32–43.

 264. Person RE, Li FQ, Duan Z, Benson KF, Wechsler 
J, Papadaki HA, et al. Mutations in proto-oncogene 
GFI1 cause human neutropenia and target ELA2. 
Nat Genet. 2003;34(3):308–12.

 265. Bohn G, Allroth A, Brandes G, Thiel J, Glocker 
E, Schaffer AA, et  al. A novel human primary 
immunodeficiency syndrome caused by deficiency 
of the endosomal adaptor protein p14. Nat Med. 
2007;13(1):38–45.

 266. Ward AC.  The role of the granulocyte colony- 
stimulating factor receptor (G-CSF-R) in disease. 
Front Biosci. 2007;12:608–18.

 267. Dale DC, Bolyard AA, Schwinzer BG, Pracht G, 
Bonilla MA, Boxer L, et al. The severe chronic neu-
tropenia international registry: 10-year follow-up 
report. Support Cancer Ther. 2006;3(4):220–31.

 268. Rosenberg PS, Zeidler C, Bolyard AA, Alter BP, 
Bonilla MA, Boxer LA, et  al. Stable long-term 
risk of leukaemia in patients with severe congeni-
tal neutropenia maintained on G-CSF therapy. Br J 
Haematol. 2010;150(2):196–9.

 269. Donadieu J, Leblanc T, Bader Meunier B, Barkaoui 
M, Fenneteau O, Bertrand Y, et  al. Analysis of 
risk factors for myelodysplasias, leukemias and 
death from infection among patients with congeni-
tal neutropenia. Experience of the French Severe 
Chronic Neutropenia Study Group. Haematologica. 
2005;90(1):45–53.

 270. Germeshausen M, Ballmaier M, Welte K. Incidence 
of CSF3R mutations in severe congenital neutrope-
nia and relevance for leukemogenesis: results of a 
long-term survey. Blood. 2007;109(1):93–9.

 271. Burroughs L, Woolfrey A, Shimamura 
A. Shwachman–Diamond syndrome: a review of the 
clinical presentation, molecular pathogenesis, diag-
nosis, and treatment. Hematol Oncol Clin North Am. 
2009;23(2):233–48.

 272. Dror Y, Freedman MH. Shwachman–Diamond syn-
drome. Br J Haematol. 2002;118(3):701–13.

 273. Andolina JR, Morrison CB, Thompson AA, 
Chaudhury S, Mack AK, Proytcheva M, et  al. 
Shwachman–Diamond syndrome: diarrhea, 
no longer required? J Pediatr Hematol Oncol. 
2013;35(6):486–9.

 274. Grinspan ZM, Pikora CA. Infections in patients with 
Shwachman-Diamond syndrome. Pediatr Infect Dis 
J. 2005;24(2):179–81.

 275. Aggett PJ, Harries JT, Harvey BA, Soothill 
JF.  An inherited defect of neutrophil mobility in 
Shwachman syndrome. J Pediatr. 1979;94(3):391–4.

 276. Stepanovic V, Wessels D, Goldman FD, Geiger J, 
Soll DR.  The chemotaxis defect of Shwachman–
Diamond Syndrome leukocytes. Cell Motil 
Cytoskeleton. 2004;57(3):158–74.

 277. Dror Y, Ginzberg H, Dalal I, Cherepanov V, Downey 
G, Durie P, et al. Immune function in patients with 
Shwachman-Diamond syndrome. Br J Haematol. 
2001;114(3):712–7.

 278. Kornfeld SJ, Kratz J, Diamond F, Day NK, Good 
RA.  Shwachman–Diamond syndrome associ-
ated with hypogammaglobulinemia and growth 
hormone deficiency. J Allergy Clin Immunol. 
1995;96(2):247–50.

 279. Boocock GR, Morrison JA, Popovic M, Richards N, 
Ellis L, Durie PR, et al. Mutations in SBDS are asso-
ciated with Shwachman–Diamond syndrome. Nat 
Genet. 2003;33(1):97–101.

 280. Huang JN, Shimamura A.  Clinical spectrum 
and molecular pathophysiology of Shwachman–
Diamond syndrome. Curr Opin Hematol. 
2011;18(1):30–5.

 281. Liu JM, Lipton JM, Mani S.  Sixth International 
Congress on Shwachman–Diamond syndrome: 
from patients to genes and back. Ann N Y Acad Sci. 
2011;1242:26–39.

 282. Saunders EF, Gall G, Freedman MH. Granulopoiesis 
in Shwachman’s syndrome (pancreatic insuffi-
ciency and bone marrow dysfunction). Pediatrics. 
1979;64(4):515–9.

 283. Dror Y, Freedman MH.  Shwachman–Diamond 
syndrome: an inherited preleukemic bone marrow 
failure disorder with aberrant hematopoietic progen-
itors and faulty marrow microenvironment. Blood. 
1999;94(9):3048–54.

 284. Woods WG, Roloff JS, Lukens JN, Krivit W.  The 
occurrence of leukemia in patients with the 
Shwachman syndrome. J Pediatr. 1981;99(3):425–8.

 285. Dhanraj S, Manji A, Pinto D, Scherer SW, Favre H, 
Loh ML, et al. Molecular characteristics of a pancre-
atic adenocarcinoma associated with Shwachman–
Diamond syndrome. Pediatr Blood Cancer. 
2013;60(5):754–60.

 286. Singh SA, Vlachos A, Morgenstern NJ, Ouansafi I, 
Ip W, Rommens JM, et al. Breast cancer in a case 
of Shwachman Diamond syndrome. Pediatr Blood 
Cancer. 2012;59(5):945–6.

 287. Verbrugge J, Tulchinsky M. Lymphoma in a case of 
Shwachman–Diamond syndrome: PET/CT findings. 
Clin Nucl Med. 2012;37(1):74–6.

 288. Austin KM, Gupta ML Jr, Coats SA, Tulpule 
A, Mostoslavsky G, Balazs AB, et  al. Mitotic 
spindle destabilization and genomic instability in 
Shwachman–Diamond syndrome. J Clin Invest. 
2008;118(4):1511–8.

 289. Maserati E, Pressato B, Valli R, Minelli A, Sainati 
L, Patitucci F, et  al. The route to development of 
myelodysplastic syndrome/acute myeloid leukaemia 
in Shwachman–Diamond syndrome: the role of age-
ing, karyotype instability, and acquired chromosome 
anomalies. Br J Haematol. 2009;145(2):190–7.

 290. Dror Y, Freedman MH. Shwachman–Diamond syn-
drome marrow cells show abnormally increased 
apoptosis mediated through the Fas pathway. Blood. 
2001;97(10):3011–6.

25 Inborn Errors of Immunity and Cancers



578

 291. Rujkijyanont P, Beyene J, Wei K, Khan F, Dror 
Y.  Leukaemia-related gene expression in bone 
marrow cells from patients with the preleukaemic 
disorder Shwachman–Diamond syndrome. Br J 
Haematol. 2007;137(6):537–44.

 292. Bigley V, Haniffa M, Doulatov S, Wang XN, 
Dickinson R, McGovern N, et  al. The human syn-
drome of dendritic cell, monocyte, B and NK lym-
phoid deficiency. J Exp Med. 2011;208(2):227–34.

 293. Hsu AP, Sampaio EP, Khan J, Calvo KR, 
Lemieux JE, Patel SY, et al. Mutations in GATA2 
are associated with the autosomal dominant 
and sporadic monocytopenia and mycobacte-
rial infection (MonoMAC) syndrome. Blood. 
2011;118(10):2653–5.

 294. Dickinson RE, Griffin H, Bigley V, Reynard LN, 
Hussain R, Haniffa M, et  al. Exome sequencing 
identifies GATA-2 mutation as the cause of dendritic 
cell, monocyte, B and NK lymphoid deficiency. 
Blood. 2011;118(10):2656–8.

 295. Ostergaard P, Simpson MA, Connell FC, Steward 
CG, Brice G, Woollard WJ, et  al. Mutations in 
GATA2 cause primary lymphedema associated with a 
predisposition to acute myeloid leukemia (Emberger 
syndrome). Nat Genet. 2011;43(10):929–31.

 296. Vinh DC, Patel SY, Uzel G, Anderson VL, Freeman 
AF, Olivier KN, et  al. Autosomal dominant and 
sporadic monocytopenia with susceptibility to 
mycobacteria, fungi, papillomaviruses, and myelo-
dysplasia. Blood. 2010;115(8):1519–29.

 297. Hahn CN, Chong CE, Carmichael CL, Wilkins 
EJ, Brautigan PJ, Li XC, et  al. Heritable GATA2 
mutations associated with familial myelodysplastic 
syndrome and acute myeloid leukemia. Nat Genet. 
2011;43(10):1012–7.

 298. Holme H, Hossain U, Kirwan M, Walne A, Vulliamy 
T, Dokal I. Marked genetic heterogeneity in famil-
ial myelodysplasia/acute myeloid leukaemia. Br J 
Haematol. 2012;158(2):242–8.

 299. Mansour S, Connell F, Steward C, Ostergaard P, 
Brice G, Smithson S, et  al. Emberger syndrome- 
primary lymphedema with myelodysplasia: 
report of seven new cases. Am J Med Genet A. 
2010;152A(9):2287–96.

 300. Hirabayashi S, Wlodarski MW, Kozyra E, Niemeyer 
CM. Heterogeneity of GATA2-related myeloid neo-
plasms. Int J Hematol. 2017;106(2):175–82.

 301. Rodrigues NP, Janzen V, Forkert R, Dombkowski 
DM, Boyd AS, Orkin SH, et al. Haploinsufficiency 
of GATA-2 perturbs adult hematopoietic stem-cell 
homeostasis. Blood. 2005;106(2):477–84.

 302. Hsu AP, Johnson KD, Falcone EL, Sanalkumar R, 
Sanchez L, Hickstein DD, et al. GATA2 haploinsuf-
ficiency caused by mutations in a conserved intronic 
element leads to MonoMAC syndrome. Blood. 
2013;121(19):3830–7, S1-7.

 303. Tsai FY, Keller G, Kuo FC, Weiss M, Chen J, 
Rosenblatt M, et al. An early haematopoietic defect 
in mice lacking the transcription factor GATA-2. 
Nature. 1994;371(6494):221–6.

 304. Tsai FY, Orkin SH. Transcription factor GATA-2 is 
required for proliferation/survival of early hemato-
poietic cells and mast cell formation, but not for ery-
throid and myeloid terminal differentiation. Blood. 
1997;89(10):3636–43.

 305. Kazenwadel J, Secker GA, Liu YJ, Rosenfeld JA, 
Wildin RS, Cuellar-Rodriguez J, et  al. Loss-of- 
function germline GATA2 mutations in patients with 
MDS/AML or MonoMAC syndrome and primary 
lymphedema reveal a key role for GATA2 in the lym-
phatic vasculature. Blood. 2012;119(5):1283–91.

 306. Johnson KD, Hsu AP, Ryu MJ, Wang J, Gao X, 
Boyer ME, et  al. Cis-element mutated in GATA2- 
dependent immunodeficiency governs hema-
topoiesis and vascular integrity. J Clin Invest. 
2012;122(10):3692–704.

 307. Nguyen J, Alexander T, Jiang H, Hill N, Abdullaev 
Z, Pack SD, et  al. Melanoma in patients with 
GATA2 deficiency. Pigment Cell Melanoma Res. 
2018;31(2):337–40.

 308. Orth G.  Genetics of epidermodysplasia verrucifor-
mis: insights into host defense against papillomavi-
ruses. Semin Immunol. 2006;18(6):362–74.

 309. Gewirtzman A, Bartlett B, Tyring 
S. Epidermodysplasia verruciformis and human pap-
illoma virus. Curr Opin Infect Dis. 2008;21(2):141–6.

 310. de Oliveira WR, Festa Neto C, Rady PL, Tyring 
SK.  Clinical aspects of epidermodysplasia ver-
ruciformis. J Eur Acad Dermatol Venereol. 
2003;17(4):394–8.

 311. Segura S, Carrera C, Ferrando J, Mascaro JM 
Jr, Palou J, Malvehy J, et  al. Dermoscopy in 
 epidermodysplasia verruciformis. Dermatol Surg. 
2006;32(1):103–6.

 312. Lutzner MA, Blanchet-Bardon C, Orth G. Clinical 
observations, virologic studies, and treatment 
trials in patients with epidermodysplasia ver-
ruciformis, a disease induced by specific human 
papillomaviruses. J Invest Dermatol. 1984;83(1 
Suppl):18s–25s.

 313. Majewski S, Jablonska S.  Epidermodysplasia ver-
ruciformis as a model of human papillomavirus- 
induced genetic cancer of the skin. Arch Dermatol. 
1995;131(11):1312–8.

 314. Lutzner MA. Epidermodysplasia verruciformis. An 
autosomal recessive disease characterized by viral 
warts and skin cancer. A model for viral oncogen-
esis. Bull Cancer. 1978;65(2):169–82.

 315. Androphy EJ, Dvoretzky I, Lowy DR.  X-linked 
inheritance of epidermodysplasia verruciformis. 
Genetic and virologic studies of a kindred. Arch 
Dermatol. 1985;121(7):864–8.

 316. McDermott DF, Gammon B, Snijders PJ, Mbata 
I, Phifer B, Howland Hartley A, et  al. Autosomal 
dominant epidermodysplasia verruciformis lack-
ing a known EVER1 or EVER2 mutation. Pediatr 
Dermatol. 2009;26(3):306–10.

 317. Ramoz N, Taieb A, Rueda LA, Montoya LS, 
Bouadjar B, Favre M, et al. Evidence for a nonallelic 
heterogeneity of epidermodysplasia verruciformis 

M. Hedayat et al.



579

with two susceptibility loci mapped to chromosome 
regions 2p21-p24 and 17q25. J Invest Dermatol. 
2000;114(6):1148–53.

 318. Ramoz N, Rueda LA, Bouadjar B, Montoya LS, 
Orth G, Favre M. Mutations in two adjacent novel 
genes are associated with epidermodysplasia verru-
ciformis. Nat Genet. 2002;32(4):579–81.

 319. Lazarczyk M, Cassonnet P, Pons C, Jacob Y, Favre 
M. The EVER proteins as a natural barrier against 
papillomaviruses: a new insight into the pathogen-
esis of human papillomavirus infections. Microbiol 
Mol Biol Rev. 2009;73(2):348–70.

 320. Yu M, Lee WW, Tomar D, Pryshchep S, 
Czesnikiewicz-Guzik M, Lamar DL, et al. Regulation 
of T cell receptor signaling by activation-induced 
zinc influx. J Exp Med. 2011;208(4):775–85.

 321. Cooper KD, Androphy EJ, Lowy D, Katz 
SI. Antigen presentation and T-cell activation in epi-
dermodysplasia verruciformis. J Invest Dermatol. 
1990;94(6):769–76.

 322. Diaz GA.  CXCR4 mutations in WHIM syndrome: 
a misguided immune system? Immunol Rev. 
2005;203:235–43.

 323. Diaz GA, Gulino AV.  WHIM syndrome: a defect 
in CXCR4 signaling. Curr Allergy Asthma Rep. 
2005;5(5):350–5.

 324. Kawai T, Malech HL.  WHIM syndrome: congeni-
tal immune deficiency disease. Curr Opin Hematol. 
2009;16(1):20–6.

 325. Beaussant Cohen S, Fenneteau O, Plouvier E, 
Rohrlich PS, Daltroff G, Plantier I, et al. Description 
and outcome of a cohort of 8 patients with WHIM syn-
drome from the French Severe Chronic Neutropenia 
Registry. Orphanet J Rare Dis. 2012;7:71.

 326. Imashuku S, Miyagawa A, Chiyonobu T, Ishida 
H, Yoshihara T, Teramura T, et  al. Epstein–Barr 
virus-associated T-lymphoproliferative disease with 
hemophagocytic syndrome, followed by fatal intes-
tinal B lymphoma in a young adult female with 
WHIM syndrome. Warts, hypogammaglobulinemia, 
infections, and myelokathexis. Ann Hematol. 
2002;81(8):470–3.

 327. Chae KM, Ertle JO, Tharp MD.  B-cell lymphoma 
in a patient with WHIM syndrome. J Am Acad 
Dermatol. 2001;44(1):124–8.

 328. Tarzi MD, Jenner M, Hattotuwa K, Faruqi AZ, 
Diaz GA, Longhurst HJ.  Sporadic case of warts, 
hypogammaglobulinemia, immunodeficiency, and 
myelokathexis syndrome. J Allergy Clin Immunol. 
2005;116(5):1101–5.

 329. Balabanian K, Lagane B, Pablos JL, Laurent L, 
Planchenault T, Verola O, et  al. WHIM syndromes 
with different genetic anomalies are accounted for 
by impaired CXCR4 desensitization to CXCL12. 
Blood. 2005;105(6):2449–57.

 330. Hernandez PA, Gorlin RJ, Lukens JN, Taniuchi S, 
Bohinjec J, Francois F, et al. Mutations in the che-
mokine receptor gene CXCR4 are associated with 
WHIM syndrome, a combined immunodeficiency 
disease. Nat Genet. 2003;34(1):70–4.

 331. Murphy PM, Baggiolini M, Charo IF, Hebert CA, 
Horuk R, Matsushima K, et al. International union of 
pharmacology. XXII. Nomenclature for chemokine 
receptors. Pharmacol Rev. 2000;52(1):145–76.

 332. Busillo JM, Benovic JL. Regulation of CXCR4 sig-
naling. Biochim Biophys Acta. 2007;1768(4):952–63.

 333. Liu Q, Chen H, Ojode T, Gao X, Anaya-O’Brien S, 
Turner NA, et al. WHIM syndrome caused by a single 
amino acid substitution in the carboxy-tail of chemo-
kine receptor CXCR4. Blood. 2012;120(1):181–9.

 334. Gorlin RJ, Gelb B, Diaz GA, Lofsness KG, 
Pittelkow MR, Fenyk JR Jr. WHIM syndrome, an 
autosomal dominant disorder: clinical, hemato-
logical, and molecular studies. Am J Med Genet. 
2000;91(5):368–76.

 335. Arai J, Wakiguchi H, Hisakawa H, Kubota H, 
Kurashige T. A variant of myelokathexis with hypo-
gammaglobulinemia: lymphocytes as well as neutro-
phils may reverse in response to infections. Pediatr 
Hematol Oncol. 2000;17(2):171–6.

 336. Gulino AV, Moratto D, Sozzani S, Cavadini P, Otero 
K, Tassone L, et  al. Altered leukocyte response to 
CXCL12  in patients with warts hypogammaglobu-
linemia, infections, myelokathexis (WHIM) syn-
drome. Blood. 2004;104(2):444–52.

 337. Tassone L, Moratto D, Vermi W, De Francesco 
M, Notarangelo LD, Porta F, et  al. Defect of plas-
macytoid dendritic cells in warts, hypogamma-
globulinemia, infections, myelokathexis (WHIM) 
syndrome patients. Blood. 2010;116(23):4870–3.

 338. Purtilo DT, Cassel CK, Yang JP, Harper R. X-linked 
recessive progressive combined variable 
 immunodeficiency (Duncan’s disease). Lancet. 
1975;1(7913):935–40.

 339. Purtilo DT, Grierson HL.  Methods of detec-
tion of new families with X-linked lymphop-
roliferative disease. Cancer Genet Cytogenet. 
1991;51(2):143–53.

 340. Sumegi J, Huang D, Lanyi A, Davis JD, Seemayer 
TA, Maeda A, et al. Correlation of mutations of the 
SH2D1A gene and Epstein–Barr virus infection with 
clinical phenotype and outcome in X-linked lympho-
proliferative disease. Blood. 2000;96(9):3118–25.

 341. Filipovich AH, Zhang K, Snow AL, Marsh 
RA.  X-linked lymphoproliferative syn-
dromes: brothers or distant cousins? Blood. 
2010;116(18):3398–408.

 342. Rezaei N, Mahmoudi E, Aghamohammadi A, Das 
R, Nichols KE.  X-linked lymphoproliferative syn-
drome: a genetic condition typified by the triad of 
infection, immunodeficiency and lymphoma. Br J 
Haematol. 2011;152(1):13–30.

 343. Pachlopnik Schmid J, Canioni D, Moshous D, 
Touzot F, Mahlaoui N, Hauck F, et al. Clinical simi-
larities and differences of patients with X-linked 
lymphoproliferative syndrome type 1 (XLP-1/SAP 
deficiency) versus type 2 (XLP-2/XIAP deficiency). 
Blood. 2011;117(5):1522–9.

 344. Purtilo DT, Grierson HL, Davis JR, Okano M. The 
X-linked lymphoproliferative disease: from autopsy 

25 Inborn Errors of Immunity and Cancers



580

toward cloning the gene 1975-1990. Pediatr Pathol. 
1991;11(5):685–710.

 345. Dutz JP, Benoit L, Wang X, Demetrick DJ, 
Junker A, de Sa D, et  al. Lymphocytic vasculitis 
in X-linked lymphoproliferative disease. Blood. 
2001;97(1):95–100.

 346. Coffey AJ, Brooksbank RA, Brandau O, Oohashi T, 
Howell GR, Bye JM, et  al. Host response to EBV 
infection in X-linked lymphoproliferative disease 
results from mutations in an SH2-domain encoding 
gene. Nat Genet. 1998;20(2):129–35.

 347. Sayos J, Wu C, Morra M, Wang N, Zhang X, 
Allen D, et  al. The X-linked lymphoprolifera-
tive-disease gene product SAP regulates signals 
induced through the co-receptor SLAM.  Nature. 
1998;395(6701):462–9.

 348. Nichols KE, Harkin DP, Levitz S, Krainer M, 
Kolquist KA, Genovese C, et al. Inactivating muta-
tions in an SH2 domain-encoding gene in X-linked 
lymphoproliferative syndrome. Proc Natl Acad Sci 
U S A. 1998;95(23):13765–70.

 349. Shinozaki K, Kanegane H, Matsukura H, Sumazaki 
R, Tsuchida M, Makita M, et  al. Activation- 
dependent T cell expression of the X-linked lympho-
proliferative disease gene product SLAM-associated 
protein and its assessment for patient detection. Int 
Immunol. 2002;14(10):1215–23.

 350. Nagy N, Mattsson K, Maeda A, Liu A, Szekely L, 
Klein E. The X-linked lymphoproliferative disease 
gene product SAP is expressed in activated T and 
NK cells. Immunol Lett. 2002;82(1-2):141–7.

 351. Nichols KE, Hom J, Gong SY, Ganguly A, Ma CS, 
Cannons JL, et al. Regulation of NKT cell develop-
ment by SAP, the protein defective in XLP. Nat Med. 
2005;11(3):340–5.

 352. Ma CS, Nichols KE, Tangye SG. Regulation of cel-
lular and humoral immune responses by the SLAM 
and SAP families of molecules. Annu Rev Immunol. 
2007;25:337–79.

 353. Dong Z, Veillette A. How do SAP family deficien-
cies compromise immunity? Trends Immunol. 
2010;31(8):295–302.

 354. Snow AL, Pandiyan P, Zheng L, Krummey SM, 
Lenardo MJ.  The power and the promise of 
restimulation- induced cell death in human immune 
diseases. Immunol Rev. 2010;236:68–82.

 355. Rigaud S, Fondaneche MC, Lambert N, Pasquier B, 
Mateo V, Soulas P, et al. XIAP deficiency in humans 
causes an X-linked lymphoproliferative syndrome. 
Nature. 2006;444(7115):110–4.

 356. LaCasse EC.  Pulling the plug on a cancer cell by 
eliminating XIAP with AEG35156. Cancer Lett. 
2013;332(2):215–24.

 357. Jin YY, Zhou W, Tian ZQ, Chen TX. Variable clini-
cal phenotypes of X-linked lymphoproliferative 
syndrome in China: report of five cases with three 
novel mutations and review of the literature. Hum 
Immunol. 2016;77(8):658–66.

 358. Seemayer TA, Gross TG, Egeler RM, Pirruccello SJ, 
Davis JR, Kelly CM, et al. X-linked lymphoprolif-

erative disease: twenty-five years after the discovery. 
Pediatr Res. 1995;38(4):471–8.

 359. Harrington DS, Weisenburger DD, Purtilo 
DT. Malignant lymphoma in the X-linked lymphop-
roliferative syndrome. Cancer. 1987;59(8):1419–29.

 360. Egeler RM, de Kraker J, Slater R, Purtilo 
DT.  Documentation of Burkitt lymphoma with 
t(8;14) (q24;q32) in X-linked lymphoproliferative 
disease. Cancer. 1992;70(3):683–7.

 361. Stepensky P, Weintraub M, Yanir A, Revel-Vilk S, 
Krux F, Huck K, et al. IL-2-inducible T-cell kinase 
deficiency: clinical presentation and therapeutic 
approach. Haematologica. 2011;96(3):472–6.

 362. Huck K, Feyen O, Niehues T, Ruschendorf F, Hubner 
N, Laws HJ, et  al. Girls homozygous for an IL-2- 
inducible T cell kinase mutation that leads to protein 
deficiency develop fatal EBV-associated lymphopro-
liferation. J Clin Invest. 2009;119(5):1350–8.

 363. Ghosh S, Bienemann K, Boztug K, Borkhardt 
A.  Interleukin-2-inducible T-cell kinase (ITK) 
deficiency  – clinical and molecular aspects. J Clin 
Immunol. 2014;34(8):892–9.

 364. Linka RM, et al. Germline mutations within the IL2- 
inducible T cell kinase impede T cell differentiation 
or survival, cause protein destabilisation, loss of 
membrane recruitment and lead to severe EBV lym-
phoproliferation. In: 53rd ASH Annual Meeting and 
Exposition, Orlando. 2010.

 365. Mansouri D, Mahdaviani SA, Khalilzadeh S, 
Mohajerani SA, Hasanzad M, Sadr S, et  al. IL-2- 
inducible T-cell kinase deficiency with pulmonary 
manifestations due to disseminated Epstein–Barr 
virus infection. Int Arch Allergy Immunol. 
2012;158(4):418–22.

 366. Felices M, Berg LJ.  The Tec kinases Itk and Rlk 
regulate NKT cell maturation, cytokine production, 
and survival. J Immunol. 2008;180(5):3007–18.

 367. Schaeffer EM, Broussard C, Debnath J, Anderson S, 
McVicar DW, Schwartzberg PL. Tec family kinases 
modulate thresholds for thymocyte development and 
selection. J Exp Med. 2000;192(7):987–1000.

 368. Prince AL, Yin CC, Enos ME, Felices M, Berg 
LJ.  The Tec kinases Itk and Rlk regulate conven-
tional versus innate T-cell development. Immunol 
Rev. 2009;228(1):115–31.

 369. Bachmann MF, Littman DR, Liao XC.  Antiviral 
immune responses in Itk-deficient mice. J Virol. 
1997;71(10):7253–7.

 370. Atherly LO, Brehm MA, Welsh RM, Berg LJ. Tec 
kinases Itk and Rlk are required for CD8+ T 
cell responses to virus infection independent 
of their role in CD4+ T cell help. J Immunol. 
2006;176(3):1571–81.

 371. Kapnick SM, Stinchcombe JC, Griffiths GM, 
Schwartzberg PL, Inducible T.  Cell kinase regu-
lates the acquisition of cytolytic capacity and 
degranulation in CD8(+) CTLs. J Immunol. 
2017;198(7):2699–711.

 372. Qi Q, Xia M, Hu J, Hicks E, Iyer A, Xiong N, et al. 
Enhanced development of CD4+ gammadelta T cells 

M. Hedayat et al.



581

in the absence of Itk results in elevated IgE produc-
tion. Blood. 2009;114(3):564–71.

 373. Borkhardt A.  New forms of EBV-associated lym-
phoproliferation and their treatment by allo SCT. In: 
3rd Meeting on clinical immunology, allergy and 
immunodeficiencies, Tehran. 2010.

 374. Khurana D, Arneson LN, Schoon RA, Dick CJ, 
Leibson PJ.  Differential regulation of human NK 
cell-mediated cytotoxicity by the tyrosine kinase Itk. 
J Immunol. 2007;178(6):3575–82.

 375. Bienemann K, Borkhardt A, Klapper W, Oschlies 
I.  High incidence of Epstein–Barr virus (EBV)-
positive Hodgkin lymphoma and Hodgkin 
lymphoma- like B-cell lymphoproliferations with 
EBV latency profile 2  in children with interleukin- 
2- inducible T-cell kinase deficiency. Histopathology. 
2015;67(5):607–16.

 376. Li FY, Chaigne-Delalande B, Kanellopoulou C, 
Davis JC, Matthews HF, Douek DC, et  al. Second 
messenger role for Mg2+ revealed by human T-cell 
immunodeficiency. Nature. 2011;475(7357):471–6.

 377. Chaigne-Delalande B, Li FY, O’Connor GM, 
Lukacs MJ, Jiang P, Zheng L, et  al. Mg2+ regu-
lates cytotoxic functions of NK and CD8 T cells in 
chronic EBV infection through NKG2D.  Science. 
2013;341(6142):186–91.

 378. Li FY, Chaigne-Delalande B, Su H, Uzel G, 
Matthews H.  Lenardo MJ.  XMEN disease: a new 
primary immunodeficiency affecting Mg2+ regula-
tion of immunity against Epstein–Barr virus. Blood. 
2014;123(14):2148–52.

 379. Goytain A, Quamme GA. Identification and charac-
terization of a novel mammalian Mg2+ transporter 
with channel-like properties. BMC Genomics. 
2005;6:48.

 380. Zhou H, Clapham DE.  Mammalian MagT1 and 
TUSC3 are required for cellular magnesium uptake 
and vertebrate embryonic development. Proc Natl 
Acad Sci U S A. 2009;106(37):15750–5.

 381. Li FY, Lenardo MJ, Chaigne-Delalande B. Loss of 
MAGT1 abrogates the Mg2+ flux required for T cell 
signaling and leads to a novel human primary immu-
nodeficiency. Magnes Res. 2011;24(3):S109–14.

 382. Orange JS.  Human natural killer cell deficiencies 
and susceptibility to infection. Microbes Infect. 
2002;4(15):1545–58.

 383. van Montfrans JM, Hoepelman AI, Otto S, van Gijn 
M, van de Corput L, de Weger RA, et al. CD27 defi-
ciency is associated with combined immunodefi-
ciency and persistent symptomatic EBV viremia. J 
Allergy Clin Immunol. 2012;129(3):787–93 e6.

 384. Salzer E, Daschkey S, Choo S, Gombert M, Santos- 
Valente E, Ginzel S, et  al. Combined immuno-
deficiency with life-threatening EBV-associated 
lymphoproliferative disorder in patients lacking func-
tional CD27. Haematologica. 2013;98(3):473–8.

 385. Seidel MG.  CD27: a new player in the field of 
common variable immunodeficiency and EBV- 
associated lymphoproliferative disorder? J Allergy 
Clin Immunol. 2012;129(4):1175. author reply -6

 386. Alkhairy OK, Perez-Becker R, Driessen GJ, 
Abolhassani H, van Montfrans J, Borte S, et  al. 
Novel mutations in TNFRSF7/CD27: clinical, 
immunologic, and genetic characterization of 
human CD27 deficiency. J Allergy Clin Immunol. 
2015;136(3):703–12 e10.

 387. Abolhassani H, Edwards ES, Ikinciogullari A, Jing 
H, Borte S, Buggert M, et  al. Combined immuno-
deficiency and Epstein–Barr virus-induced B cell 
malignancy in humans with inherited CD70 defi-
ciency. J Exp Med. 2017;214(1):91–106.

 388. Tangye SG, Liu YJ, Aversa G, Phillips JH, de Vries 
JE. Identification of functional human splenic mem-
ory B cells by expression of CD148 and CD27. J 
Exp Med. 1998;188(9):1691–703.

 389. Jung J, Choe J, Li L, Choi YS. Regulation of CD27 
expression in the course of germinal center B cell 
differentiation: the pivotal role of IL-10. Eur J 
Immunol. 2000;30(8):2437–43.

 390. Borst J, Hendriks J, Xiao Y.  CD27 and CD70  in 
T cell and B cell activation. Curr Opin Immunol. 
2005;17(3):275–81.

 391. Silva A, Andrews DM, Brooks AG, Smyth MJ, 
Hayakawa Y. Application of CD27 as a marker for 
distinguishing human NK cell subsets. Int Immunol. 
2008;20(4):625–30.

 392. Vossen MT, Matmati M, Hertoghs KM, Baars PA, 
Gent MR, Leclercq G, et  al. CD27 defines pheno-
typically and functionally different human NK cell 
subsets. J Immunol. 2008;180(6):3739–45.

 393. Lens SM, de Jong R, Hooibrink B, Koopman G, Pals 
ST, van Oers MH, et al. Phenotype and function of 
human B cells expressing CD70 (CD27 ligand). Eur 
J Immunol. 1996;26(12):2964–71.

 394. Tesselaar K, Xiao Y, Arens R, van Schijndel GM, 
Schuurhuis DH, Mebius RE, et al. Expression of the 
murine CD27 ligand CD70 in  vitro and in  vivo. J 
Immunol. 2003;170(1):33–40.

 395. Hendriks J, Gravestein LA, Tesselaar K, van Lier 
RA, Schumacher TN, Borst J.  CD27 is required 
for generation and long-term maintenance of T cell 
immunity. Nat Immunol. 2000;1(5):433–40.

 396. Nolte MA, van Olffen RW, van Gisbergen KP, van 
Lier RA. Timing and tuning of CD27-CD70 inter-
actions: the impact of signal strength in setting the 
balance between adaptive responses and immunopa-
thology. Immunol Rev. 2009;229(1):216–31.

 397. Denoeud J, Moser M. Role of CD27/CD70 pathway 
of activation in immunity and tolerance. J Leukoc 
Biol. 2011;89(2):195–203.

 398. Jang YS, Kang W, Chang DY, Sung PS, Park BC, 
Yoo SH, et al. CD27 engagement by a soluble CD70 
protein enhances non-cytolytic antiviral activity 
of CD56bright natural killer cells by IFN-gamma 
secretion. Clin Immunol. 2013;149(3):379–87.

 399. Takeda K, Oshima H, Hayakawa Y, Akiba H, Atsuta 
M, Kobata T, et  al. CD27-mediated activation of 
murine NK cells. J Immunol. 2000;164(4):1741–5.

 400. Martin E, Palmic N, Sanquer S, Lenoir C, Hauck 
F, Mongellaz C, et al. CTP synthase 1 deficiency in 

25 Inborn Errors of Immunity and Cancers



582

humans reveals its central role in lymphocyte prolif-
eration. Nature. 2014;510(7504):288–92.

 401. Winter S, Martin E, Boutboul D, Lenoir C, 
Boudjemaa S, Petit A, et al. Loss of RASGRP1  in 
humans impairs T-cell expansion leading to 
Epstein–Barr virus susceptibility. EMBO Mol Med. 
2018;10(2):188–99.

 402. Salzer E, Cagdas D, Hons M, Mace EM, Garncarz 
W, Petronczki OY, et  al. RASGRP1 deficiency 
causes immunodeficiency with impaired cytoskel-
etal dynamics. Nat Immunol. 2016;17(12):1352–60.

 403. Platt CD, Fried AJ, Hoyos-Bachiloglu R, Usmani 
GN, Schmidt B, Whangbo J, et al. Combined immu-
nodeficiency with EBV positive B cell lymphoma 
and epidermodysplasia verruciformis due to a novel 
homozygous mutation in RASGRP1. Clin Immunol. 
2017;183:142–4.

 404. Hogquist K. RasGRP: the missing link for Ras activa-
tion in thymocytes. Trends Immunol. 2001;22(2):69.

 405. Kortum RL, Rouquette-Jazdanian AK, Samelson 
LE.  Ras and extracellular signal-regulated kinase 
signaling in thymocytes and T cells. Trends 
Immunol. 2013;34(6):259–68.

 406. Sorte HS, Osnes LT, Fevang B, Aukrust P, Erichsen 
HC, Backe PH, et al. A potential founder variant in 
CARMIL2/RLTPR in three Norwegian families with 
warts, molluscum contagiosum, and T-cell dysfunc-
tion. Mol Genet Genomic Med. 2016;4(6):604–16.

 407. Wang Y, Ma CS, Ling Y, Bousfiha A, Camcioglu Y, 
Jacquot S, et al. Dual T cell- and B cell-intrinsic defi-
ciency in humans with biallelic RLTPR mutations. J 
Exp Med. 2016;213(11):2413–35.

 408. Schober T, Magg T, Laschinger M, Rohlfs M, 
Linhares ND, Puchalka J, et  al. A human immu-
nodeficiency syndrome caused by mutations in 
CARMIL2. Nat Commun. 2017;8:14209.

 409. Rao VK, Straus SE.  Causes and consequences of 
the autoimmune lymphoproliferative syndrome. 
Hematology. 2006;11(1):15–23.

 410. Price S, Shaw PA, Seitz A, Joshi G, Davis J, Niemela 
JE, et al. Natural history of autoimmune lymphopro-
liferative syndrome associated with FAS gene muta-
tions. Blood. 2014;123(13):1989–99.

 411. Deutsch M, Tsopanou E, Dourakis SP. The autoim-
mune lymphoproliferative syndrome (Canale-Smith) 
in adulthood. Clin Rheumatol. 2004;23(1):43–4.

 412. Turbyville JC, Rao VK. The autoimmune lympho-
proliferative syndrome: a rare disorder providing 
clues about normal tolerance. Autoimmun Rev. 
2010;9(7):488–93.

 413. Madkaikar M, Mhatre S, Gupta M, Ghosh 
K.  Advances in autoimmune lymphoproliferative 
syndromes. Eur J Haematol. 2011;87(1):1–9.

 414. Teachey DT. Autoimmune lymphoproliferative syn-
drome: new approaches to diagnosis and manage-
ment. Clin Adv Hematol Oncol. 2011;9(3):233–5.

 415. Teachey DT.  New advances in the diagnosis and 
treatment of autoimmune lymphoproliferative syn-
drome. Curr Opin Pediatr. 2012;24(1):1–8.

 416. Tarbox JA, Keppel MP, Topcagic N, Mackin C, 
Ben Abdallah M, Baszis KW, et al. Elevated double 
negative T cells in pediatric autoimmunity. J Clin 
Immunol. 2014;34(5):594–9.

 417. Teachey DT, Seif AE, Grupp SA. Advances in the 
management and understanding of autoimmune lym-
phoproliferative syndrome (ALPS). Br J Haematol. 
2010;148(2):205–16.

 418. Klemann C, Esquivel M, Magerus-Chatinet A, 
Lorenz MR, Fuchs I, Neveux N, et al. Evolution of 
disease activity and biomarkers on and off rapamycin 
in 28 patients with autoimmune lymphoproliferative 
syndrome. Haematologica. 2017;102(2):e52–e6.

 419. Oliveira JB, Bleesing JJ, Dianzani U, Fleisher TA, 
Jaffe ES, Lenardo MJ, et  al. Revised diagnostic 
criteria and classification for the autoimmune lym-
phoproliferative syndrome (ALPS): report from 
the 2009 NIH International Workshop. Blood. 
2010;116(14):e35–40.

 420. Caminha I, Fleisher TA, Hornung RL, Dale JK, 
Niemela JE, Price S, et al. Using biomarkers to pre-
dict the presence of FAS mutations in patients with 
features of the autoimmune lymphoproliferative syn-
drome. J Allergy Clin Immunol. 2010;125(4):946–9 
e6.

 421. Bride K, Teachey D.  Autoimmune lymphoprolif-
erative syndrome: more than a FAScinating disease. 
F1000Res. 2017;6:1928.

 422. Calvo KR, Price S, Braylan RC, Oliveira JB, 
Lenardo M, Fleisher TA, et  al. JMML and RALD 
(Ras-associated autoimmune leukoproliferative 
 disorder): common genetic etiology yet clinically 
distinct entities. Blood. 2015;125(18):2753–8.

 423. Su HC, Lenardo MJ.  Genetic defects of apoptosis 
and primary immunodeficiency. Immunol Allergy 
Clin North Am. 2008;28(2):329–51. ix

 424. Lucas CL, Chandra A, Nejentsev S, Condliffe AM, 
Okkenhaug K. PI3Kdelta and primary immunodefi-
ciencies. Nat Rev Immunol. 2016;16(11):702–14.

 425. Lo B, Fritz JM, Su HC, Uzel G, Jordan MB, 
Lenardo MJ. CHAI and LATAIE: new genetic dis-
eases of CTLA-4 checkpoint insufficiency. Blood. 
2016;128(8):1037–42.

 426. Milner JD, Vogel TP, Forbes L, Ma CA, Stray- 
Pedersen A, Niemela JE, et  al. Early-onset lym-
phoproliferation and autoimmunity caused by 
germline STAT3 gain-of-function mutations. Blood. 
2015;125(4):591–9.

 427. Lo B, Zhang K, Lu W, Zheng L, Zhang Q, 
Kanellopoulou C, et  al. AUTOIMMUNE 
DISEASE.  Patients with LRBA deficiency 
show CTLA4 loss and immune dysregula-
tion responsive to abatacept therapy. Science. 
2015;349(6246):436–40.

 428. Snow AL, Marsh RA, Krummey SM, Roehrs P, 
Young LR, Zhang K, et  al. Restimulation-induced 
apoptosis of T cells is impaired in patients with 
X-linked lymphoproliferative disease caused by SAP 
deficiency. J Clin Invest. 2009;119(10):2976–89.

M. Hedayat et al.



583

 429. Lenardo M, Chan KM, Hornung F, McFarland H, 
Siegel R, Wang J, et al. Mature T lymphocyte apop-
tosis--immune regulation in a dynamic and unpre-
dictable antigenic environment. Annu Rev Immunol. 
1999;17:221–53.

 430. Lenardo MJ, Oliveira JB, Zheng L, Rao VK. ALPS- 
ten lessons from an international workshop 
on a genetic disease of apoptosis. Immunity. 
2010;32(3):291–5.

 431. Muschen M, Re D, Brauninger A, Wolf J, Hansmann 
ML, Diehl V, et al. Somatic mutations of the CD95 
gene in Hodgkin and Reed-Sternberg cells. Cancer 
Res. 2000;60(20):5640–3.

 432. Muschen M, Re D, Jungnickel B, Diehl V, Rajewsky 
K, Kuppers R. Somatic mutation of the CD95 gene 
in human B cells as a side-effect of the germinal cen-
ter reaction. J Exp Med. 2000;192(12):1833–40.

 433. Muschen M, Warskulat U, Beckmann MW. Defining 
CD95 as a tumor suppressor gene. J Mol Med (Berl). 
2000;78(6):312–25.

 434. Straus SE, Jaffe ES, Puck JM, Dale JK, Elkon 
KB, Rosen-Wolff A, et  al. The development of 
lymphomas in families with autoimmune lympho-
proliferative syndrome with germline Fas muta-
tions and defective lymphocyte apoptosis. Blood. 
2001;98(1):194–200.

 435. Poppema S, Maggio E, van den Berg A. Development 
of lymphoma in Autoimmune Lymphoproliferative 
Syndrome (ALPS) and its relationship to Fas gene 
mutations. Leuk Lymphoma. 2004;45(3):423–31.

 436. Gronbaek K, Straten PT, Ralfkiaer E, Ahrenkiel 
V, Andersen MK, Hansen NE, et  al. Somatic Fas 
mutations in non-Hodgkin’s lymphoma: association 
with extranodal disease and autoimmunity. Blood. 
1998;92(9):3018–24.

 437. Shin MS, Kim HS, Kang CS, Park WS, Kim 
SY, Lee SN, et  al. Inactivating mutations of 
CASP10 gene in non-Hodgkin lymphomas. Blood. 
2002;99(11):4094–9.

 438. Maggio EM, Van Den Berg A, de Jong D, Diepstra 
A, Poppema S. Low frequency of FAS mutations in 
Reed-Sternberg cells of Hodgkin’s lymphoma. Am J 
Pathol. 2003;162(1):29–35.

 439. Kisand K, Boe Wolff AS, Podkrajsek KT, Tserel L, 
Link M, Kisand KV, et al. Chronic mucocutaneous 
candidiasis in APECED or thymoma patients cor-
relates with autoimmunity to Th17-associated cyto-
kines. J Exp Med. 2010;207(2):299–308.

 440. Puel A, Doffinger R, Natividad A, Chrabieh M, 
Barcenas-Morales G, Picard C, et al. Autoantibodies 
against IL-17A, IL-17F, and IL-22  in patients with 
chronic mucocutaneous candidiasis and autoim-

mune polyendocrine syndrome type I.  J Exp Med. 
2010;207(2):291–7.

 441. Anderson MS, Venanzi ES, Klein L, Chen Z, Berzins 
SP, Turley SJ, et al. Projection of an immunological 
self shadow within the thymus by the aire protein. 
Science. 2002;298(5597):1395–401.

 442. Gardner JM, Devoss JJ, Friedman RS, Wong DJ, 
Tan YX, Zhou X, et al. Deletional tolerance medi-
ated by extrathymic Aire-expressing cells. Science. 
2008;321(5890):843–7.

 443. Nagamine K, Peterson P, Scott HS, Kudoh J, 
Minoshima S, Heino M, et al. Positional cloning of 
the APECED gene. Nat Genet. 1997;17(4):393–8.

 444. Finnish-German AC.  An autoimmune disease, 
APECED, caused by mutations in a novel gene 
featuring two PHD-type zinc-finger domains. Nat 
Genet. 1997;17(4):399–403.

 445. Passos GA, Speck-Hernandez CA, Assis AF, 
Mendes-da-Cruz DA.  Update on Aire and thymic 
negative selection. Immunology. 2018;153(1):10–20.

 446. De Martino L, Capalbo D, Improda N, Lorello P, 
Ungaro C, Di Mase R, et  al. Novel findings into 
AIRE genetics and functioning: clinical implica-
tions. Front Pediatr. 2016;4:86.

 447. Rautemaa R, Hietanen J, Niissalo S, Pirinen S, 
Perheentupa J. Oral and oesophageal squamous cell 
carcinoma--a complication or component of autoim-
mune polyendocrinopathy-candidiasis- ectodermal 
dystrophy (APECED, APS-I). Oral Oncol. 
2007;43(6):607–13.

 448. Firth NA, O’Grady JF, Reade PC.  Oral squamous 
cell carcinoma in a young person with candidosis 
endocrinopathy syndrome: a case report. Int J Oral 
Maxillofac Surg. 1997;26(1):42–4.

 449. Rosa DD, Pasqualotto AC, Denning DW.  Chronic 
mucocutaneous candidiasis and oesophageal cancer. 
Med Mycol. 2008;46(1):85–91.

 450. McGurk M, Holmes M.  Chronic muco-cutaneous 
candidiasis and oral neoplasia. J Laryngol Otol. 
1988;102(7):643–5.

 451. Field EA, Field JK, Martin MV. Does Candida have 
a role in oral epithelial neoplasia? J Med Vet Mycol. 
1989;27(5):277–94.

 452. Krogh P, Hald B, Holmstrup P. Possible mycologi-
cal etiology of oral mucosal cancer: catalytic poten-
tial of infecting Candida albicans and other yeasts 
in production of N-nitrosobenzylmethylamine. 
Carcinogenesis. 1987;8(10):1543–8.

 453. O’Grady JF, Reade PC. Candida albicans as a pro-
moter of oral mucosal neoplasia. Carcinogenesis. 
1992;13(5):783–6.

25 Inborn Errors of Immunity and Cancers



585© Springer Nature Switzerland AG 2020 
N. Rezaei (ed.), Cancer Immunology, https://doi.org/10.1007/978-3-030-30845-2_26

Allergies and Cancers

Delia Waldenmaier and Axel Lorentz

Contents
26.1  Introduction  585

26.2  Molecular Mechanisms of Allergy  586

26.3  Types of Allergic Diseases  587

26.4  Molecular Basics of Carcinogenesis  588

26.5  Types of Cancers  588

26.6  Anti-tumor Immunity  589

26.7  Relationship Between Allergies and Cancers in General  589
26.7.1  Cancers Positively Correlated with Allergies  590
26.7.2  Tumor-Promoting Effects of Allergies  590
26.7.3  Cancers Negatively Correlated with Allergies  591

26.8  Tumor-Protecting Effects of Allergies  592

26.9  Concluding Remarks  594

 References  594

26.1  Introduction

Worldwide, especially in industrialized coun-
tries, allergies and cancer cause high morbidity, 
mortality, and financial burden to healthcare sys-
tems. An overall of 14.1 million people were 
diagnosed with cancer, and 8.2 million died from 
cancer in 2012, with increasing incidences 
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 especially in developing countries [1]. In devel-
oped countries, for instance, in Germany and in 
the USA, cancer is the second leading cause of 
death after cardiovascular diseases [2, 3]. Cancer 
rates are rising due to an increasingly aging pop-
ulation and changes in lifestyle [1]. Allergies are 
even more prevalent, but mortality is much lower. 
In Germany about 30% of all adults have been 
diagnosed with some type of allergy during their 
life time, and about 300 million people are suffer-
ing from asthma worldwide [4, 5].

Interest in possible relationships between 
these prevalent diseases arose in the 1950s. 
Following studies revealed a decreased preva-
lence of allergies among cancer patients [6]. 
Since then a lot of research has been done, but 
still no generally accepted statement about the 
correlation has been established. As the immune 
system is involved in both allergic and neoplastic 
diseases, a connection might be obvious; none-
theless, the nature of this connection is dichoto-
mous. On the one hand, allergies are regarded as 
a hyperactive state of the immune system, which 
leads to better detection and destruction of tumor 
cells. On the other hand, allergic reactions go 
along with inflammatory processes, which might 
initiate and support tumor growth [7]. Hence, 
there are different hypotheses on the relationship, 
which appears to be complex and not universally 
applicable for every type of cancer or allergy. 
This chapter will give an overview about studies 
examining these relationships and describes pos-
sible mechanisms that could explain them.

26.2  Molecular Mechanisms 
of Allergy

By definition, allergy is an immunologic reaction 
to normally innocuous environmental antigens 
(Ags), so-called allergens, and it is mostly 
equated with type I hypersensitivity (immediate- 
type hypersensitivity) according to the classifica-
tion by Coombs and Gell. This type is mediated 
by immunoglobulin (Ig) E in response to T helper 
cell type 2 (Th2) polarization of CD4+ T-cells [8]. 
Usually IgE is associated with defense against 
helminthic infections [9]. Atopy is the hereditary 

tendency to immediate-type reactions and 
increased production of IgE, however, not every 
allergic disease has to be atopic [10]. There are 
different genes associated with atopy, but envi-
ronmental factors are of great importance as well. 
During fetal and postnatal periods, the immune 
system is rather Th2 polarized which shifts 
toward Th1 during the first years of life [9]. 
According to the hygiene hypothesis, infectious 
diseases in childhood are important for Th1 bias. 
This corresponds with an increasing incidence of 
allergic diseases in industrialized countries where 
excessive hygiene leads to an inadequate Th1/
Th2 balance [11].

Allergic reactions are induced by low doses of 
allergens. Allergens are proteins, many of which 
are enzymes, and their allergenicity is determined 
by protease activity, surface features, or glycosyl-
ation patterns. Soluble allergens enter the body, 
orally or by inhalation, where they are taken up by 
antigen-presenting cells (APCs) such as dendritic 
cells (DC) which present them to naïve CD4+ 
T-cells via major histocompatibility complex 
(MHC) class II [12]. In the presence of interleukin 
(IL)-4, naïve CD4+ T-cells differentiate into Th2 
cells which are characterized by the production of 
mainly IL-4 and IL-5. On the contrary, Th1 cells 
which develop under the influence of IL-12 from 
the same precursor cells predominantly produce 
interferon (IFN)-γ and IL-2. Further factors deter-
mining polarization are the Ag’s route of entry, Ag 
dose, and the way of Ag presentation [13, 14]. 
Th2 cells organize the further allergic response 
towards the specific allergen, as shown in 
Fig. 26.1. Secretion of IL-4 or IL-13 by Th2 cells 
causes the isotype switch to IgE in B-cells. 
Additionally, a costimulatory signal, namely the 
engagement of CD40 on the surface of B-cells 
and CD40 ligand on the surface of Th2 cells, is 
required for the stimulation of the B-cell [15]. 
Subsequently, sensitized B-cells differentiate into 
plasma cells and produce allergen- specific 
IgE. Moreover, B-cells themselves are also able to 
take up soluble Ags via specific B-cell receptors 
and present them to naïve CD4+ T-cells inducing 
Th2 differentiation [9]. IL-5, IL-6, and IL-9 may 
enhance IgE production, whereas Th1 cytokines 
like IFN-γ and IL-12 act as inhibitors [14].
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Most of the IgE engage to the high affinity 
receptor FcεRI on the surface of mast cells even 
in absence of Ag. If allergens bind to specific IgE, 
FcεRI is cross-linked, followed by an 
 inflammatory reaction [15]. Mast cell mediators 
such as histamine, lipid mediators, and cytokines 
are released during the effector phase of an aller-
gic reaction and induce typical allergic symp-
toms. FcεRI is also expressed on basophils, 
which are also able to release allergic mediators 
being stored in granules [16]. As basophils are 
able to produce IL-4 as well, they can amplify 
IgE production [17]. When specific IgE was once 
built, further exposition to the corresponding 
allergen elicits an allergic reaction without 
renewed sensitization [9].

Production of IL-5 by Th2 cells and mast 
cells activates eosinophils to secrete inflamma-
tory mediators as well as highly toxic proteins 
and free radicals from their granules [8, 9]. 
Hours after the early phase of the reaction, the 
late phase may take place, which is character-
ized by infiltration of further inflammatory leu-
kocytes and eventually a chronic inflammation 
may be established [18]. The cells involved in 
allergic reactions reside predominantly in tis-
sues close to the body surface as their actual 
function is to defend against multi-cellular para-

sites, which invade primarily into skin and 
mucosa-associated lymphoid tissue. Therefore, 
these cells are specialized to evoke Th2 immune 
responses [8].

26.3  Types of Allergic Diseases

Allergic asthma is a chronic inflammatory dis-
ease of the airways caused by inhaled allergens. 
Symptoms are breathlessness, wheezing, and 
coughing due to bronchial constriction and 
increased mucus secretion. It is often accompa-
nied by hyper reactivity of the airways to other 
stimuli [10, 19]. Allergic rhinitis or hay fever is 
an allergic inflammation of the nasal mucosa, 
which results in sneezing, itching, runny or 
blocked nose, and is often combined with allergic 
conjunctivitis [20]. Atopic dermatitis or eczema 
is a manifestation of atopy, which occurs pre-
dominantly among children, showing symptoms 
like itching, red rashes, and small vesicles on the 
skin [20, 21]. Food allergies mostly cause diar-
rhea or vomiting, but they may also affect the 
respiratory tract and others [8]. Anaphylaxis is a 
systemic reaction against an allergen with life- 
threatening symptoms like hypotension or airway 
constriction [20].
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26.4  Molecular Basics 
of Carcinogenesis

Cancer is a genetic disease in consequence of a 
number of mutations in somatic cells. Unlimited 
growth of the mutated cells leads to formation of 
neoplasms. Tumor cells are capable of invading 
into tissues, and eventually of disseminating and 
building metastases in distant regions of the body. 
The clinical phenotype is varying as well as the 
implications, depending on the type of cancer 
and the affected patient. Although the incidence 
of cancer increases with age, tumors occur in 
every age group [22].

The development of cancer, carcinogenesis, is 
a multistep process which requires progressive 
alterations in the genome of normal cells. 
Mutations can occur spontaneously or can be 
generated by so-called carcinogens [23]. A car-
cinogen is an environmental factor like a chemi-
cal compound, a biological substance, a virus or 
radiation that is able to interact with DNA and 
cause damages or alterations in the genome. 
Usually cells have several mechanisms to repair 
DNA damages. During the process of repair, the 
cell cycle is stalled, preventing that this mutation 
is multiplied. If no repair is possible, the cell is 
destroyed by apoptosis [24]. An abolition of these 
mechanisms is a precondition for oncogenesis. 
Therefore, mutations have to occur in genes that 
are responsible for the control of cell prolifera-
tion, differentiation, or apoptosis [25]. Such criti-
cal genes can be divided into two groups: 
oncogenes and tumor suppressor genes [26]. 
Products of oncogenes are, e.g., transcription fac-
tors, growth factors or their receptors. Tumor 
cells are characterized by gain-of-function- 
mutations in oncogenes resulting in overexpres-
sion of oncogene proteins and subsequent 
increased growth [27]. Tumor suppressor genes, 
or rather their products, have a repressive effect 
on cell growth. Loss-of-function-mutations in 
tumor suppressor genes result in unimpeded pro-
liferation or evasion of apoptosis [25].

However, one single mutation is not sufficient 
for the formation of a cancer cell. Carcinogenesis 
is a multistep process involving several events 
that incapacitate control of the cell cycle, thereby 

creating a cell with growth advantages [28]. The 
initiation process of carcinogenesis, character-
ized by somatic changes, is followed by the pro-
cess of promotion. Different promoters like 
chemical irritants, hormones, or inflammation 
induce proliferation of the damaged cells and fur-
ther mutations, as the genome of cancer cells is 
very unstable [25, 29]. The next step is tumor 
progression. By means of alteration of cell adhe-
sion molecules and protease activity, cancer cells 
are capable of leaving the primary tumor and 
infiltrating into tissues. Subsequently tumor cells 
spread through blood or lymphoid vessels, and 
build metastases in distant parts of the body while 
they are displacing healthy tissue [30].

26.5  Types of Cancers

Pancreatic cancer is one of the cancer types with 
the poorest prognosis, as mortality rates almost 
correspond to incidence rates [31]. The most 
common type is adenocarcinoma, which affects 
the exocrine component of the pancreas, but 
other components of the pancreas may also be 
affected. Main causes are smoking, diabetes mel-
litus, and chronic pancreatitis [22]. Lung cancer 
is the third leading type of cancer among men 
and women, and the leading cause of death from 
cancer among men. More than two thirds of the 
cases are caused by cigarette smoke [31]. Cancers 
of the colon and rectum represent the second 
most common type of cancer. Besides the heredi-
tary component, dietary habits are a major risk 
factor [3, 31]. Skin cancer includes malignant 
melanoma, basal cell carcinoma, squamous cell 
carcinoma, and some others [22]. The first one 
causes more deaths; however, the others are more 
prevalent, yet with higher curing rates [31]. 
Meningioma and glioma are the two most com-
mon types of brain cancer, whereby the causes 
are largely unknown [32]. Lymphatic and hema-
topoietic cancers are, e.g., leukemia, Hodgkin’s 
lymphoma, or non-Hodgkin’s lymphoma. 
Leukemia is characterized by an abnormal prolif-
eration of leukocytes and can be classified into 
acute or chronic and myelogenous or lympho-
cytic forms [22]. Acute lymphocytic leukemia is 
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the most common tumor disease in childhood, 
whereas the etiology is still not identified [31]. 
Among reproductive cancer, prostate cancer in 
men and breast cancer in women are the leading 
types of cancer. Furthermore, breast cancer is the 
most frequent cancer-induced cause of death 
among women. Other common reproductive 
tumors are tumors of the uterus, cervix, and ova-
ries [31].

26.6  Anti-tumor Immunity

In 1970, Burnet and Thomas established the 
hypothesis of cancer immuno-surveillance. It 
states that, to a certain degree, the immune sys-
tem is able to detect and destroy tumor cells 
before they can arise to clinically detectable 
malignancies. Meanwhile this hypothesis has 
been expanded to the theory of immuno-editing, 
which is comprised of three phases: the elimina-
tion phase, the equilibrium phase, and finally the 
escape phase [33].

The elimination phase complies with the 
process of immuno-surveillance. Immune cells 
of innate and adaptive immune response iden-
tify tumor cells by so-called tumor Ags [34]. If 
these are presented to an activated CD8+ T-cell, 
the tumor cell is directly destroyed by release 
of cytotoxic proteins. Moreover, antigen-spe-
cific B-cells produce specific antibodies, which 
can opsonize tumor cells, and lead to either 
antibody- dependent cellular cytotoxicity 
(ADCC) or complement- dependent cytotoxic-
ity (CDC) [35].

Besides this adaptive immune reaction, there 
are cells of the innate immune system involved in 
immuno-surveillance, which execute antigen- 
independent immune responses. Among them are 
natural killer (NK) cells and NK T-cells, which 
are able to recognize and directly kill tumor cells 
[25]. In addition, these two cell types produce 
IFN-γ that is probably the most important cyto-
kine in anti-tumor immunity [33]. It acts indi-
rectly by modulating the immune response, e.g., 
by activation of macrophages or augmentation of 
T-cell response and NK cell activity, and it is able 
to increase immunogenicity of tumor cells. 

Moreover, IFN-γ itself has anti-proliferative, 
apoptotic, and angiostatic capacities, which 
directly affect tumor cells [36, 37]. However, 
cancer cells are capable of defending against 
these immune mechanisms. Either they lack cer-
tain MHC peptides, making them unrecognizable 
to T-cells or they do not express costimulating 
signals, which lead to T-cell tolerance [38]. 
Hence, if the immune system is not able to kill 
the entire tumor cells, the process of immuno- 
editing reaches the equilibrium phase, character-
ized by dynamic dying and generation of further 
mutated cancer cells [34]. Following Darwin’s 
rules, those cells, which show surviving advan-
tages through reduced immunogenicity, resist the 
immune attacks. Thus, tumor cells also are 
shaped and sculpted by immune cells, leading to 
cell populations that are capable of evading any 
immune reactions [33]. In this case, surviving 
tumor cells enter the escape phase. Besides the 
absent immunogenicity, tumor cells are also able 
to suppress immune reactivity so that they can 
proliferate continuously and eventually develop a 
malignant tumor [38].

Altogether, the immuno-surveillance hypoth-
esis describes that the immune system is in fact 
able to fight tumor cells, but also promotes carci-
nogenesis by sculpting poorly immunogenic 
mutants.

26.7  Relationship Between 
Allergies and Cancers 
in General

The first studies relating to possible associations 
between allergies and cancer date back to more 
than half a century [39, 40]. However, until now 
the results have not been consistent, despite the 
various researches in this regard [41].

Regarding cancer in general, there seems to be 
a balance between studies reporting positive and 
negative correlations with different types of aller-
gies. While analyses of the Cancer Prevention 
Study II indicate a slightly decreased risk for 
people suffering from hay fever or asthma [42], 
data from the First National Health and Nutrition 
Examination Survey (NHANES I) show an up to 
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50% increased risk of developing any type of 
cancer [43]. Together with several other studies 
[19, 21, 39, 44–56], no general conclusion can be 
drawn which identifies the role of allergies in 
cancer epidemiology. As the term cancer includes 
diseases of diverse etiologies and a variety of 
affected tissues, it is necessary to distinguish 
between different cancer sites as well as specific 
types of allergy. In the following, those associa-
tions that are supported by the majority of studies 
are presented.

26.7.1  Cancers Positively Correlated 
with Allergies

With one exception, all of the evaluated studies 
suggest a positive association between a history 
of asthma and lung cancer. Without controlling 
for smoking, a study of 78,000 asthmatic patients 
found an increased risk for women as well as for 
men [49]. Another study observed a positive 
association with asthma, yet no associations with 
hay fever only, both asthma and hay fever, and 
any of these conditions [42]. A further survey cal-
culated a lower, but still elevated risk for asthma 
when controlling for smoking. An additional 
analysis of the effect of respiratory drugs taken 
for the treatment of asthma showed no connec-
tion to cancer development [19]. In a Taiwanese 
study asthma was the only type of allergy associ-
ated with risk of lung cancer [48]. In contrast, 
El-Zein et  al. [57] reported an inverse relation-
ship between lung cancer and asthma and other 
allergic diseases.

The prevalence of skin cancer was predomi-
nantly examined among subjects suffering from 
atopic dermatitis, for other types of allergy there 
is only little evidence available. Atopic dermati-
tis was associated with a clearly increased risk 
of keratinocyte carcinoma, which made up half 
of all observed excess cancers in this study. 
Among 6275 hospitalized patients with atopic 
dermatitis, not a single case of malignant mela-
noma was found [50]. Another study involving 
patients with atopic dermatitis found an 
increased risk of melanoma as well as of non-
melanoma skin cancer [51].

26.7.2  Tumor-Promoting Effects 
of Allergies

The positive association between specific types of 
cancer and allergies is mainly explained by exem-
plary description of the relationship between 
asthma and lung cancer. Increased susceptibility 
to inhaled carcinogens due to impaired mucocili-
ary clearance and pulmonary obstruction and, 
above all, inflammatory processes are regarded to 
be responsible for the increased prevalence of 
lung cancer among asthmatic patients [49, 58–
60]. As described before, allergic reactions go 
along with chronic or subchronic inflammation. 
There is evidence that tumors predominantly arise 
at sites of inflammation, and that inflammatory 
cells and mediators are found in all tumors [61].

Inflammatory reactions are usually triggered 
by infections. Macrophages, which have detected 
infectious agents, release chemokines that attract 
other inflammatory leukocytes, such as neutro-
phils and further macrophages. Additionally they 
release cytokines, which increase vascular per-
meability to facilitate migration of attracted cells 
into afflicted tissues. Leukocyte recruitment is 
mediated by adhesion molecules and extracellu-
lar proteases, which relieve movement into the 
tissue [29]. Since inflammatory responses are 
supposed to remove the causes as well as to 
rebuild damaged tissues, an environment rich in 
growth promoting, but also rich in damage caus-
ing factors is required. Consequently, the condi-
tions for carcinogenesis are established.

Reactive oxygen species (ROS) released by 
macrophages are capable of causing DNA dam-
ages, thus promoting tumor initiation. Permanent 
cell regeneration raises the probability of carci-
nogenic mutations [29]. Cancer promotion is 
supported by growth factors like TGF, IL-1, IL-6, 
or IL-8. Furthermore, several inflammatory 
mediators have angiogenic properties or stimu-
late the production of angiogenic factors. For dis-
semination, cancer cells exploit the mechanisms 
that leukocytes utilize for extravasation into 
inflamed tissues. These are activation of selectin 
molecules, interactions between integrins and 
adhesion molecules of the immunoglobulin 
superfamily, and secretion of proteinases [29].
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Apparently, an inflammatory microenviron-
ment is essential for tumor progression, but vice 
versa, tumors themselves also secrete inflamma-
tory mediators, which recruit leukocytes and 
mediate inflammation [38, 62]. Accordingly, 
Dvorak [63] described tumors as “wounds that do 
not heal,” indicating that pathogen-induced 
inflammation is usually self-limiting, while 
cancer- related inflammation is triggered perma-
nently [29]. Oncogenic mutations that initiate car-
cinogenesis may also lead to the establishment of 
an inflammatory environment. The activation of 
the Ras oncogene by mutation, for instance, leads 
to the expression of proteins that induce the pro-
duction of inflammatory mediators [38, 61]. The 
main mediator cells of tumor- induced inflamma-
tion are tumor-associated macrophages (TAM). 
They are able to release almost all of the cyto-
kines and chemokines required for tumor progres-
sion and their abundance has been shown to 
correlate with a poor prognosis [29, 64].

One of the key molecules in the connection 
between inflammation and carcinogenesis is the 
transcription factor nuclear factor (NF)-κB. NF-κB 
is an endogenous tumor promoter as it is activated 
immoderately by carcinogenic mutations. In addi-
tion, it is a coordinator of inflammation by regulat-
ing expression of several pro-inflammatory and 
survival factors [59, 64].

26.7.3  Cancers Negatively Correlated 
with Allergies

The association between a history of allergy and 
pancreatic cancer seems to be quite definite. Five 
surveys could demonstrate an inverse associa-
tion. Holly et al. reported a decreased prevalence 
of any self-reported allergy among pancreatic 
cancer patients. This correlation was available for 
multiple allergens like house dust, plants, mold, 
animals, and food. Furthermore, with increasing 
numbers of allergies and increasing severity of 
symptoms the risk of cancer development 
decreased. It should be noted that even after 
receiving a hypo-sensitization therapy, allergic 
patients still showed a reduced risk [65]. Hay 
fever was correlated with a reduced risk of pan-

creatic cancer in Turner’s prospective study [42]. 
Eppel et al. [66] found a risk of pancreatic cancer 
in allergic patients that was scaled down by more 
than 50%, but not for asthma patients. Similar 
results were reported by Cotterchio et al. [67] a 
few years later, but another study could demon-
strate an inverse correlation with asthma, which 
was strongest with the intake of asthma medica-
tion [68]. Another study that additionally investi-
gated a possible association between variants in 
IL-4 and IL-4 receptor α genes and cancer preva-
lence found a negative correlation for any allergy, 
hay fever, and reaction to animals. However, vari-
ants in the above-mentioned genes were not cor-
related to cancer [69]. A more recent study 
detected a significantly increased survival of non- 
resected pancreatic cancer patients with self- 
reported allergies. In the cohort that has 
undergone a resection, results were non- 
significant [70].

Cancers of the colon and rectum are less 
prevalent among individuals that show a history 
of allergy. Several studies identified allergies to 
be inversely associated with colorectal cancer. 
The probability of developing colorectal cancer 
with any self-reported allergy in an Italian study 
was lowered, whereas the association was stron-
ger when allergy was diagnosed at age 35 or 
older. Regarding colon and rectum cancer sepa-
rately, the risk of rectum cancer development 
was lower than colon cancer, whereas the latter 
was not statistically significant [71]. Another 
case-control study obtained a protective effect 
of any allergy on cancer development. Self-
reported allergy was inversely associated with 
both colon and rectum cancer [72]. The risk of 
colorectal cancer calculated by Turner et al. was 
reduced by more than 20% among patients suf-
fering from both asthma and hay fever, and less 
reduction was observed among patients suffer-
ing from hay fever only [42]. In addition, a large 
prospective study in Hawaii and California 
showed an inverse relation between atopic dis-
eases and colorectal cancer [73]. A prospective 
study from Iowa involving only women noted 
an inverse  correlation for allergy in general 
which was the strongest in patients with skin 
allergies. Moreover, the risk was decreasing 
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with an increasing number of allergies [74]. 
Allergic rhinitis was negatively associated with 
rectal cancer among Taiwanese patients, and the 
association was stronger for males than for 
females [48]. Combining the cohorts from the 
Cancer Prevention Study (CPS) I and II, Jacobs 
et al. [75] calculated a relative risk of 0.83 for 
colorectal cancer mortality when having both 
asthma and hay fever. A current meta-analysis 
of prospective studies confirmed a 12% 
decreased risk for colorectal cancer and any 
allergic condition [76].

Most studies agree about a decreased risk of 
tumors of the brain, specifically glioma, being 
associated with atopic diseases. In a hospital- 
based case-control study, the prevalence of gli-
oma was reduced in combination with 
physician-diagnosed history of any allergy and 
asthma as well as with self-reported allergy to 
chemicals. Meningioma risk was not associated 
with any type of allergy. In addition, the risk of 
acoustic neuroma was positively associated with 
hay fever, allergy to food, and allergy to other 
substances [77]. One further case-control study 
found hospitalized glioma cases to be less likely 
to suffer from asthma, as well as hay fever, atopic 
dermatitis, or allergy in general. Moreover, there 
was a stronger risk reduction in conjunction with 
use of any allergic medication like nasal spray or 
antihistamines [78]. Wigertz et al. contrasted the 
prevalence of allergy among glioma and menin-
gioma cases with non-cancerous individuals. 
They showed a decreased risk of glioma among 
subjects with asthma, atopic dermatitis, and hay 
fever. Treatment of hay fever with nasal spray or 
eye drops was associated with lower risks than 
non-treated disease. Meningioma risk was only 
reduced among atopic dermatitis patients [79]. In 
children having asthma, a 45% risk reduction 
could be observed [80]. One case-control study 
used immunoglobulin E (IgE) levels for the mea-
surement of allergy besides a self-reported his-
tory of allergy. As IgE levels did not significantly 
confirm self-reported allergies, odds ratios for the 
risk of glioma development varied but both impli-
cated a decreased risk [81]. A few years later the 
same research group reported similar risks for 
meningioma development [32]. A more recent 

study confirmed this with an odds ratio of 0.46 
for allergen-specific IgE levels and glioma [82]. 
Besides glioma and meningioma, data from the 
INTERPHONE study also indicate allergies to 
protect from acoustic neuroma [83]. Data from 
the Glioma International Case-Control Study 
involving more than 8000 participants from 
14 countries recently indicated a 30% lower risk 
for glioma among patient with respiratory aller-
gies [84].

26.8  Tumor-Protecting Effects 
of Allergies

The majority of the presented studies attribute 
negative associations between allergies and can-
cers to an enhanced immuno-surveillance among 
allergic patients due to a hypersensitive and 
hyperactive immune system. This implies that 
immune cells of allergic subjects are more effec-
tive in detecting and destroying cancer cells [48, 
53]. The pivotal cells of immuno-surveillance 
are NK cells by virtue of their capacity to carry 
out ADCC and to produce IFN-γ [37]. There is 
evidence for increased numbers and activity of 
NK cells in subjects suffering from asthma or 
allergic rhinitis [85–87]. Additionally, it could 
be proved that there is a negative correlation 
between cancer incidence and natural cytotoxic-
ity which would further explain an improved 
potential for immuno-surveillance among aller-
gic individuals [88].

Besides the classical cells of immuno- 
surveillance, other immune cells may be anti- 
tumor effectors as well. Below, critical cells and 
mediators of allergic reactions and their possible 
anti-tumor activities are given. While in non- 
allergic individuals their activity may be negligi-
ble due to low occurrences, their actions may be 
increased among allergic subjects, explaining a 
negative correlation between allergies and cancer 
incidence.

Allergic disorders are marked by increased 
levels of eosinophils, a condition named 
 eosinophilia, as eosinophils are important effec-
tor cells in allergic reactions [89]. A role for 
eosinophils in immuno-surveillance of tumors 
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was considered since they were observed in dif-
ferent tumor infiltrates. Indeed, higher numbers 
of tissue or blood eosinophils correlated with bet-
ter prognosis, e.g., improved survival rates in 
lung and colon cancer [90, 91]. Although eosino-
phils might contribute to tumor growth by release 
of VEGF, thereby initiating angiogenesis, in vitro 
and in vivo studies substantiated rather anti- 
tumor activities [6, 92].

Eosinophils are recruited by secretion of IL-5 
from Th2 cells and eotaxin-1, a specific chemo-
kine. Particularly IL-5 induces differentiation 
from CD34+ precursor cells, stimulates synthesis 
of granule proteins, and activates eosinophil 
effector functions [93, 94]. These effector func-
tions are mainly mediated by the release of their 
granule proteins, which are highly toxic towards 
pathogens, as well as towards tumor cells. In 
vitro studies could prove the direct cytotoxicity 
of eosinophil cationic protein (ECP) [90, 91, 94]. 
ECP causes lysis of tumor cells by creating pores 
in the cell membrane [95]. Further granule pro-
teins like major basic protein or eosinophil per-
oxidase have indirect anti-tumor properties in 
terms of triggering the release of histamine from 
mast cells. Besides the IL-5 dependent activa-
tion, eosinophils are also responsive to specific 
IgE. As they express IgE receptors on their sur-
face, binding of IgE leads to tumor-specific 
antibody- dependent cellular phagocytosis 
(ADCP) [6].

A study that involved lung cancer patients, 
investigated anti-tumor activities of eosinophils 
in  vitro. For this purpose, eosinophilia was 
induced by IL-2 treatment in cancer patients. 
Eosinophils were then purified from blood sam-
ples and added to tumor cells. ADCC and direct 
lysis by eosinophils from IL-2 treated patients 
were highly increased compared to those of non- 
treated patients or healthy donors, which did not 
harm tumor cells at all [90]. This suggests that in 
fact there are differences in cytotoxic potentials 
between allergic and non-allergic individuals. 
The influence of IL-2 was to ascribe to secondary 
cytokine production because IL-2 has no direct 
effect on eosinophils, but stimulates lympho-
cytes. Thus, eosinophil activation was most likely 
mediated by IL-5.

Another study confirmed the involvement of 
eosinophils in anti-tumor immunity in 
methylcholanthrene- induced fibrosarcoma mod-
els. Among IL-5 transgenic mice, which show 
increased levels of eosinophils, tumor growth and 
incidence were reduced whereas among eotaxin- 
deficient mice incidence was increased. An even 
greater increase of incidence was observed in 
eosinophil-deficient mice. This provides evi-
dence that, at least chemically induced cancers, 
may be effectively fought and inhibited in growth 
by eosinophils [93].

IgE is the key mediator of allergic reactions. 
Binding of IgE to the high affinity receptor FcεRI 
on the surface of mast cells and basophils leads to 
ADCC, whereas binding to the low affinity recep-
tor CD23 on the surface of macrophages or 
eosinophils leads to ADCP [6]. Usually IgE is 
predominantly present in tissues bound to its 
receptors, but in allergic patients, serum IgE lev-
els are up to tenfold higher than normal [96]. In 
addition to defense against helminths and hyper-
sensitivity towards allergens, IgE Abs may also 
be directed against tumor Ags, thereby mediating 
anti-tumor activities. In vitro studies could dem-
onstrate IgE-mediated effector activities against 
human ovarian carcinoma cells [96, 97]. 
Furthermore, treatment of mice with IgE targeted 
on tumor cells resulted in decreased growth of 
induced cancer. The effect was significantly 
stronger for IgE than for treatment with 
IgG. Besides the curative potential of IgE, a pro-
tective long-term immunity against the specific 
tumor cells was observed as well [98]. The inci-
dence of survival was monitored within a case- 
control study among glioma patients. Those who 
had elevated levels of IgE were observed to sur-
vive on average 9  months longer compared to 
patients with moderate or borderline IgE levels. 
Additionally, elevated IgE levels were more com-
mon among control subjects than in patients, 
which might support the assumption of an anti- 
tumor capacity of IgE [99]. Among pancreatic 
cancer patients, IgE levels were detected to be 
fivefold higher than in control groups, whereas 
levels of other Igs were similar. Tumor-specific 
IgE was found to mediate ADCC against tumor 
cells, whereas IgE isolated from healthy controls 
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did not [100]. Recapitulating, IgE is an effective 
mediator of anti-tumor cytotoxicity as well as 
phagocytosis of tumor cells.

Mast cells, generally associated with allergic 
reactions are also frequently found in tumors, 
attracted by the tumor cells themselves, where 
they assume an angiogenic role [101]. In most 
cancer types, mast cells therefore act as tumor- 
promoters by producing angiogenic and lym-
phangiogenic factors. However, in some 
cancers, e.g., breast cancer, they might rather 
be tumor- suppressors by producing anti-tumor-
igenic molecules such as TNF and IL-9, 
whereas in yet others they are apparently inno-
cent bystanders [102].

Typical Th2 cytokines are IL-4, IL-5, IL-13, 
and IL-10. The role of IL-5  in recruiting and 
activating eosinophils has already been 
described. IL-10 and IL-13 exhibit rather tumor-
promoting than anti-tumor activities [92, 103]. 
IL-4 is known as Th2 differentiation factor and 
mediator of IgE isotype switch in B-cells [104]. 
However, IL-4 also shows anti-tumor activities. 
First, IL-4 induces the infiltration of macro-
phages and eosinophils, which mediate cytotox-
icity towards tumor cells [105]. Second, IL-4 is 
one of the most potent inhibitors of angiogene-
sis by blocking migration of endothelial cells. 
The resulting restricted tumor growth could be 
proved for local as well as for systemic applica-
tion of IL-4 in vivo [106]. Moreover, IL-4 recep-
tor has been shown to be expressed on different 
human tumors and immunogenicity of mela-
noma cells could be increased by IL-4 by means 
of enhanced MHC class II expression [107]. In 
animal studies, induction of an allergic reaction 
in IL-4 transgenic mice additionally suppressed 
melanoma growth through the activation of NK 
cells, which subsequently activate the STAT6 
pathway [108].

Tumor growth factor (TGF)-β, which is 
involved, e.g., in the inflammatory processes in 
asthma, plays a dichotomous role in cancer, 
depending on the stage of the tumor as well as the 
cellular context. Especially during early stages of 
tumorigenesis, TGF-β can act as a tumor sup-
pressor through its cytostatic and pro-apoptotic 
effects [109].

As described, many crucial components of 
allergic reactions were separately shown to have 
anti-tumor activities, but only little research has 
been done yet to evaluate the combined effects of 
these cells. One study evaluated growth of inocu-
lated tumor cells in mice that were sensitized 
against ovalbumin. Tumor cells in allergic mice 
showed the same proliferation rate like those in 
non-allergic mice, whereas apoptosis was 
increased [110]. Consequently, tumor progres-
sion was decreased in allergic mice, which might 
support the relationship between allergy and 
some types of cancer in humans.

26.9  Concluding Remarks

Even despite extensive research, the relationship 
between allergies and cancer remains elusive. As 
there are studies, which show negative as well as 
positive correlations, one has to take a closer look 
at the specific type of cancer and the location it 
arises. Allergies are accompanied by inflammatory 
reactions, which constitute an optimal environ-
ment for carcinogenesis, thus promoting the devel-
opment of tumors at this specific site. Additionally, 
systemic effects in terms of enhanced immuno-
surveillance can likewise be evoked, thus prevent-
ing from cancer at other areas. The presented 
examples of a positive correlation between asthma 
and lung cancer as well as atopic dermatitis and 
skin cancer and a negative correlation between 
allergies and pancreatic cancer, colorectal cancer 
and glioma fit this classification. Nonetheless, 
there is still a need for well-conducted epidemio-
logical studies, as well as for investigations on the 
molecular level to clearly define the relationship 
between allergy and cancer.
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27.1  A Primer on Systems Biology

Biomedicine has evolved extremely fast in the 
last decade. Many challenging new insights into 
the nature of biological systems and the avenue 
of new experimental techniques have synergized 
during this period to change our perception about 
Biomedicine. Biological systems are nowadays 
envisioned as complex networks composed of 
dozens to thousands of proteins, genes, and miR-
NAs, which interact to control cellular- and 
tissue- level phenotypes. One can say that Biology 
is the Science of the ultimate complexity because 
in one sense every single cell contains as much 
complexity as entire solar systems or galaxies. In 
this context of increasing complexity, Systems 
Biology has emerged a decade ago.

Systems Biology is a methodological 
approach that combines quantitative experimen-
tal data, mathematical modeling, and other tools 
from computational biology to address biologi-
cal and biomedical questions from a systemic 
perspective. It is almost a mandatory research 
strategy when: (a) analyzing massive amounts 
of high- throughput quantitative experimental 
data, (b) trying to understand the function and 
regulation of biochemical networks enriched in 
regulatory motifs like feedback loops, and (c) 
integrating biological data from diverse sources 
across temporal and spatial scales. Within the 
methodology, the use of mathematical or com-
putational modeling is an essential step, neces-
sary to integrate and analyze data, formulate and 
explore biological hypothesis, or perform quan-
titative predictions with a therapeutic aim [1]. It 
has a clear interdisciplinary nature because it 
involves expertise in biomedicine, quantitative 
experimental techniques, data engineering, 
mathematical modeling, and bioinformatics, 
only to mention some of the scientific profiles of 

researchers that can get involved in a systems 
biology project.

Due to this multiplicity of disciplines, over the 
years the concept of Systems Biology has become 
fuzzy and difficult to define precisely. At the 
moment, Systems Biology describes at least three 
different approaches, all of them relying on the 
use of quantitative experimental data and mathe-
matical modeling. We describe them briefly in 
the following subsections.

27.1.1  The “Omics” Paradigm 
and the Use of Statistical 
Models

In the last few years, it has become technically 
and economically affordable to perform quantita-
tive, high-throughput experiments to measure the 
concentrations or activation state of proteins and 
other biomolecules like RNAs or metabolites. 
This has given rise to numbers of new experi-
mental fields (e.g., genomics, transcriptomics, 
proteomics, and metabolomics, collectively 
known as “Omics” techniques). When applied to 
samples obtained from large cohorts of patients 
suffering complex multifactorial diseases, espe-
cially cancer, these techniques have already gen-
erated massive amounts of clinical and biomedical 
data. These data are a precious resource to dis-
cover the molecular mechanism behind the emer-
gence of a disease. From an applied perspective, 
these techniques can be used to generate new 
protocols and tools for early diagnosis, or more 
efficient and personalized therapeutic treatments. 
However, the data alone are not sufficient: human 
intuition and direct interpretation are not well- 
suited tools for the analysis of massive volumes 
of high-throughput data. Complex mathematical 
models, which rely on the intensive use of 
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advanced statistical and computational methods, 
are necessary to interpret and analyze the amount 
and type of data generated through the “Omics” 
paradigm.

These statistical models have been success-
fully exploited in the search of biomarkers for 
cancer progression, metastasis, or resistance [2]. 
In this case, patients in a clinical study are classi-
fied in groups according to the progression status 
of the tumor. Expression profiles of proteins, 
RNAs, or other biomolecules, obtained from 
patient samples, are analyzed using statistical 
models to find one or more disease-associated 
genetic signatures. These genetic signatures 
account for groups of genes having an expression 
pattern that, considered globally, can be used to 
discriminate between patient groups. The ulti-
mate aim is to use these genetic signatures for 
improving diagnosis and/or prognosis. For some 
tumor entities, genetic signatures have been 
already found that could be successfully associ-
ated with progression, and are currently used in 
prognosis tests [3, 4]. However, one has to say 
that the statistical elucidation of this kind of sig-
natures should never be the end point of a research 
process. It has to be followed by additional 
in vitro/in vitro experiments and clinical studies 
to find a mechanistic interpretation for them [5].

27.1.2  Mathematical Modeling 
and Systems Theory: 
Dissecting the Complexity 
Emerging Out of the Structure 
of Biochemical Networks

Accumulating experimental evidences indicate 
that, at the molecular level, cells are organized in 
large and complex regulatory networks that 
involve genes, interacting proteins, and different 
kinds of coding and noncoding RNAs and metab-
olites. When trying to find a mechanistic inter-
pretation for the behavior behind these large 
networks, simple human intuition and direct data 
analysis fail because they involve too many inter-
acting variables [1, 6]. Furthermore, these net-
works contain a plethora of cross-talking 
regulatory motifs, like feedback and feedforward 

loops that show often counterintuitive behavior. 
In Engineering and Physics, mathematical mod-
eling has been used for a century to investigate 
the dynamics, regulation, and controllability of 
other physical or artificial systems containing 
similar regulatory motifs. It is therefore not a sur-
prise that biological data-based mathematical 
modeling has emerged as a powerful tool, able to 
dissect the nature of biochemical networks, inter-
pret the complex nonintuitive relations between 
their compounds, and provide support in the 
design of hypothesis and experiments. This strat-
egy has been used with remarkable success in the 
last years in molecular oncology and cancer sig-
naling. It has proved to be useful in: (a) the detec-
tion and analysis of the nonlinear behavior 
emerging from the combination of feedback, 
feedforward, and other regulatory motifs in bio-
chemical networks [7, 8]; (b) the integration of 
diverse sources of high-throughput data 
 accounting for the regulation and dynamics of 
large cross-talked biochemical networks, with 
hundreds of compounds [9]; (c) the derivation, 
analysis, and validation of hypotheses concern-
ing the structure and regulation of cancer-related 
pathways [10, 11], or (d) the design and assess-
ment of conventional, targeted, or combined anti-
cancer therapies [12, 13].

27.1.3  Bridging Biological Scales 
Through the Integration 
of Biological Data 
in Multiscale Models

Evidences are growing in recent years pointing to 
the fact that, in many cases, the influence of the 
surrounding media in the tumor cannot be sepa-
rated from the tumor biology [14]. The microenvi-
ronment interacts with the tumor and affects its 
progression via a number of selective forces includ-
ing hypoxia, lack of nutrients, or immune- driven 
apoptosis, while the tumor can modify the features 
of its microenvironment to subvert the body protec-
tive mechanisms [15]. This notion is the motivation 
behind the many efforts to develop data-driven 
mathematical models of cancer progression, able to 
account for the spatial organization of tumors and 
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the interaction with the surrounding microenviron-
ment [16]. The so- called cancer multiscale models 
are mathematical constructs that are able to simu-
late global spatio-temporal features of tumors like 
growth, angiogenesis, as well as therapy or 
hypoxia- mediated apoptosis and necrosis [17].

27.2  One Step Further: 
Integrating the Different 
Perspectives of Systems 
Biology into a Unified 
Framework

Although each one of these mathematical model- 
based approaches has proved to be quite success-
ful in accelerating the discovery in tumor basic 
biology and clinics, they have limitations that 
cannot be ignored. Statistic models are extremely 
useful tools to analyze enormous amount of 
patient data and find expression patterns associ-
ated with given clinical phenotypes; however, 
those statistical expression patterns alone suffer 
with the lack of support provided by a truly 
mechanistic interpretation of the data, the sort of 
analysis that provides biological causation. 
Mathematical models of biochemical networks 
can provide insights into the biological mecha-
nisms underlying cancer progression, but are not 
able to account for the effects of the tumor–
microenvironment interaction. Current multi-
scale models are accurate in describing 
biomechanical forces, cell phenotypes, and spa-
tial interactions between tumor cells and their 
surroundings. However, they lack a precise 
description of the intracellular mechanisms driv-
ing those phenotypic features, as well as a con-
nection to the clinical understanding of the tumor 
biology.

These limitations are the motivation why 
researches have tried to integrate the different 
scopes into a unified conception of Systems 
Biology in recent years [8, 18–21]. The idea is to 
develop a unique framework that integrates tools 
and methods from statistics, bioinformatics, 
computational biology, and mathematical model-
ing with the aim of integrating biomedical data 
across biological and spatiotemporal scales. This 

approach must be able to: (a) link massive clini-
cal patient data with the function and (dis)regula-
tion of biochemical networks; (b) provide a 
strategy to combine different kinds of quantita-
tive high-throughput biological data into integra-
tive pictures of cancer; (c) connect cancer 
genotypes and phenotypes from a mechanistic, 
causal, data-driven perspective; (d) provide tools 
to detect and investigate regulatory, feedback 
loop-like structures that extend across multiple 
biological organization levels like paracrine and 
autocrine loops; and (e) determine the conse-
quences of this multilevel cross-talk in the con-
text of cancer and the immune response. In our 
vision, this ultimate version of the Systems 
Biology method involves iterative integration of 
data from clinical trials and in vitro/in vivo bio-
medical research using techniques of data analy-
sis, bioinformatics, and mathematical modeling 
and simulation. The proposed workflow is 
sketched in the following paragraphs (Fig. 27.1).

Step 1 In clinical cohorts of, for example, cancer 
patients vs. healthy individuals, high- throughput 
data of tissue and/or plasma concentrations for 
proteins, RNAs or other molecules are collected 
together with biometric data from the patients. 
The data are processed, integrated, and analyzed 
using statistical models aiming to group them 
according to their gene expression vs. the progres-
sion status profiles. In this way, one can obtain 
cancer-associated genetic signatures relevant to 
the phenotype under investigation (e.g., chemore-
sistance, aggressiveness, and metastatic poten-
tial). These signatures account for a group of 
genes, proteins, miRNAs, or other molecules, for 
which a robust statistical correlation is found 
between their combined expression pattern and 
the investigated cancer phenotype [5].

Step 2 Relevant biomedical and clinical knowl-
edge is gathered from databases, computational 
algorithms, and publications inspected via man-
ual curation or text mining. This information is 
used to find feasible biochemical interactions 
(i.e., protein–protein interactions, transcriptional 
regulation…) between compounds of the genetic 
signature, but also with other kinases, transcrip-
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tion factors, or microRNAs, all of them relevant to 
the investigated cancer phenotype. In this way, we 
can construct a network of cross-talked intracel-
lular pathways relevant to the investigation of the 
aimed cancer phenotypes. Furthermore, similar 
networks can be constructed for the cell types in 
the tumor microenvironment related to the pheno-
type investigated. Since tumor cells and cells in 
the microenvironment secrete cytokines and other 
molecules signaling each other, the obtained net-
work is one of cell-to-cell communication, 
accounting for the tumor–microenvironment 
interaction in the cancer phenotype under investi-
gation. The network obtained is often called regu-
latory map, nothing but a visualization of the state 
of the art of the biochemical and biomedical 
knowledge about the cancer phenotype under 
investigation. Tools from network biology can be 
used to dissect the topology of the regulatory map 
and isolate regulatory motifs relevant for the deri-
vation of hypothesis and experiments [8, 22].

The method involves iterative integration of 
data from clinical trials and in vitro/in vivo bio-
medical research using techniques of data analy-
sis, bioinformatics, network biology, and 
mathematical modeling.

Step 3 The parts of the network relevant to the 
biomedical scenarios which are related to the 
investigated cancer phenotype are translated into 
a mathematical model. The model consists of 
mathematical equations, in an adequate modeling 
formalism, accounting for the evolution on time 
of the expression and/or activation status of the 
network compounds, as well as their connection 
to the phenotypes. Many modeling formalisms 
are available, all of which are with advantages and 
disadvantages [6]. To circumvent some of these 
disadvantages, one can combine them in hybrid 
models. For example, we have combined inter-
connected submodules in ordinary differential 
equations and Boolean logic. Ordinary  differential 

Fig. 27.1 Sketch of an advanced systems biology workflow
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equations are excellent tools to analyze the non-
linear behavior of signaling pathways with multi-
ple, nested feedback and feedforward loops, while 
logic models are an ideal representation of mas-
sive transcriptional networks. The combination of 
both model types allowed us to analyze the large-
scale, nonlinear transcriptional and posttranscrip-
tional networks and their connection to cancer 
cell phenotypes [23].

Step 4 Additional quantitative in  vitro/in vivo 
experimental data are used to improve the bio-
logical characterization of the model, that is, to 
make it more accurate in terms of prediction of 
the relevant biomedical scenarios. This is often 
called model calibration and allows assigning 
appropriate values to model parameters and other 
model features. Alternatively, this process also 
allows for the validation of hypothesis concern-
ing the structure and regulation of the network in 
the biomedical context analyzed; in this case, 
iterative cycles of modeling and experimentation 
can be used to formulate, refine, prove, or dis-
prove hypothesis concerning the existence and 
relevance of given biochemical interactions [24]. 
With the use of the mathematical model, one can 
analyze spatio-temporal regulatory features of 
the network that elude the elucidation via con-
ventional experimentation, like self-sustained 
oscillations, or bistability.

Step 5 In recent years, various studies have 
proved that a well-calibrated, data-driven math-
ematical model can be used with predictive pur-
poses in the context of molecular oncology. The 
underlying idea is to use model simulations and 
other tools to assess existing therapies in a per-
sonalized manner, design new therapies, or 
detect sets of biomarkers for cancer prognosis. 
In a final step, one has to go back to the bench 
and design additional in  vivo/in vitro experi-
ments to confirm the model predictions. 
Alternatively, the model predictions can be 
combined with virtual screening and other tech-
niques from computational biology and immu-
noinformatics, and used in the process of drug 

discovery or vaccine development. For example, 
potential drug targets, identified via mathemati-
cal modeling, can be used as most promising 
candidates in a drug screening procedure via 
protein docking-based techniques [21].

27.3  Does Cancer Immunology 
Need a Systems Biology 
Approach?

In our opinion, the immune system is one of the 
most complex realizations of a biological sys-
tem. The immune system is actually a multiscale 
system [25] (Fig. 27.2). It involves many types 
of cells, whose fate, proliferation, or activation 
status is controlled by feedback loop-regulated 
pathways. These pathways very often cross-talk, 
creating complex networks. Furthermore, the 
activation status of given immune cells depends 
on other immune cells by direct contact or 
through secretion of local or global signaling 
molecules, especially cytokines. In this way, the 
immune system is enriched in cell-to-cell com-
munication circuits and autocrine loops. When 
we further consider the interaction between the 
immune system and a tumor, the picture becomes 
more systemic-like. Tumor cells and the immune 
cells in the surroundings communicate through 
chemical signals and affect each other’s fate. 
Tumors secrete antigens (Ags) detected by 
immune cells like dendritic cells, while cells 
from the immune system secrete cytokines and 
antibodies (Abs) targeting the tumor cells. In 
addition, features of the microenvironment in 
which the tumor is hosted can affect the response 
of the immune cells. Finally, all these processes 
are happening at the same time, and affecting 
each other at different biological and temporal 
scales. Altogether, this suggests the use of a sys-
temic strategy to tackle the complexities of the 
tumor–immune system interaction. In the fol-
lowing section, we discuss some published 
results that illustrate how systems biology can be 
used in the context of oncology and tumor 
immunology.
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27.4  A Quick View on Current 
Results

27.4.1  Computational Biology, 
Bioinformatics, and High- 
Throughput Data Analysis 
Used in the Design of Immune 
Therapies for Cancer

Availability of next-generation sequencing along 
with –omics data shifted the paradigm for the can-
cer treatment and opens the doors toward possible 
cancer immunotherapy [26]. Like traditional vac-
cines that stimulate host immune system to recog-
nize and destroy pathogens, cancer vaccines are 
aimed to generate immune response to differentiate 
tumor cells from the normal cells for their possible 
elimination. For several of the pathogen origin can-
cers, such as cervical cancer caused by Human 
Papillomavirus; hepatocellular carcinoma caused 
by Hepatitis B and Hepatitis C virus; Hodgkin’s 
lymphoma by Epstein-Barr virus; T-cell leukemia 
by Human T-cell leukemia virus; and Kaposi’s sar-
coma by Kaposi’s sarcoma herpes virus, there have 
been considerable success in designing cancer 
 vaccines in the past and many of them are currently 

in use or in the advance stages of clinical trials. 
Most of these vaccines are designed in a similar 
way to the traditional epitope-based vaccine- 
designing approaches. However, for the nonpatho-
gen origin cancer, the major challenge for the 
immune system is to distinguish cancer cells from 
the health cells in order to activate B-lymphocytes 
to produce Abs or T-lymphocytes. In order to trig-
ger antibody-dependent cellular cytotoxicity or 
phagocytosis to kill cancer cells, these Abs need to 
recognize specific proteins normally on the outer 
membrane of the cancer cells [27]. T-lymphocytes 
have the capacity to selectively recognize peptides 
(antigens) derived from self/ nonself proteins 
attached with major histocompatibility complexes 
on the antigen- presenting cells (APCs). Use of 
cytotoxic T-cells (CTLs), dendritic cells (DCs), and 
monoclonal antibodies are now well-established 
strategies to design potential cancer immunothera-
peutics [28].

The major challenge in the development of 
cancer vaccines is the recognition of “self” Ags 
by the immune system for which the system is 
already tolerized. Therefore, the potential 
approach is to identify nontolerogenic, tumor- 
associated antigens (TAAs) suitable to develop 
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Fig. 27.2 Tumor- 
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envisioned as a 
multilevel system

27 Envisioning the Application of Systems Biology in Cancer Immunology



606

Ag-specific anticancer vaccines from a large pool 
of “self” Ags [29]. In spite of success in other 
infectious diseases, the use of small self-peptides 
as Ags in cancer vaccines did not attain much 
interest in the past because of their poor immune 
response and minimal therapeutic benefits. Most 
of these free peptides are likely to have short 
half-life and poor pharmacokinetics properties 
and thus rapidly cleared before they are loaded 
on the dendritic cell surfaces in the complex with 
MHC molecules to stimulate CD8+ and CD4+ 
T-cells for the initiation of adaptive immune 
responses [30]. However, the coadministration of 
suitable dendritic-cell-activating adjuvant along 
with short TAAs peptides was shown to boost 
immune responses in advanced melanoma [31] 
and vulvar intraepithelial neoplasia patients [32]. 
These studies generated the hope to design effec-
tive therapeutic cancer vaccines.

In order to avoid the “self” recognition that 
normally results in the weakened immune 
responses for cancer vaccines; researchers have 
validated the use of DNA vaccines in preclinical 
studies where the tumor-derived sequences were 
initially fused with the genes encoding microbial 
proteins [33]. This strategy helped T helper cells 
in the induction of Abs against tumor Ags along 
with epitope-specific antimicrobial CD8+ T-cells. 
Another example PROSTVAC, a DNA vaccine 
for prostate cancer, which includes recombinant 
vaccinia virus encoding prostate TAAs along 
with adhesion molecules and DCs stimulator, is 
already in the clinical trial phase III [34]. 
Besides, several monoclonal antibodies (mAbs) 
and other small molecules such as kinase inhibi-
tors, angiogenesis inhibitors, proteasome inhibi-
tors, and molecular receptor blockers are also 
combined with immunotherapy for developing 
targeted anticancer therapies [35]. Many Abs 
boost the immune response against cancer cells. 
Ofatumumab and ipilimumab are two such 
mAbs recently approved by the US FDA. While 
ofatumumab targets CD20 protein which inhib-
its early-stage B-lymphocyte activation in 
chronic lymphocytic leukemia [36], ipilimumab 
specifically targets cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4) that provide 
inhibitory signal for activated T-cells [37]. 

Unconventionally, mAbs are also shown to tar-
get intracellular oncoproteins; this finding opens 
a new possibility to predict potential targets for 
TAAs discovery [38, 39].

Still, the detection of effective nontolero-
genic TAAs from extra/ intracellular oncopro-
teins is one of the major challenges in cancer 
immunotherapy. To recognize TAAs, one has to 
carefully investigate sites for cancer-specific 
point mutations, chromosomal aberrations, 
splicing variants, alternative reading frames 
along with overexpressed gene/proteins and 
other regulatory elements (Transcription fac-
tors, miRNAs, etc.) [40–42]. For many of these 
data mining approaches, well-established com-
putational pipelines already exist in the public 
domain. For therapeutic cancer vaccines, the 
idea is to either amplify or induce new immuno-
genic responses in the cancer patients based on 
CD8+ or CD4+ T-cell responses by recognizing 
differentially expressing TAAs from microarray 
data repositories [43]. One of such databases is 
Oncomine, which has huge repository of gene 
expression profiles from microarray studies to 
identify differentially expressing genes in vari-
ous stages of major types of cancer [44]. These 
data analysis pipelines facilitate the discovery 
of novel cancer biomarkers and drug/vaccine 
candidates. In the following section, we will 
describe the use of bioinformatics tools and 
computational pipelines to discover potential 
cancer vaccine candidates with a case study.

27.4.1.1  Case Study: Computational 
Approaches to Design DNA 
Vaccine for Cervical Cancer 
Caused by Human 
Papillomavirus

Cervical cancer is the most common and slow- 
growing malignant cancer present in the tissues 
of the cervix or cervical area in women. 
Persistent infection with human papillomavirus 
(HPV) is considered to be one of the major etio-
logical factors for cervical cancer [45]. More 
than 100 different types of human papillomavi-
ruses (HPV) have been identified [46] and cate-
gorized into high-risk and low-risk strains. A 
total of 16 different high-risk strains have 
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already been identified, among them strain 16 
and 18 are together responsible for approxi-
mately 70% of all cervical cancer cases [47]. 
Two HPV vaccines GARDASIL and CERVARIX 
are currently in use as prophylactic vaccines and 
offer no therapeutic benefit for patients already 
infected with the virus or those with precancer-
ous lesions or cervical cancer [48]; also, they 
are not completely effective against all high-risk 
strains of this virus. In contrast, therapeutic vac-
cines generate a T-cell immune response to 
eliminate existing viral infection. Epitope-based 
vaccines provide a specific strategy for prophy-
lactic and therapeutic application of pathogen-
specific immunity. The identification of epitopes 
suitable for diagnostic use and for therapeutic or 
prophylactic intervention is clearly a crucial 
prerequisite of these strategies. Selection of 
immunogenic, consensus, and conserved epit-
opes from proteins of major high- risk strains 
may provide an experimental basis for the 
design of very specific T-cell and DNA vaccines 
effective against all high-risk strains [49]. 
Likewise, many metastatic tumors also exhibit 
heterogeneity at the genomic level and some 
subclones able to escape the immune system 
[50, 51]. It is therefore important to design 
tumor vaccine in such a way that it is effective 
against all the subclones. Herein, the authors 
will highlight computational pipeline adopted in 
one of their previously published research work 
which was used to design in silico DNA vaccine 
against human papillomavirus (HPV) by using 
consensus epitopic sequences of L2 capsid pro-
tein from all high-risk HPV strains [52]. In addi-
tion, various computational parameters are 
optimized to increase the immunogenicity of the 
vaccine by considering multiepitopic sequence, 
codon optimization, CpG motifs optimization, 
inclusion of promoters and other immune- 
stimulatory molecules. A generalized computa-
tional pipeline for the design of DNA vaccine is 
highlighted in Fig. 27.3.

The work initiates with the detection of differ-
entially expressing genes/ proteins in cancer (non-
pathogenic) or identification of conserved 
immunogenic regions from pathogens involved as 
the major etiological agents. From the conserved 

regions, MHC class I and class II epitopes are pre-
dicted followed by inclusion of proteosomal/lyso-
somal cleavage sites. Various computational 
approaches may be followed to filter the immuno-
genic peptide such as 3D structure modeling to 
calculate the solvent accessibility of cleavage 
sites, post-cleavage conservancy of epitopes, and 
then long half-life for proper immunogenicity 
using molecular dynamics simulations. The 
selected peptide can then be back translated and 
optimized for codons and CpG motifs. In silico 
cloning experiments may also be performed for 
the selection of good expression systems to be 
used for vaccine development.

27.4.2  Retrieval of Sequence Data 
and Identification 
of Conserved Regions 
in the Protein

In case of previously designed HPV vaccines, 
researchers thoroughly investigated L1 and L2 
capsid protein form the virus to detect potential 
vaccine candidates. Although previous in  vitro 
neutralization studies demonstrated high cross- 
reactivity with L2 antisera, yet, some of the 
 high- risk HPV strains failed to neutralize due to 
high rate of mutation in the L2 capsid protein. To 
overcome this problem, we first retrieved L2 cap-
sid protein sequences for all the high-risk HPV 
strains from NCBI (http://www.ncbi.nlm.nih.
gov) and UniProt (http://www.uniprot.org) data-
base. To identify conserved regions in the pro-
tein, we performed multiple sequence alignment 
using ClustalX software. Based on the multiple 
alignment files, we identified conserved regions 
in the L2 capsid proteins using Shannon entropy 
function available on Protein Variability Server 
(http://imed.med.ucm.es/PVS). From the align-
ment file, Shannon entropy was calculated as:
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where Pi is the fraction of residues of amino acid 
type i, and M is the number of amino acid types.

To identify the conserved regions in the L2 
capsid proteins of all high-risk HPV strains, the 
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Fig. 27.3 Generalized 
workflow for computer- 
aided epitope-based 
DNA vaccine design
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cut-off score of Shannon entropy was set to 2.0 
(Fig.  27.4). The fragments with Shannon vari-
ability score <2.0 and continuous length of >9 
amino acid residues were further selected for the 
epitopes identification.

27.4.3  Prediction of MHC Class 
I and Class II Epitopes

Epitope mapping is always the key step in the vac-
cine designing. Epitopes are usually thought to be 
derived from nonself protein Ag that interacts 
with Abs or T-cell receptors and thereby activat-
ing an immune response. Besides from nonself 
proteins, epitopic sequences from host can also be 
recognized by MHC molecules. For the effective 
vaccine, it is important for the epitopes to invoke 
strong response from T and B-cells. Large num-
bers of bioinformatics algorithms were designed 
for this purpose, to name a few are Position 
Specific Scoring Matrices (PSSMs) based 
SYFPEITHI [53], Artificial Neural Network 
(ANN) [54], Stabilized Matrix Method (SMM) 
[55], and Average Relative Binding (ARB) [56]. 
According to Tong and colleagues, computational 
methods for MHC peptide binding can be based 
on (a) sequence binding pattern using binding 
motifs, decision trees, or machine learning algo-
rithms line artificial neural networks, hidden 
Markov models and support vector machines, and 
(b) three-dimensional peptide/MHC interactions 
using homology modeling and docking studies 
[57]. Feldhahn and colleagues implemented 
FRED, a framework for T-cell epitope detection, 
which predicts the binding of epitopes to MHC 
class I and class II HLA alleles using several bind-

ing affinity algorithms (SYFPEITHI, SVMHC, 
BIMAS, and NetMHCpan) and predictions on the 
features of antigen processing and proteosomal 
cleavage [58]. The same team has developed 
EpiToolKit, a web-based platform that imple-
ments a variety of computational methods for 
immunomics [59], including tools for HLA geno-
typing based on next-generation sequencing data, 
polymorphic and nonpolymorphic epitope predic-
tion, as well as epitope selection and ranking 
based on scoring matrices and predictions for pro-
teosomal degradation [60].

In case of DNA vaccine designing against 
HPV causing cervical cancer, we used RankPep 
server (http://imed.med.ucm.es/Tools/rankpep.
html) for the prediction of consensus binding epi-
topes (9 mers) for both MHC class I and class II 
molecules with default parameters. In total, we 
used 75 MHC class I and 49 for MHC class II 
matrices for the prediction of potential epitopes 
from all the consensus L2 capsid proteins.

27.4.4  Reverse Translation 
of Immunogenic Peptide 
Fragments

To back translate peptide sequence into the DNA 
sequence, large numbers of bioinformatics tools 
are available in the public domain. Because of the 
degeneracy of the genetic code, the back transla-
tion is ambiguous as most amino acid residues 
are encoded by multiple codons. To design opti-
mal DNA sequence, most of these tools use 
codon frequency table specific for the organism 
of interest. We used Backtranseq program of 
mEMBOSS 6.0.1 for this purpose.
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Fig. 27.4 Figure showing the Shannon variability score 
of individual positions in the multiple alignment files of 
L2 capsid protein from high-risk HPV strains. Red bars 
indicate the variability score of amino acid residue i at the 

given position in the multiple alignment file. Blue line 
represents the cut-off Shannon variability score. All the 
red bars below the blue line are potential conserved sites 
for analysis
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27.4.5  Optimization of Codons 
and CpG Motifs

Codon optimization is the process to enhance the 
efficiency of DNA expression vector to express 
the foreign gene in the host’s cell environment. 
DynaVacs server (http://miracle.igib.res.in/
dynavac) was used to compute optimal codon for 
each of the amino acid residue encoded by the 
stretch of DNA.  The server optimizes codons 
according to the codon usage table derived from 
the Kazusa Codon Usage Database (http://
kazusa.or.jp/codon). We used codon frequency 
table for Homo sapiens that rank codons by ana-
lyzing their frequency of occurrence in 93,487 
coding sequences [61]. Immunogenicity of 
Ag-specific DAN vaccine was previously shown 
to significantly increase by the optimization of 
CpG motifs [62]. We again used the DynaVacs 
server for CpG optimization [63]. In this process, 
the consensus motif XCGY (where X is any base 
but C, and Y is any base but G) was incorporated 
in the sequence as triplet (XCG or CGY) by sub-
stituting the less frequent codons that codes the 
same amino acid residues.

27.4.6  Insertion of Cleavage Motifs 
and Finalization of DNA 
Sequence

For the purpose of generating specific epitopes, 
proteasomal and lysosomal cleavage motifs were 
also included before and after each MHC class I 
and class II epitope, respectively. These cleavage 
motifs are targeted by the proteasomal and lyso-
somal cleavage machineries to generate immune 
responses in the host. The corresponding nucleo-
tide sequence of 12-residues long peptide 
HEYGAEALERAG was added as proteosomal 

cleavage motif before and after the optimized 
DNA sequence of each MHC class I epitope. 
HEYGAEALERAG motif contains all five 
cleavage sites Y3-G4, A5-E6, A7-L8, L8-E9, 
and R10- A11 defined for eukaryotic protea-
somes in which A5-E6 is the major cleavage site 
[64]. Similarly, nucleotide sequence of 5-resi-
dues long peptide KFERQ was added as lyso-
somal cleave motif before and after the DNA 
sequence of each MHC class II epitopes. KFERQ 
specifically acts as a recognition motif toward 
heat shock proteins and facilitates further steps 
for the degradation of proteins by lysosomes 
[65] to generate MHC class II epitopes. At the 
end, start and stop codons were added to finalize 
the DNA vaccine. Arrangement of the epitopes is 
very crucial and one of the deterministic factors 
for the efficacy of the DNA vaccine. The folding 
of the protein product in the host will largely 
depend on the arrangement of these epitopes and 
also determine the solvent accessibility of the 
cleavage motifs. Various computational tools can 
be used for this purpose including molecular 
dynamics simulation approaches. The overall 
arrangement of the DNA vaccine construct is 
shown in Fig. 27.5.

27.4.7  In Silico Cloning Experiments 
of DNA Vaccine Construct

Several expression systems have been success-
fully designed in the past, for the cloning of num-
ber of genes encoding surface antigens from 
pathogens for vaccine development. A good 
DNA vaccine vector should be designed with 
minimal functions so that the only gene expressed 
in mammalian cells is the antigen-encoding gene. 
We performed the cloning experiments using clc- 
DNA Workbench 5.0.1. For our purpose, pVAX1 

Fig. 27.5 Arrangement 
of various segments of 
DNA vaccine constructs. 
The arrangement of 
epitopes in the sequence 
is very crucial to 
increase the efficacy of 
DNA vaccine
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vector was selected as an expression system. 
pVAX1 is a nonfusion vector specifically 
designed to stimulate cellular as well as humoral 
immune responses [66] and requires that the 
inserted gene of interest contain Kozak transla-
tion initiation sequence (Kozak), an initiation 
codon (ATG), and a termination codon (TAA, 
TGA, or TAG). When these designed DNA vac-
cines are injected into host, antigenic protein gets 
translated and alerts the body’s immune system 
to generate immunization memory cells.

The methodology described above highlights 
how various bioinformatics algorithms and com-
putational tools can be combined to design novel 
and effective vaccine candidates before being 
subjected to in vitro confirmatory studies.

27.4.8  Personalized Detection 
of Tumor Epitopes Using 
Sequencing Data

Tailor-made therapeutic vaccination is an emerg-
ing field in cancer immunotherapy, in which the 
vaccine is customized based on the genomic pro-
filing of the patient, taken by whole-exome and 
RNA-sequencing of blood and tumor samples. 
Integrating this information with bioinformatics 
pipelines to acquire the unique mutation profile 
of each individual patient, tumor neoepitopes are 
predicted, synthesized, and injected into the 
patient intravenously, often using patient blood- 
derived mature dendritic cells [67]. Usually, only 
7–9 neoepitopes are loaded on to the dendritic 
cell for vaccination [68]. That makes the selec-
tion of the right neoepitopes based on patient’s 
genomic profile crucial for the success of the 
immunotherapy. Hundal and colleagues devel-
oped pVAC-Seq, a software tool for predicting 
tumor neoantigens using genomics and transcrip-
tomics data [69]. In this tool, the prediction of 
somatic variants using whole-exome sequencing 
data and that of gene expression profile using 
tumor transcriptomics data are used as input to 
generate wild-type and mutant epitope sequences. 
The obtained mutant epitopes are scored based 
on binding affinity, coverage, and Variant Allele 
Frequency. Jaitly and colleagues presented a 

pipeline for detecting patient-specific epitopes 
using whole-exome sequencing data and tran-
scriptomics data [70]. In their method, they ana-
lyzed whole-exome sequencing data to predict 
and annotate somatic variants. Next, they pre-
dicted epitopes containing mutations after com-
bining genomics and transcriptomics data based 
on patient’s MHC class I HLA haplotypes. The 
predicted epitopes are ranked based on (a) the 
number of patient alleles they target, (b) the 
expression level of the gene the epitope is associ-
ated with, and (c) their binding affinity to their 
targets. The final selection of promising tumor 
epitopes relies on the use 3D docking simulations 
of the epitope to the MHC.

27.4.9  Detection of Gene Signatures 
Associated 
with Immunotherapy 
Responsiveness

As we mentioned before, gene expression pro-
files of patient samples acquired making use of 
RNA sequencing, proteomics, or other high- 
throughput data generation techniques can be 
analyzed using advanced statistical techniques to 
find genetic signatures. These signatures are 
intended to provide more accurate diagnosis or 
guidance on the feasibility of given therapies. In 
recent years, a number of publications illustrate 
the use of this approach in onco-immunology. In 
an analysis of a large amount of colon cancer 
patient samples and clinical records, Mlecnik and 
coworkers found that the use of a scoring system 
to quantify the immune cell infiltration in colon 
cancer, which is based on gene expression profil-
ing and in situ immunohistochemical staining, 
had superior abilities to predict tumor recurrence 
and patient survival than the analysis of microsat-
ellite instability, the current standard marker for 
colon cancer prognosis [71]. In line with this, 
Charoentong and coworkers made use of large 
amounts of sequencing data in public repositories 
to create a web-based tool able to characterize in 
detail the tumor immune profile in 20 highly 
prevalent solid tumor entities (https://tcia.at/) 
[72]. In their platform, they implement the 
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 so- called Immunophenoscore, a computational 
tool that utilizes tumor-sequencing data to gener-
ate a machine learning-based score accounting 
for tumor immunogenicity. Similar approaches 
can be used to predict the efficiency of anticancer 
immunotherapy. Buschow and collaborators used 
microarrays from the blood transcriptome of 
patients treated with therapeutic dendritic cell 
vaccination in melanoma to predict the efficacy 
of the treatment [73]. They found a gene signa-
ture correlated with the treatment efficacy, in 
which low Raf Kinase inhibitory protein (RKIP) 
expression levels in blood samples taken after the 
first months of vaccination correlated with a poor 
overall survival.

Sequencing data analysis can be combined 
with network analysis to generate mechanistic 
hypothesis on genes signatures obtained by cor-
relation and other statistical methods. Dreyer and 
coworkers developed and loaded into a web plat-
form a comprehensive regulatory network of sig-
naling pathways important in malignant 
melanoma (www.vcells.net/melanoma). The reg-
ulatory network was designed to facilitate the 
mining of RNA sequencing data from tumor sam-
ples and cell lines. When they used the network to 
analyze RNA sequencing datasets from malignant 
melanoma patients treated with anti- PD-1 immu-
notherapy, they could isolate a core regulatory 
network differentially regulated in pretreatment 
tumor samples of responding patients vs. nonre-
sponding patients to anti-PD-1 immunotherapy. 
This core regulatory network includes multiple 
genes involved in mesenchymal cell-related phe-
notypes, especially epithelial to mesenchymal 
transition, commonly associated with resistant to 
multiple anticancer therapies. The analysis linked 
upregulation of factors like SLUG, AP-2, and the 
E2F family to a decrease in the responsiveness to 
anti-PD-1 therapy in melanoma. Interestingly, 
Khan and coworkers found an E2F-centered core 
regulatory network associated with high aggres-
siveness and poor survival in bladder and breast 
tumors, two other highly immunogenic solid 
tumors [74]. Further, Lai and coworkers found 
that several miRNAs, including MiR-205-5p and 
miR-342-3p, can cooperate repressing E2F1, one 
of the transcription factors upregulated in the 

mentioned core network accounting for resistance 
to anti-PD-1 therapy in melanoma [75]. This sug-
gests an intriguing hypothesis, that of using 
miRNA-based therapy as coadjuvant of immuno-
therapy in melanoma [76].

27.5  Mathematical Models Used 
in Basic Oncology Research

27.5.1  Pathways and Networks

The successful use of systems biology to eluci-
date the regulation and function of cancer-related 
pathways is well proved by a large body of litera-
ture published in the last decade. In this context, 
mathematical modeling has been used to investi-
gate the time-dependent behavior of biochemical 
systems, to integrate multiple data sources, or to 
validate the existence of new regulatory or tran-
scriptional interactions in given regulatory path-
ways. A question in biochemical networks for 
which data-driven mathematical modeling is nec-
essary is the elucidation of the nonlinear proper-
ties emerging from the combination of regulatory 
motifs containing positive/negative feedback and 
coherent/incoherent feedforward loops. When 
biochemical pathways or networks hold these 
regulatory structures, they often display behavior 
that evades direct reasoning. Many papers, which 
use data-driven modeling approach, succeeded 
proving how signal amplification [11], sustained 
oscillations [77], or bistability [78] emerge as 
hallmarks of signaling and transcriptional 
networks.

To mention an example on immune-related 
pathways, Das and colleagues [79] integrated dif-
ferent modeling approaches with in vitro experi-
ments to elucidate the interplay between Ras 
activation and SOS proteins in the activation of 
T- and B-lymphocytes. What makes their work 
interesting is that both proteins, Ras and SOS, are 
integrated in a positive feedback loop that partici-
pates in the Ag receptor stimulation of lympho-
cytes. In this feedback loop, Ras gets strongly 
activated upon membrane receptor stimulation, a 
process which is mediated by members of the 
SOS family. In turn, SOS activity at the plasma 
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membrane is allosterically upregulated by active 
RasGTP. To validate the existence of this positive 
feedback loop and its functional consequences, 
the authors combined model simulations and 
time-dependent in vitro experiments with human 
and chicken lymphocytic cell lines. They found 
that under some stimulatory conditions, the bio-
chemical system displays bistability. That is, for 
intense enough stimulation, the pathway works 
like and all-or-nothing system: transient but 
intense stimulus can trigger a sustained activation 
of the system and the downstream pathway. 
When we consider a population of lymphocytes, 
this property may induce the emergence of a 
bimodal response, with a subpopulation of lym-
phocytes getting full and sustained activation, 
while others remain inactive. From an immuno-
logical perspective, the authors hypothesize that 
this system induces the emergence of a short- 
term mechanism of molecular memory. This 
mechanism can improve the activation of 
T-lymphocytes which were stimulated in previ-
ous serial encounters with rare antigen-bearing 
cells.

In the study by Das et al. [79], the focus was to 
elucidate the dynamics of a small signaling sys-
tem containing regulatory loops. In other cases, 
one tries to address how several pathways cross- 
talk to each other and integrate their signals to 
achieve the regulation of given phenotypic 
responses. This has also been explored using 
mathematical models of large regulatory net-
works in the context of cancer [80] and immunol-
ogy [81]. For example, Carbo and collaborators 
[82] used a systems biology approach to investi-
gate the regulation of the pathways underlying 
CD4+ T-cell differentiation. By collecting and 
organizing the state of the art of biomedical 
knowledge, they constructed a comprehensive 
regulatory map of the critical pathways regulat-
ing the differentiation of naïve CD4+ 
T-lymphocytes into Th1, Th2, Th17, or iTreg. 
The regulatory map was translated into a mathe-
matical model in ordinary differential equations, 
and characterized using perturbation experi-
ments, in which different concentrations of rele-
vant cytokines were used to stimulate the shift 
between different signaling and transcriptional 

pathways and therefore the distinctive differenti-
ation of the naïve T-cells. Once the model was 
calibrated and validated, model simulations and 
sensitivity analysis were combined to determine 
the model parameters controlling the activation 
of different pathways. They found that the path-
way regulating the nuclear receptor PPARc func-
tion plays a major role controlling the shift 
between the Th17 and iTreg transcriptional and 
phenotypic programs. Based on these findings, 
they foresee a therapeutic potential to the regula-
tion of PPARc signaling in the context of chronic 
inflammatory and infectious diseases. In this 
way, the authors show how a full systems biology 
strategy can be extremely useful to dissect the 
signaling and transcriptional networks control-
ling differentiation and plasticity of in immune 
cells.

27.5.2  Genotype–Phenotype 
Mapping

Mathematical models can be used to bridge the 
gap between intracellular pathways and the cel-
lular phenotypes they regulate. In this case, the 
idea is to develop mathematical models that con-
sider how genetic or epigenetic changes in criti-
cal cancer-related pathways can affect the fate of 
tumor cells, and trigger (or disrupt) phenotypic 
responses at the cellular level. Some authors call 
this the genotype–phenotype mapping [83]. This 
idea has been applied to investigate the deregula-
tion of critical cancer regulatory networks during 
tumorigenesis and emergence of chemoresis-
tance phenotypes in melanoma [8] and colorectal 
cancer [84]. Santos and coworkers extended this 
idea and integrated tumor sample gene expres-
sion data with kinetic modeling simulations to 
investigate the genotype–phenotype mechanisms 
promoting resistance to immunotherapy in meta-
static melanoma [85] (Fig. 27.6). The mathemati-
cal model used accounts for the interplay between 
cytotoxic T and tumor cells in melanoma micro-
metastases (Fig.  27.6a, b). Further, the model 
includes equations reflecting key processes 
belonging to the innate immune response at the 
tumor site, like natural killer cells activation, and 
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equations describing the immunity elicited by the 
immunotherapy, here dendritic-cell or melanoma 
antigen vaccination. Systematic perturbative 
model simulations accounting for sensitivity and 
resistance to anticancer vaccination were per-
formed and clustered in model-derived pheno-
typic signatures. They further matched these 
phenotypic signatures with existing transcrip-
tomics data from tumor samples of melanoma 
patients treated with immunotherapy. To make 
the comparison possible, they annotated the dif-
ferentially expressed genes and aggregated the 
expression of those with similar gene ontologies 
into metagenes. The model-derived phenotypic 
signatures were in agreement with metagenomic 
signatures obtained from the clinical data 
(Fig. 27.6c). Among other predictions, the model- 
derived phenotypic signatures pointed to the 
existence of an unexpected new mechanism of 

immunotherapy resistance, in which genes linked 
to antigen presentation get intermediate expres-
sion levels, in a way melanoma micrometastases 
are able to minimize the complementary antitu-
mor immune responses elicited by both cytotoxic 
T and natural killer cells (Fig. 27.6d).

27.5.2.1  Multiscale Modeling
In a more refined version of the previous strategy, 
systems biology and data-driven modeling can be 
used to account for spatial features of tumor 
organization and the interaction of the tumor with 
the surrounding microenvironment. This is the 
rationale for the so-called cancer multiscale mod-
els, which has been successfully used in the last 
years to investigate the detailed dynamics of 
tumor growth or angiogenesis [17]. In the recent 
literature, there are several excellent reviews 
about the topic [83], as well as a number of 

a b

c d

Fig. 27.6 Model-based genotype–phenotype mechanisms promoting resistance to immunotherapy in metastatic mela-
noma according to Santos et al. [85]

T. Jaitly et al.



615

examples of cancer multiscale models [16, 86], 
many of which referred to angiogenesis.

To mention an example with a cancer immu-
nology focus, Pak and coauthors [87] derived a 
mathematical model to investigate features of the 
delivery of recombinant immunotoxins, a family 
of new molecules with anticancer activity. They 
are composed of an Ab fragment targeting spe-
cific tumor cell Ags, and a protein toxin fragment, 
which is released and triggers cytotoxic effects 
upon recognition, internalization, and processing 
of the molecule. The authors derived a mathemat-
ical model that links recombinant immunotoxin 
dosing and changes in tumor volume. In the 
model, a tumor is divided into a series of spherical 
subunits that contain a blood vessel and a number 
of tumor cells surrounding it, which can be pres-
ent as normal, intoxicated, or dead tumor cells. 
For each one of these structures, the model con-
tains a set of differential equations accounting for 
the dynamics of immunotoxin, from its release 
from the blood vessel until its internalization in a 
tumor cell, which becomes intoxicated. In this 
way, the model accounts for the amount of immu-
notoxin released, present, and degraded in each 
tumor subunit. The other part of the model 
describes the dynamics of tumor cell populations 
existing in the subunit. This part of the model con-
siders processes like cell growth, immunotoxin-
related death, and cell migration to occupy the 
space cleared after the death of highly intoxicated 
cells. Using model simulations, Pak and col-
leagues found that Ag shedding, a key mechanism 
in the dynamics of tumor-specific surface Ags, is 
critical for the success of the therapy. Using model 
simulations, they found that Ag shedding homog-
enizes the distribution of the immunotoxin in 
solid tumors; therefore increasing the efficiency 
of the therapy.

27.5.3  Mathematical Models Used 
to Assess and Design 
Therapies

Previous results illustrate the potential of systems 
biology and data-driven modeling to explore the 
structure, function, and regulation of biochemical 

networks, as well as their interplay with cancer- 
related cell and tissue phenotypes. In addition, 
Systems biology can play a major role in transla-
tional medicine, providing tools for clinical data 
integration, as well as for design, assessment, and 
personalization of anticancer therapies [88, 89]. 
In the following, we illustrate these possibilities 
with several recent examples.

27.5.3.1  Assessment of Conventional 
Therapies

A very promising use for systems biology is the 
personalized assessment of anticancer therapies. 
The literature contains many recent works illus-
trating how date-driven modeling can be used to 
maximize the efficiency of current therapies, but 
also to detect patient subpopulations for which 
they are not suitable. For example, mathematical 
models can be used to determine under which 
conditions a conventional therapy: (a) is toxico-
logically safe [90, 91], (b) does not induce further 
resistance [8, 92], and (c) can be combined with 
other therapies [8]. Furthermore, data-driven 
models can be used to establish the drug dosage 
and timing that optimize the anticancer effect 
and/or reduce toxicity [93].

For example, Engel and collaborators [90] 
made use of data-driven mathematical modeling 
to look for the optimal administration dose and 
timing of several conventional anticancer drugs 
minimizing the risk of acute neutropenia, a side 
effect of anticancer therapy in malignant lym-
phoma and other cancers. What makes therapy- 
associated acute neutropenia important for cancer 
patients is that they get a drastic reduction of neu-
trophil blood levels, which make them more vul-
nerable to bacterial infections and increases the 
risk of life-threatening sepsis. Engel and cowork-
ers derived, characterized, and tested a quantita-
tive data-based ODE model that describes the 
generation, proliferation, and differentiation of 
neutrophils and other human granulocytes. The 
model was extended to account for the changes in 
the granulocyte dynamics suffered by patients 
with lymphoma treated with cytostatic drugs and 
recombinant GSCF, an adjuvant therapy that 
stimulates granulocyte production and acceler-
ates the recover from neutropenia. The model 
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was characterized with patient data obtained 
from several large randomized clinical trials, in 
which efficacy and safety of multidrug chemo-
therapies were. The obtained model describes 
precisely the time-response of white blood cell 
levels for ten different therapeutic regimes. 
Furthermore, the authors suggest that the model 
can be used as a predictive tool, able to assess the 
safety of other nonexplored conventional anti-
cancer drugs regimes. Although the model was 
characterized with data from patients suffering 
malignant lymphoma, they claim that the model 
can be adapted to assess the risk of therapy- 
associated neutropenia in other tumor entities.

This idea can be extended to other conven-
tional anticancer therapies. For example, Ribba 
and colleagues [91] developed a multiscale model 
to investigate the effect of some tumor features in 
the efficiency of radiotherapy. The authors con-
structed a model for colorectal cancer progres-
sion that links cell cycle progression, DNA 
damage level, and other signaling pathways to 
the sensitivity of individual cells to the irradia-
tion doses. Their model integrated four modules, 
implemented using different modeling frame-
works. Some of the key features of the model are: 
(a) it includes regulatory pathways controlling 
cell cycle, cell division, and apoptosis; (b) these 
pathways are connected with the fate of individ-
ual tumor cells and actually control tumor cell 
death and proliferation; (c) the model also con-
siders the spatial structure of the tumor, that is, 
how cells get distributed and interact with the 
tumor microenvironment through gradients, 
growth- and antigrowth-factors, and hypoxia; 
and (d) additional model equations describe how 
different irradiation dosing (time and dose) trig-
gers DNA damage in proliferative tumor cells. 
When they simulated radiotherapy administra-
tion with their model, they found that the efficacy 
of conventional irradiation protocols can be 
improved if the cell cycle-regulated dynamics of 
tumor growth is considered when planning the 
schedule of irradiation sessions. This result is in 
line with others suggesting similar optimal 
schedule of chemotherapy sessions, something 
known as cancer chronotherapy [94]. In line with 
these results, mathematical modeling has also 

been applied to the assessment and personaliza-
tion of immunotherapies in solid tumors. Kronik 
and coworkers employed computational model-
ing and simulation to personalize the design of a 
therapeutic vaccine against metastatic prostate 
cancer [95]. In their approach, clinical trial data 
are used to generate personalized instances of a 
computational model, which predicts the levels 
of known prostate cancer antigens in the curse of 
vaccination, a parameter used as a surrogate bio-
marker of the therapy efficacy. These authors fur-
ther elaborated these ideas and deployed a similar 
strategy to personalize adoptive T-cell therapy in 
the context of metastatic melanoma [96]. In their 
approach, data on the growth rate or residual 
tumor size of the individual patient are used as 
input in the computational model and used to per-
sonalize the T-cell dosage or the schedule of the 
therapy administration.

27.5.3.2  Design of New Chemo 
and Immune Therapies

Systems biology has become a valuable approach 
to boost the procedure of drug discovery and the 
design of combined therapies that integrate con-
ventional and targeted chemotherapy. The under-
lying idea is to combine predictive model 
simulations, sensitivity analysis, and other 
advanced model-based computational methods to 
help detect single or combined potential drug tar-
gets. These model-obtained potential drug targets 
can later direct the search from new drugs [21, 
97, 98]. In a quite remarkable example of this 
strategy, Schoeberl and colleagues combined 
high-throughput and time series data with math-
ematical modeling of the receptor tyrosine kinase 
signaling family to detect new anticancer drug 
targets [12, 99]. They derived, calibrated, and 
validated an ODE mathematical model describ-
ing the known features of the ErbB/PI3K signal-
ing network in the context of cancer progression. 
Predictive model simulations were combined 
with computational sensitivity analysis to iden-
tify which members of the ErbB family have a 
major effect in the activation of AKT signaling in 
cancer cell lines. They later synthesized a human 
monoclonal antibody that inhibits the phosphory-
lation and subsequent activation of their top one 
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model-detected drug target, the ErbB3 receptor. 
The model predictions were validated by show-
ing that this antibody stops the growth of human 
tumor xenografts in mice models. Interestingly, 
the team is entirely composed of researchers 
from a biotech company devoted to the use of 
systems biology in drug discovery (Merrimack 
Pharmaceuticals, Cambridge, USA). This strat-
egy has also delivered some interesting results in 
the context of immune anticancer therapies.

Kim and Lee [100] used data-driven modeling 
of the lymph node-tumor interaction to analyze 
whether preventive vaccination with cytotoxic T 
lymphocytes (CTLs) can be employed to promote 
the clearance of microtumors before clinical 
detection (Fig.  27.7). Toward this end, they 
derived a hybrid mathematical model composed 
of two interconnected modules. The first module 
describes the dynamics of CTL activation, includ-
ing the tumor antigen production at the tumor site, 
its detection by antigen-presenting cells, and the 
subsequent maturation and their migration to the 
lymph node. Furthermore, the module includes 
the activation of cytotoxic T-lymphocytes by the 

matured antigen-presenting cells and its subse-
quent proliferation, maturation, and migration, as 
well as the emergence of memory T-cells. The 
second module describes the interplay between 
active cytotoxic T-lymphocytes and tumor cells, 
including tumor cell detection, recruitment of 
additional CTLS and CTL- mediated tumor cell 
death. The model was characterized using data 
from breast cancer. The authors used the mathe-
matical model to determine a threshold in the size 
of the anti-cancer memory CTL pool able to pro-
mote an effective clearance of microtumors. 
Furthermore, the model predictions attribute an 
important role in the success of the immune 
response to the rapidity in which CTLs detect the 
tumor site. Paradoxically, the model simulations 
suggested that tumors with fast growth rate are 
more prone to CTL destruction due to the faster 
production of tumor antigens and hence, faster 
detection by cytotoxic T-lymphocytes. The model 
describes the dynamics of CTL activation, includ-
ing tumor Ag production, its detection by antigen- 
presenting cells and the activation of cytotoxic 
T-lymphocytes by the matured antigen- presenting 
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cells. In addition, the model describes tumor cell 
detection by CTLs and CTL-mediated tumor cell 
death. The model can simulate variations over 
time of the populations of different immune cells 
and the tumor cells. In a mouse model of breast 
cancer, Pennisi and collaborators derived a hybrid 
computational model describing the immune 
response to lung metastases elicited by an anti-
cancer vaccine [101]. By making computational 
simulations, they succeeded in finding vaccine 
administration protocols maximizing the suppres-
sion of lung metastases while reducing the amount 
of vaccine doses. In an effort that continued over 
time, de Pillis and collaborators have proven that 
mathematical modeling is a useful tool to work in 
the design and assessment of anticancer dendritic 
cell vaccination [102, 103], as well as in its com-
bination with chemotherapy [104].

27.5.3.3  Unconventional Therapies
A fascinating option with data-driven mathe-
matical modeling is to explore therapies inspired 
in not yet experimentally proven concepts and 
ideas. In this sense, modeling is used to formu-
late new hypothesis on the origin and progress 
of cancer, as well as to foresee how one could 
derive new therapies based on this. In the recent 
literature, there are some examples of this pro-
cedure [105, 106]. In a series of recent papers, 
Gatenby and coworkers hypothesized that adap-
tion to chemotherapeutic agents has an ener-
getic cost for cancer cells, and this can be 
exploited to design anticancer therapies [106, 
107]. In fact, the starting point of their hypoth-
esis is that chemoresistant cells need additional 
energetic resources to keep working the resis-
tance mechanisms against drugs. Their adaptive 
therapy relies on considering the existence of 
several coexisting subpopulations of cancer 
cells in the tumor, with different genetic and 
phenotypic backgrounds regarding chemoresis-
tance. In their hypothesis, one can favor the pro-
liferation of chemosensitive cells by 
manipulating the timing and dose of conven-
tional chemotherapy, in a manner in which these 
cells can effectively compete with chemoresis-
tant ones for space and resources and delay the 
development of a fully resistant tumor. To sub-

stantiate their hypothesis, they have derived a 
series of in vitro data-driven mathematical mod-
els, which describe the growth of tumors com-
posed of chemosensitive and chemoresistant 
cancer cell subpopulations. For the most updated 
version of the model, they performed in  vitro 
experiments under conditions of normal growth 
and genotoxic drug administration using either 
normal MCF-7 cell lines or mutant cell lines 
overexpressing proteins involved in the efflux of 
anticancer drugs. Using data from these experi-
ments, they characterized the rates of growth 
and drug sensitivity of both tumor cell subpopu-
lations in the model. Later, model simulations 
were performed to analyze the tumor growth 
rate when different versions of their adaptive 
therapy were used; they compared the results 
with the tumor growth rate under conventional 
genotoxic chemotherapy. They found that the 
combination of their adaptive therapy (which 
tunes the timing and dose of conventional che-
motherapy) with the administration of nonche-
motherapeutic membrane pump substrates (a 
kind of “competitive” inhibitors of drug efflux) 
and 2-deoxyglucose (an inhibitor of glucose 
transporters and glycolysis) provokes a fourfold 
increase in the progression-free survival in their 
computational models. Serre and coworkers 
derived and validated against clinical data a 
pharmacodynamics mathematical model 
intended to predict the combination of immune 
checkpoint inhibitors (anti PD-L1 and anti 
CTLA-4) and conventional radiotherapy in the 
treatment of aggressive tumors [108]. The 
authors envision the mathematical mode like a 
computational tool to optimize and help in the 
synchronization of the schedules for immuno-
therapy and radiotherapy. Hatzikirou and col-
laborators derived and calibrated a mathematical 
model that accounts for the interplay between 
bacterial infection and TNFα-driven immunity 
in the context of experimental therapies against 
aggressive solid tumors [109]. Their results, 
partially validated with in  vitro experimenta-
tion, suggested that intermediate bacterial loads 
combined with low-level TNFα therapy could 
trigger a favorable anticancer immune response 
in tumor-bearing individuals.

T. Jaitly et al.



619

Acknowledgments This work was supported by the 
German Federal Ministry of Education and Research 
(BMBF) as part of the projects eBio:MelEVIR 
[031L0073A to JV and 031L0073B to OW]. JV is funded 
by the Staedler Stiftung and the Manfred Roth Stiftung.

Glossary (Extended Definitions Are 
Available in the Encyclopedia 
of Systems Biology [110])

Pathway Biochemical system with a unique 
input signal, in which network compound 
interactions follow a rather sequential cascade 
of events.

Network Complex and highly interconnected 
biochemical system composed of dozens to 
hundreds of interacting proteins, metabolites, 
RNAs, as well as several concurrent input 
signals.

Cross-Talk Property of a biochemical system 
integrated by several pathways, in which sig-
nals from one pathway modulate the activity 
of the other.

Regulatory Map Graphical depiction, follow-
ing a code of symbols, of the compounds, 
interactions, input signals, and phenotypic 
output of a biochemical network. One can say 
that a regulatory map is a visualization of the 
state of the art of the biomedical knowledge 
about the biochemical network.

Positive Feedback Loop Biochemical system 
in which the activation of a biochemical event 
positively regulates a biochemical process 
upstream the system. Under some conditions, 
this kind of system induces signal amplifica-
tion, bistability and hence the conversion of a 
transient signaling into a sustained one.

Negative Feedback Loop Biochemical system 
in which the activation of a biochemical event 
negatively regulates a biochemical process 
upstream the system. Under some conditions, 
this kind of system induces homeostasis, but it 
can also provoke the emergence of sustained 
oscillations in the concentration or activation 
of the network compounds.

Feedforward Loop Biochemical system in 
which a downstream network compound is 
simultaneously regulated by, for example, 
a transcription factor and a protein whose 
expression is regulated by the transcription 

factor. The feedforward loop is coherent when 
the downstream network compound is con-
sistently regulated by both interactions (both 
interactions activate or both inhibit) and inco-
herent when the regulation is opposite.

Model Calibration Computational procedure in 
which quantitative data are integrated with the 
mathematical model. The aim is to give values 
to the model parameters, in a way that model 
simulations are able to reproduce the experi-
mental data available.

Predictive Model Simulation Computational 
procedure in which the model can be used to 
extrapolate the behavior of the system inves-
tigated under experimental conditions not yet 
tested.

Model Validation Procedure by which predic-
tive model simulations are compared with new 
experimental data, not used in model calibra-
tion. A model is considered validated when 
there is an agreement between the predictive 
simulations and the experimental data used.

ODE Model Mathematical model of biochemi-
cal systems that describe spatio-temporal 
changes of protein concentrations and other 
biological molecules using kinetic equations. 
These equations describe the variation on time 
of the populations or concentration of the con-
sidered biomolecules.

Boolean/Logic Model Class of discrete com-
putational models used to model biochemical 
systems, in which the network compounds can 
have one of the two possible states at any time: 
1 or ON, which means that the compound is 
expressed or active; and 0 or OFF, nonex-
pressed or inactive.

Agent-Based Model Class of discrete computa-
tional models used to model biochemical sys-
tems and cell-to-cell interactions. A cellular 
automaton is the computational representation 
of a regular grid of cells. Each cell can have a 
finite number of states (similar to the ON/OFF 
of Boolean models), and transitions in states 
affected by the states of the surrounding cells 
in the grid.

Bistability Property of biochemical networks con-
taining positive feedback loops, by which small 
perturbations drastically change the behavior of 
the system, for example, inducing a transition 
between quick signal termination after transient 
stimulation and persistent activation.
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Self-Sustained Oscillations Property of some 
biochemical systems containing negative 
feedback loops, in which the concentration 
of the network components oscillates regu-
larly in time, even under constant external 
stimulation.

Sensitivity Analysis Computational tool used to 
analyze mathematical models. This tool pro-
vides information about the model parameters 
for which a variation in their value signifi-
cantly affects the behavior of the system.
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28.1  Introduction

Through the use of deliberate mutation of immu-
noglobulin genes, the immune system has 
evolved the ability to produce antibodies (Abs) 

able to bind targets with exquisite specificity 
(i.e., recognition of ONLY the target) and impres-
sive affinity (i.e., strong binding to the target). 
These abilities explain why Abs remain an invalu-
able tool for the detection and measurement of 
biological phenomena and already represent 
some of the treatment modalities of the present 
and near future. While most of the work with Abs 
is currently ex vivo, their use in vivo has already 
shown significant progress and benefits. 
Antibodies are currently used for biosensing of 
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specific targets in the body, in order to deliver 
radioactive isotopes or cytotoxic drugs (reviewed 
in Ricart and Tolcher [1]). Antibodies have also 
been used for visualizing specific biological pro-
cesses such as tumor shrinking and tumor growth 
[2–5] or to aid in the imaging of tumors. These 
types of applications for antibodies will likely 
become more common as immunoglobulin engi-
neering becomes more sophisticated, increasing 
the potential of using Abs in vivo for the targeting 
of specific lesions or tumors or even for the neu-
tralization of specific biological processes. In the 
meantime, Abs are widely used in multiple for-
mats and platforms to aid in the detection of a 
wide range of cancers. This chapter will intro-
duce the structure of the immunoglobulin pro-
tein, including the most commonly used altered 
and engineered variants created by researchers, 
and provide detail on how these various Abs can 
be labeled to allow their detection. A number of 
different applications then become possible. The 
principles of these applications and the ways in 
which they can be combined to create diagnostic 
tests will be outlined, including how diagnostic 
assays are increasingly being designed to include 
the detection of large numbers of targets simulta-
neously, a technique known as multiplexing.

28.2  Overview of Antibodies

Antibodies, or soluble forms of immunoglobulin 
(Ig), possess a vast array of possible specificities 
and a structure that is one of the more stable 
among mammalian proteins. Researchers have 
capitalized on the large pool of specificities pro-
vided by naïve B lymphocytes as well as on the 
refinement of specificities for the recognized 
motif, or epitope, provided by the process of 
somatic hypermutation during clonal expansion 
of activated B-cells. However, the ex vivo gener-
ation of Abs is becoming the standard for the pur-
poses of research, diagnostics, and therapy. This 
allows for an increased amount of versatility 
through a large number of sources and formats. 
Clinicians and researchers have the choice of 
intact Ab molecules or fragments, as well as 
polyclonal or monoclonal antibodies (mAbs) 

from a number of different species. Each of these 
various Ab molecules can also be chemically 
linked to a multitude of reporter molecules, 
allowing the use of Abs in a wide range of assay 
platforms. The most common of these platform 
variants is described below.

28.2.1  Monoclonal Vs. Polyclonal 
Antibodies

A polyclonal Ab preparation consists of a mix-
ture of immunoglobulin molecules with multiple 
specificities, all of which are directed against the 
target. Most polyclonal Ab mixtures are created 
by the injection of a purified full-length recombi-
nant protein into an animal, which can lead to the 
generation of Abs that recognize many portions 
of the protein. In other instances, a short peptide 
comprising a more specific region of interest is 
used, creating a number of different Abs that rec-
ognize a very specific region or “epitope.” In 
most cases, the rabbit is used to generate poly-
clonal Ab mixtures. Many other species can also 
be used to create these Abs, contributing to the 
multiplexing flexibility of Abs. The injected pep-
tide or protein, known as an immunogen, is 
selected to include a very specific, and preferably 
unique, region of interest in a target molecule. 
When the injected animal’s immune system rec-
ognizes the peptide or recombinant protein as 
foreign, the resulting immune response will gen-
erate multiple immunogen-specific Abs, which 
can then be isolated from the animal to yield a 
polyclonal antiserum. In some cases, this antise-
rum is purified further using affinity chromatog-
raphy [6].

Because of a higher degree of confidence in 
their affinity and specificity, mAbs are often cho-
sen over polyclonal preparations when possible. 
Kohler and Milstein developed the first mAbs in 
the mid-1970s by expanding on the techniques 
used to generate polyclonal Ab preparations. As 
with polyclonal Ab stimulation, an immune 
response is elicited to an injected immunogen. In 
this case, however, multiple antibody-producing 
daughter B-cells are isolated from the spleen of 
the injected animal after several days. Myeloma 
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cells are then fused with the harvested antibody- 
producing B lymphocytes to generate hybrid-
omas. These hybridomas can produce large 
amounts of the Abs expressed by the original 
activated daughter B-cells and are capable of pro-
liferating in culture indefinitely. Single hybrid-
omas are separated and expanded in culture to 
create monoclonal populations. The Abs pro-
duced by the monoclonal populations are then 
screened for affinity and specificity [7, 8].

Several technologies for more cost-effective, 
rapid, and simpler generation of mAbs have since 
been developed. Chimeric or “humanized” Abs 
have been made possible by recombinant tech-
niques, combining human Ab DNA with the 
sequence encoding the binding site of a mouse 
mAb [9]. Recent years have also seen the emer-
gence of bacterial expression of antibodies, 
which allows for the selection of advantageous 
Ab specificities via phage display. The displayed 
Ab fragments are generated from the plasma 
cells of human donors or from the spleen of an 
immunized animal. Increasingly, however, these 
phage libraries and other screening tools are gen-
erated by genetic engineering (discussed in 
greater detail in Donzeau and Knappik [9]). The 
highly specific high-affinity mAbs required for 
therapies, diagnosis, and basic research are cre-
ated using these methods.

28.2.2  Antibody Fragments

Depending on the requirements of the assay plat-
form, Abs can be used in a number of different 
formats, including the intact immunoglobulin 
molecule as well as multiple types of smaller 
fragments (Fig. 28.1). The Fab fragment includes 
the entire light chain, as well as the variable and 
first constant region of the heavy chain, and can 
form stable H/L heterodimers without being 
covalently linked. In some cases, Fab fragments 
can remain joined through a C-terminal disulfide 
bond (Fig. 28.1c) [9]. Fab fragments can be cre-
ated by papain digestion of intact immunoglobu-
lin molecules, or more recently, through genetic 
manipulation. The F(ab’)2 fragment is similar, in 
that it also retains the disulfide bond which cova-

lently links the two chains of the Fab fragment 
(Fig. 28.1b). In the case of the F(ab’)2 fragment, 
however, a portion of the flexible hinge region 
remains intact following its creation by digestion 
of intact Abs with pepsin. Additional small frag-
ments and multivalent engineered Abs can also 
be created through genetic engineering and may 
enjoy increasing use in diagnostic assays and 
possibly cancer therapy in the coming years.

28.2.3  Reporter Labeling

There are a number of reporter molecules avail-
able for use in visualizing and even quantifying 
the binding of an Ab to its target [10]. One such 
class of reporters is the group of laser-activated 
fluorescent molecules called fluorophores or flu-
orochromes, commonly used in flow cytometry 
(see Sect. 28.8). Other reporters can be enzymatic 
and therefore depend on chemical reactions to be 
detected. For these reporters, the Abs are chemi-
cally linked, or conjugated, to an enzyme such as 
alkaline phosphatase (ALP) or horseradish per-
oxidase (HRP). An intense color is generated by 
the product created when these enzymes are 
incubated with chromogenic substrates, allowing 
measurement with a spectrophotometer. It is also 
possible to incubate these enzyme-linked Abs 
with a chemiluminescent substrate, the product 
of which gives off light, which can then be quan-
tified by a number of different instruments and 
even captured on film.

A common third approach, often used to allow 
greater flexibility for the multiplexing of targets, 
includes biotin-conjugated Abs [11]. Biotin rec-
ognizes streptavidin with a high level of specific-
ity and affinity, forming one of the strongest 
known noncovalent bonds. Streptavidin can be 
linked either to fluorophores or to enzymes like 
HRP and ALP, providing the flexibility to use a 
particular biotinylated Ab across multiple assay 
platforms. Similarly, within a single platform, the 
same biotinylated Ab can be used in multiple 
wells or tubes and, if necessary, be identified by 
different colors by using varied streptavidin- 
conjugated reporters, as with the multiple fluoro-
phores used in flow cytometry [12].
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28.2.4  Primary and Secondary 
Antibodies

Some diagnostic assay formats require the use of 
Ab pairs for detection (see Fig. 28.6b for a sche-
matic representation). The first, or primary, Ab is 
specific for the target. A secondary reporter- 
conjugated Ab can be used in cases where the 

primary Ab does not include a reporter. 
Antispecies Abs, which are directed against 
immunoglobulin molecules produced by a differ-
ent species, are commonly used as secondary 
Abs. For example, mouse immunoglobulin is 
injected into a goat to produce an immune 
response, resulting in a polyclonal goat anti- 
mouse Ab preparation that can be labeled with a 
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Fig. 28.1 Intact immunoglobulin and common antibody 
fragments. (a) Schematic representation of an intact immu-
noglobulin molecule. Each heavy chain (blue) consists of 
three constant domains (CH1–3) and the variable domain 
(VH). CH1 and CH2 are linked by the flexible hinge region, 
which forms two disulfide bonds with the hinge region of 
the complementary heavy chain. Each light chain (purple) 
consists of one constant domain (CL) and one variable 
domain (V  L) and is associated with the heavy chain 
through a disulfide bond proximal to the carboxy- termini 
of the two chains (COOH). The antigen- binding regions of 
the molecule (Ag Binding) are found at the amino-termini 
of the VH/VL pairs (NH2) and are circled in red. The Fc 

 portion of the molecule, consisting of CH2–3, is indicated. 
Domain labels are constant throughout the figure. (b) The 
F(ab’)2 antibody fragment. Enzymatic digestion of intact 
immunoglobulin with pepsin results in the cleavage of the 
molecule at the hinge region, maintaining the disulfide 
bonds and yielding the F(ab’)2 fragment. (c) Papain cleaves 
the hinge region of intact immunoglobulin just above the 
disulfide bonds, generating two Fab fragments. Fab frag-
ments can also be created through genetic manipulation. 
The heavy and light chains can associate noncovalently 
(right) or may maintain a disulfide bond near the carboxy-
termini (left)
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reporter molecule. The goat anti-mouse Ab prep-
aration is used to detect the presence of the pri-
mary mouse mAb wherever it may be bound to 
the target. However, in order to avoid possible 
cross-reactivity and to minimize the complexity 
of the assay, simpler assays in which the primary 
Ab is directly conjugated to a reporter are pre-
ferred when the assay system permits.

28.3  Immunoprecipitation

For many years, specific Abs have been used as a 
means to bind and concentrate targets in solution 
[13]. This process, known as immunoprecipita-
tion (IP), involves the mixing and incubation of 
the specific Ab with a solution containing the 
molecule of interest (Fig. 28.2). After sufficient 
time to allow the Ab to bind the target, the Ab 
itself can be captured through binding to beads 
coated with bacterial protein A, protein G, or a 
mixture of both. The solution can then be centri-
fuged to pellet the beads at the bottom of the 
tube, allowing the supernatant to be transferred 
or discarded. Through this process, the target has 
been isolated and greatly concentrated and is now 
more readily detected.

When searching for comparatively rare pro-
teins, which are present at much lower concentra-
tions, a larger number of cells or volume of 
bodily fluids like plasma are required. This larger 
amount of material often presents problems for 
the detection system, which can be solved 
through the capture and concentration of the tar-
get by IP. In other cases, IP is used to diminish 
the amount of background detected by the assay 
system. The background can be minimized either 
by pulling the target out of the sample mixture for 
detection or by specifically depleting the mixture 
of an unwanted protein(s) that has been found to 
conflict with the detection of the target. IP is 
often used as a first step before detection by 
immunoblotting.

28.4  Immunoblotting

Also known as Western blotting, immunoblotting 
(IB) makes use of specific Abs for the detection 
of proteins of interest [14]. Sodium dodecyl sul-
fate (SDS) and heat are used to denature the pro-
teins in a sample, which can range from a bodily 
fluid such as plasma, to a solution of cellular pro-
teins released from cells by treatment with a lysis 

Addition of
Protein A/G
microbeads

Centrifugation

Removal/transfer
of supernatant

a b c

Fig. 28.2 Immunoprecipitation. (a) Cell lysate or other 
biological sample is incubated with specific antibody (Ab), 
which binds to the target in solution. (b) Microbeads 
coated with bacterial protein A, protein G, or a combina-
tion of both are added to the solution. The Abs, whether 
bound to target protein or free, will be bound by the bacte-

rial proteins coating the bead. (c) Following centrifugation, 
the beads and their cargo of Ab and target protein will form 
a pellet at the bottom of the tube. The supernatant, now 
depleted of the target protein, can be transferred to another 
tube or discarded. These schematic representations of Abs 
and their targets will be used for all subsequent figures
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buffer. These proteins are separated according to 
mass via polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to a membrane for 
detection (Fig. 28.3). The specific primary Ab is 
washed over the surface of the membrane for a 
prolonged incubation period, allowing it to bind 
the target protein, followed by incubation with a 
secondary enzyme-conjugated anti-species Ab. 
After the addition of a chemiluminescent sub-
strate, a band of light will be generated at the 
position where the primary and secondary Abs 
are bound to the membrane. The amount of pro-
tein present dictates the amount of primary and 
secondary Ab bound to the membrane, which in 
turn dictates the intensity of the light generated. 
This light signal is traditionally detected by expo-
sure to autoradiography film, but advances in 

low-light camera-based systems have led to 
increasing use of these documentation methods. 
On a traditional immunoblot exposed to film, 
lower intensity signals correspond to fainter, 
thinner bands, while larger amounts of signal cre-
ate fatter, darker bands (Fig. 28.3).

Due to the fact that it provides an opportunity 
to physically view the interactions of an Ab with 
the proteins present in a sample matrix, immu-
noblotting is still widely used in a research set-
ting despite being an older technique. This 
characteristic can help researchers determine the 
specificity of an Ab during the development of a 
cancer test, even if another technique will ulti-
mately be used for detection. However, despite 
the fact that the method is comparatively time 
consuming and labor intensive, there are still 
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Fig. 28.3 Immunoblotting. (a) Samples are denatured in 
lysis buffer, loaded onto a polyacrylamide gel, and sepa-
rated by electrophoresis (PAGE). The presence of sodium 
dodecyl sulfate (SDS) in the buffer masks the native 
charges of the proteins and lends an overall negative 
charge, allowing the proteins to migrate toward the cath-
ode according to size, with smaller proteins traveling far-
ther through the matrix than large proteins (SDS-PAGE). 
Proteins can also be analyzed by their native conforma-
tions under nondenaturing conditions in the absence of 
SDS (not shown). (b) Separated proteins are transferred to 
a nitrocellulose or polyvinylidene fluoride (PVDF) mem-
brane via the application of electrical current. The mem-
brane is then probed with primary Ab specific for the 
target protein or residue, followed by an enzyme- 
conjugated secondary anti-species Ab (more detail on sec-

ondary antibodies and reporters is given in Fig. 28.5). A 
molecular weight standard containing multiple proteins of 
known molecular weights is usually included in each 
experiment (size ladder), to provide an estimation of the 
distribution of the sample proteins. The proteins in these 
ladders are often dyed, sometimes with multiple colors, to 
allow visualization on the membrane. (c) The target is 
visualized by incubating the membrane with the chemilu-
minescent substrate of the reporter enzyme, which emits 
light. The signal is captured by exposure to autoradiogra-
phy film or by a camera-based gel-documentation system. 
The quantity of target can then be extrapolated from sig-
nal intensity and/or band size, with larger bands corre-
sponding to more bound target, although this measure is 
not truly quantitative, but relative to the other samples in 
that experiment only
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some cancer-related diagnostic tests which make 
use of Western blotting. Examples include confir-
matory tests for Ri, Hu, or Yo, which are found in 
paraneoplastic syndromes associated with a num-
ber of cancers. The proteins of interest in these 
Western-based tests are actually Abs themselves. 
The Ri immunoblot detects the anti-Ri Ab pres-
ent in patients with paraneoplastic myoclonus/
opsoclonus syndrome, which is most often asso-
ciated with gynecological cancers, breast cancer, 
and small cell lung cancer. The Yo, or Purkinje 
cell, Ab is also found in patients with breast, 
ovarian, and other gynecological cancers, in this 
case suffering from paraneoplastic cerebellar 
degeneration. Hu antineuronal nuclear Abs are 
detected by Western blot in a small percentage of 
patients with small cell lung cancer and are asso-
ciated with paraneoplastic sensory neuropathy 
and encephalomyelitis. The highly specific Abs 
used in these Western blots provide confirmation 
of the identity of the Hu, Yo, and Ri Abs initially 
detected by first-line screening tests.

28.5  Radioimmunoassays

One of the first highly sensitive methods for mea-
suring the levels of proteins such as hormones in 
the blood was the radioimmunoassay (RIA) [15]. 
In a classic RIA, a known quantity of purified tar-

get protein is radiolabeled, most often with a 
gamma radioisotope of iodine. This “hot” protein 
is mixed with a specific Ab that has been immo-
bilized on a surface, and then, the biological sam-
ple containing unlabeled or “cold” protein is 
added to the mixture (Fig.  28.4). In a standard 
competition assay, the cold protein will then 
compete with the radiolabeled protein for bind-
ing to the Ab, leading to the displacement of a 
fraction of the radiolabeled protein. The amount 
of target protein present in the sample can then be 
extrapolated by measuring the amount of dis-
placed radioactivity.

RIA technology allowed some of the first spe-
cific and sensitive tracking of important hor-
mones like insulin in human blood [16] and is 
still used in some cancer-related diagnostics 
today, including thyroid hormone testing. Some 
thyroid hormone tests, including reverse T3, free 
T4, and especially thyroid-stimulating hormone 
(TSH), are still offered via RIA. These thyroid 
hormone tests are included as diagnostic tests in 
the preliminary characterization of thyroid nod-
ules as malignant or benign and in the diagnosis 
of TSH-secreting pituitary adenomas. In the 
interest of laboratory safety, however, technol-
ogy has moved away from techniques requiring 
the handling of radioactivity, and the RIA 
method has largely been replaced by enzymatic 
immunoassays.

Radiolabeled purified target protein Measure displaced labeled protein

Add unlabeled
sample

γγγγ γ γ γ γ γ γ γ γ γ γ γ γ

γ
γ
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Fig. 28.4 Radioimmunoassay. (a) Purified target protein 
is radiolabeled, often with the gamma isotope of iodine 
(γ) and incubated with immobilized specific antibody 
(Ab). Sample containing unlabeled target protein is then 
added to the well. (b) The unlabeled target protein com-
petes with the purified radiolabeled protein for binding to 

the Abs, displacing some of the radiolabeled protein when 
present at high enough concentrations. The unbound pro-
tein is removed from the well, and the radioactivity of the 
displaced radiolabeled protein is measured to give an indi-
rect measure of the amount of unlabeled target protein 
present in the sample
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28.6  Enzymatic Immunoassays

Enzymatic immunoassays (EIAs) are the arche-
typal antibody-based detection format and a 
foundation of basic cellular biology research. 
The best known EIA format is the enzyme-linked 
immunosorbent assay (ELISA) [17], which has 
been used for the detection of targets in both cell 
lysates and nearly every bodily fluid, ranging 
from whole blood to sputum to cerebrospinal 
fluid. Most commonly, ELISA assays are per-
formed in microtiter plates containing 96 or more 
wells, providing the opportunity to test a large 
number of samples in a single run. Further, as the 
treatment of each well is often identical, the for-
mat of the ELISA assay lends itself to a high 
degree of automation using liquid handling 
robots and plate washers. Since the ELISA often 
contains multiple lengthy incubation steps, the 
ease with which it can be automated provides 
valuable time and labor savings in a high- 
throughput cancer diagnostics laboratory.

ELISA formats can range from simple to 
complex, incorporating from one to four Abs 
(Fig.  28.5) [17]. At the most basic end of the 
spectrum is the “direct” ELISA, which uses a 
single reporter-labeled primary Ab to detect the 
target that has been adsorbed to the surface of 
the well or plate (Fig. 28.5a). More commonly 
used, however, is the “sandwich” ELISA, which 
can use from two to four Abs as shown in 
Fig. 28.5b. In many cases, the sandwich format 

is preferred due to the greater level of specificity 
conferred by requiring two different specific 
antibodies to bind the target before detection is 
achieved. The first Ab which binds the target is 
referred to as the “capture” Ab and is bound to 
the plate/well either through direct adsorption 
or through interaction with a corresponding 
anti-species Ab that is bound to the plate instead. 
The capture Ab will bind the target during incu-
bation with the lysate or bodily fluid, after 
which the irrelevant proteins are washed away, 
leaving the enriched and purified target. The 
second, or “detection,” Ab is now incubated in 
the well and allowed to bind to the target wher-
ever it has been captured in the well. The detec-
tion Ab can be directly labeled with a reporter or 
can be detected itself by a secondary reporter-
conjugated anti-species Ab. The important con-
sideration to remember when designing a 
sandwich ELISA is that if a secondary anti- 
species Ab will be used for detection, the cap-
ture and detection Abs must have been generated 
in different species, to prevent the binding of the 
secondary detection Ab to both.

The flexibility made possible by the sandwich 
ELISA allows the detection of specialized pro-
tein motifs. Examples include the differentiation 
between isoforms created by alternative splicing 
[18] or detection of posttranslational modifica-
tions such as phosphorylation, acetylation, glyco-
sylation, methylation, ubiquitination, and even 
protein cleavage [18–23]. The turnover rate of 
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Fig. 28.5 ELISA. (a) The simplest ELISA consists of 
proteins adsorbed to the surface of a well and incubated 
with specific enzyme-conjugated Abs. After binding of 
the Abs to the target protein, the well is washed, and the 
colorimetric or chemiluminescent substrate is added. The 
reporter enzyme acts on the substrate, generating signal in 
the form of color or light, respectively. (b) The sandwich 

ELISA and its possible variations. The specific capture Ab 
can be directly coated onto the surface of the well or be 
bound itself by an anti-species Ab. After capture of the 
target protein, the target is bound by the detection Ab, 
which can be conjugated to a reporter itself or bound by a 
reporter-conjugated secondary anti-species Ab. Each of 
these permutations is represented
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important proteins, the activation status of spe-
cific pathways, and other important cellular 
activities can be inferred from the posttransla-
tional modifications of important cell signaling 
proteins. For detection of these modifications, the 
target protein can be bound by the capture Ab, the 
unbound background protein is washed away, 
and then a detection antibody specific for the 
modification of interest can be used to determine 
whether the protein contains that posttransla-
tional change. The opposite approach can also be 
taken, in which a detection Ab specific for the 
target protein can be used to probe the proteins 
pulled out of solution by a capture Ab specific for 
phosphotyrosine, for example. In some cases, the 
posttranslational modification at a specific amino 
acid residue is even included in the immunogen, 
in order to generate an Ab specific ONLY for the 
version of the protein containing a phosphory-
lated residue at a given position rather than the 
nonphosphorylated version.

It is also theoretically possible, though gener-
ally technically difficult, to use a sandwich 
ELISA to detect the protein product of a gene 
fusion, such often happens in cancer. One such 
example is the BCR-ABL fusion protein, which 
is the result of the so-called Philadelphia chro-

mosome, or the reciprocal translocation 
t(9;22);(q34;q11), that occurs most often in 
chronic myeloid leukemia (CML). In this exam-
ple, a capture Ab specific for the BCR protein 
would immobilize both wild-type (WT) and 
fused BCR, while only the fusion protein would 
be bound by the anti-Abl detection Ab.

The ability to detect multiple targets side by 
side in a single aliquot of sample can provide a 
great deal of important information, as well as 
maximize the information derived from the often 
inadequate and precious samples received in 
cancer diagnostic laboratories. Newer ELISA 
technologies have emerged in the last decade 
that make multiplexing possible through the use 
of multispot wells. In this assay layout, a number 
of different capture Abs are bound to the bottom 
of each well in discrete spots, ranging from 2 to 
4 up to 100 (Fig. 28.6a). Flexibility has been fur-
ther increased by breakthroughs in chemical 
linkers, which allow assay designers to mix and 
match the capture Abs in a given well and do it 
in-house (Fig.  28.6b). These linker-conjugated 
capture Abs are used with specialized plates, in 
which the binding partner of each chemical 
linker has already been spotted in a specific posi-
tion on the bottom of the well. Each capture Ab 
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Fig. 28.6 Multispot ELISAs. (a) A schematic representa-
tion of a 16-spot multispot ELISA well. Each spot, or let-
ter, corresponds to a different capture Ab that is carefully 
applied to the plate in one discrete area, usually by robot. 
A single sample can then be incubated in the well and 16 
different sandwich ELISAs performed simultaneously on 
one small volume of analyte. (b) Chemical linkers can cre-

ate multispot assays without robotic spotting of the capture 
antibodies, allowing mixing and matching of desired ana-
lytes. Each capture Ab is conjugated to one of several 
chemical linkers and incubated simultaneously in the well. 
Each linker binds only to its corresponding spot, isolating 
each capture Ab in one specific region of the plate. Multiple 
sandwich ELISAs can then be performed as in (a)
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will therefore only bind to one particular spot 
within the well, and the sample can then be 
added to the well and interrogated for the pres-
ence of many target proteins at once.

These sorts of multiplexed ELISA platforms 
generally require camera-based detection sys-
tems that include sophisticated software capable 
of discriminating and parsing the signal gener-
ated by multiple spots in a single small well. 
Adding an ever greater level of control over the 
process, some more advanced ELISA platforms 
now include computer-controlled initiation of the 
chemiluminescent reaction. In this system, the 
reporter is a true electrochemiluminescent (ECL) 
reagent, requiring an electrical current to undergo 
the chemical reaction, and the assay is performed 
in a specialized plate containing a small electrode 
in each well. The computer controls the applica-
tion of current, usually breaking the plate down 
into sections read in sequence. These sorts of 
adaptations to the ELISA platform represent 
some of the advances made in the last decade and 
will likely see increasing uptake in the design of 
cancer tests.

This versatility in the sandwich ELISA plat-
form, as well as the flexibility provided by the 
large number of available reporter/detection for-
mats, suggests that similarly ingenious ELISAs 
will continue to be developed. Most commonly 
in cancer diagnostics, however, more straight-
forward sandwich ELISAs are used for the pur-
poses of quantitative detection and monitoring 
of relevant proteins. An example is the HER2 
ELISA, which measures the level of HER2/neu 
present in the serum of breast cancer patients. 
With the inclusion of a standard curve on the 
ELISA plate, the amount of HER2/neu protein 
present in the well can be quantified, and the 
concentration of the protein circulating in the 
body can be extrapolated. These data can be 
used by the clinician to assess the patient’s 
prognosis and to determine the likely response 
of the patient to a given therapy. Further, if a 
baseline concentration of the circulating protein 
is established prior to administering therapy, 
subsequent longitudinal measurements can be 
compared to that baseline and used to monitor 
the efficacy of therapy.

28.7  Immunocytochemical 
and Immunohistochemical 
Assays

Immunohistochemistry (IHC) and immunocyto-
chemistry (ICC) are similar techniques used by 
researchers and pathologists to recognize particu-
lar cell types or to determine the location of 
important proteins within the cell. These proteins 
can include indicators of apoptosis or prolifera-
tion, as well as tumor markers. IHC and ICC 
assays can provide a wealth of information to the 
trained observer (Fig.  28.7) [24, 25]. The cells 
being studied can be found in an intact tissue sec-
tion as is the case in IHC or taken from suspen-
sion or from a smear as in ICC.  As with an 
ELISA, these cells are incubated with the pri-
mary Ab specific for the protein of interest and 
can be detected either through direct conjugation 
of that primary Ab or by the binding of a second-
ary reporter-conjugated anti-species Ab. ICC and 
IHC can use both enzymatic and fluorescent 
reporters; the use of fluorescent reporters is also 
sometimes referred to as immunofluorescence, 
differentiating the technique slightly due to the 
requirement for a fluorescent or confocal micro-
scope, as opposed to the light microscope that 
can be used to visualize enzymatic reporters. 
Additional common antibodies or dyes are often 
used to identify structures within the cell, such as 
the nucleus. The prepared samples are viewed 
using advanced microscopy techniques and often 
computer-based image analysis systems as well.

In recent years, advances in automation have 
generated higher throughput solutions for IHC 
and ICC. One such advance, tissue arrays, allows 
the placement of multiple patients’ samples on a 
single slide, which leads to a significant increase 
in the uniformity and speed of slide preparation. 
Further, increasingly sophisticated software and 
new automation systems reduce the amount of 
time that is required to screen slides, thereby 
greatly increasing throughput. An example is the 
InScape system, which includes the scanning of 
the slide to create a high-resolution digital image, 
and automated determination of results using 
marker-based algorithms after the region of inter-
est is chosen by a pathologist. The result is then 
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verified by the pathologist, saving a great deal of 
time in the analysis of IHC stains.

ICC and IHC continue to be valuable tools for 
pathologists due to the ability of the technique to 
map the location of the target protein to a specific 
position within the cell. Some types of proteins, 
such as transcription factors, are regulated wholly 
or in part by localization. For example, many 
transcription factors are found in the cytoplasm 
when inactive and shuttled to the nucleus follow-
ing activation. Mutations in some proteins that 
lead to improper localization within the cell have 
been demonstrated to contribute to malignancy. 
ICC/IHC assays for the visualization of the local-
ization of these proteins, as well as assays that 
detect the presence or absence of posttransla-
tional modifications, different isoforms, and even 
mutant proteins, are all valuable diagnostic and 
prognostic tools for pathologists.

One of the best known and most commonly 
used IHC tests in cancer diagnostics is the stain-
ing of breast cancer sections for the presence of 
the estrogen receptor protein (ER). As a predic-
tive marker, ER is currently the most useful test 
for establishing patient prognosis. In addition, it 
continues at this time to be the best predictor of 

patient response to hormone therapies. ER is 
often ordered in tandem with IHC staining for the 
progesterone receptor (PR) as well, which pro-
vides similar, if less statistically significant pre-
dictive information.

28.8  Flow Cytometry

One of the most powerful techniques to make use 
of the versatility of Abs is flow cytometry [26]. An 
ever-increasing number of fluorophores are avail-
able as reporters, allowing high orders of multi-
plexing with newer instruments; in some cases, up 
to 11 different parameters can be recorded simul-
taneously. These reporter fluorophores absorb the 
energy provided by laser light at a specific “exci-
tation” wavelength and then emit energy at a dif-
ferent “emission” wavelength. This emitted light 
is captured by the cytometer using an elegant and 
elaborate series of optical filters and photomulti-
pliers (Fig. 28.8). In newer cytometers, multiple 
lasers are used to increase the available excitation 
spectrum and thus take advantage of the range of 
available fluorophores; these cytometers therefore 
require computer- controlled timing of the lasers 
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Fig. 28.7 Immunocytochemistry and immunohisto-
chemistry. (a) Simplified schematic of ICC, depicting a 
single cell probed for two specific proteins. One protein is 
found to be localized to the cytoplasm (green), while the 
other protein is localized to the nucleus (red). This nuclear 
localization is confirmed by a co-stain which identifies the 
nucleus (blue). (b) Simplified schematic of IHC, depicting 

a slide-mounted tissue section. Only a few cells in the tis-
sue section express the protein for which the sample has 
been stained (dark blue). IHC and ICC can make use of 
both colored stains and fluorescent markers and often 
require microscopes with multiple excitation and/or emis-
sion filters (not shown)
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and optical filters. The combination of these 
numerous reporters with the adaptability provided 
by streptavidin conjugation of the fluorophores 
and pairing with biotin-conjugated Abs provides 
an impressive number of possible analyte combi-
nations that can be studied for a particular cell 
type or biological fluid.

Initially, and perhaps still predominantly, flow 
cytometry was used as a platform for the study of 
intact cells, intended to measure the levels of pro-
teins present on the surface of the cell. The multi-
plexing ability provided by the range of fluorophores 
and number of possible parameters allows the anal-
ysis of several surface markers simultaneously and 
has made possible the characterization of the 
numerous subsets of cell types present in the human 
body. However, advances in the technology in the 
last few decades have also allowed the detection 
and quantitation of both intracellular and soluble 

proteins using flow cytometry, as well as cellular 
DNA content, greatly expanding the possibilities 
afforded by this platform.

The events occurring inside a given cell can 
provide valuable insights, including whether the 
cell is activated, in the process of proliferating or 
in the process of dying under particular conditions. 
In more traditional cell biology research, these 
questions would generally be answered using 
Western blotting or perhaps even ELISAs. Despite 
being powerful methods which characterize the 
response of a population of cells to a given condi-
tion, both techniques actually offer the average 
response of the entire population tested. Even the 
most carefully purified cell preparations generally 
contain a mixture of different cell types, and this 
heterogeneous population may very well express 
the protein of interest at different levels or even 
exhibit a differential reaction to the conditions 
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Fig. 28.8 Basic principles of flow cytometry. (a) Cells, 
which have been incubated with fluorophore-conjugated 
Abs, are drawn from the sample tube into the machine, 
where they pass the beam(s) of laser light in single file and 
continue on to a waste receptacle. (b) As the cells pass the 
interrogation point, any bound fluorophores are excited by 
the laser light. The excited fluorophores then emit light at 
slightly different wavelengths, which are captured by 

detectors after passing through a complex system of optics 
(not shown). (c) Software manipulation of the recorded 
light signals results in data that can be analyzed in many 
ways and combinations. Each target assayed, or parame-
ter, can be analyzed in tandem with any other in a dot plot 
(left; see Fig. 28.9 for more details) or analyzed singly in 
the form of histograms and then compared to the histo-
grams of other samples (right)
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being studied. This heterogeneity can make it dif-
ficult to interpret results and represents a major 
roadblock for the study of rare cell types, which 
are in short supply and often difficult to adequately 
purify. For these reasons, the ability of flow cytom-
etry to discriminate between lineages by surface 

marker expression, and combine this with intracel-
lular cytokine staining in preparations of fixed and 
permeabilized cells, is an important advance in 
studying intracellular events in mixed populations 
of cells (Fig. 28.9) [27–32]. These sorts of intra-
cellular cytokine staining protocols have allowed 
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Fig. 28.9 Surface and intracellular cytokine staining of 
permeabilized cells. (a) Mixed cell populations are labeled 
with Abs specific for surface markers that identify subsets 
such as different lineages, different activation states, and 
others. Two different cell subsets are indicated here by 
binding to two different surface marker Abs, represented 
here by green (“A,” upper) and red (“B,” lower) reporters, 
which will be seen by the cytometer as different parame-
ters. The cells are then permeabilized to allow passage of 
Abs across the membrane, represented by the dashed line 
surrounding the cell. Permeabilized cells are incubated 
with Abs specific for the intracellular target (purple 
reporter), which will be seen by the cytometer as a third 
parameter that is the same for all cells. (b) After sample 
acquisition by the flow cytometer, the different cell subsets 
are differentiated by their expression of the surface mark-
ers for which they were stained. Comparison of two 
parameters is generally done with a dot plot, in which each 
dot represents a single cell; the dot plot shown here is col-
ored like a heat map to indicate areas of greater and lesser 

cell density. Surface marker “A” (green reporter; y-axis) is 
present at high levels on the upper cell, while surface 
marker “B” (red reporter; x-axis) is absent, indicating that 
these cells will fall in the top left corner of the dot plot. 
Conversely, the lower cell shows high levels of marker “B” 
and low levels of marker “A,” placing them in the lower 
right corner of the dot plot. These expression patterns cre-
ate two distinct populations in the dot plot. “Gates” can 
then be drawn around the populations (rectangles), telling 
the software to consider only those cells falling within the 
gate in downstream analyses. (c) The cells within each gate 
are analyzed for levels of the intracellular protein (purple 
reporter). Levels are suggested by the intensity of the stain-
ing for the third parameter (“Intracellular Marker,” x-axis). 
The diagram in (a) depicts the upper cell as having a lower 
level of the target intracellular protein, and this is reflected 
by the green histogram falling farther to the left on the 
scale than the red histogram, indicating a higher intensity 
of staining in the surface marker B-positive cells than in 
the marker A-positive cells
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the study of cell signaling cascades in intact nor-
mal cells [33], as well as characterization of aber-
rant signaling in mutation-bearing cancer cells and 
in cancer cells exposed to emerging therapies.

Further advances in flow cytometry have even 
made it possible to mix samples from two differ-
ent sources, including from two discrete patients 
or from a single patient pre- and posttreatment, 
using a “barcoding” method [34]. Each sample is 
mixed with a different fluorescent dye that emits 
at a distinct “signature” wavelength, which, when 
the samples are mixed, allows discrimination of 
each through sorting based on the detection of the 
signature. Although a boon for researchers, this 
technique has yet to become standard practice in 
clinical oncology diagnostics laboratories. Flow 
cytometry itself, however, is firmly entrenched, 
primarily as a valuable tool for hematopatholo-
gists, who use flow cytometry to examine the 
populations of circulating cells in the blood in 
order to discover subsets of abnormal cells, such 
as those present in hematological malignancies 
like leukemias and lymphomas. Flow cytometry 
panels for differential diagnosis of leukemia/lym-
phoma can contain upward of 20 cell surface 

markers, and algorithms characterizing the pat-
terns of these markers on the surface of cell popu-
lations in the blood help pathologists identify the 
particular type of leukemia or lymphoma present.

28.9  Bead-Based Assays

As with the detection of intracellular proteins, the 
study of soluble proteins present in bodily fluids 
and in cell culture supernatants was traditionally 
performed by immunoblots or ELISA. But again, 
as with intracellular proteins, flow cytometry 
now represents an additional platform for the 
detection of soluble proteins through the use of 
bead-based assays. In a design that combines the 
best features of IP and sandwich ELISAs, Abs 
are coated onto microbeads rather than plates, 
and these beads can then be incubated with the 
sample fluid putatively containing the protein of 
interest. Following capture by the beads, the pro-
tein can then be bound by a specific detection Ab. 
As with sandwich ELISAs, the bead-based assay 
can use up to four Abs, but again, fewer Abs are 
generally preferred (Fig. 28.10). One successful 

Add sample

Target
Other samples
Other samples
Antibody
Target bound to Antibody
Microbead
Detection Antibody

Add detection Ab

Wash and Analyzea b c

Fig. 28.10 Bead-based flow cytometry assays. 
(a)  Capture Abs are coated on microspheres. (b) The 
beads are incubated with proteins in solution (e.g., lysate, 
cell culture supernatant, or plasma) and bind only the tar-

get protein. (c) The target protein is bound by fluorophore- 
conjugated detection antibody, the sample is washed to 
remove unbound detection antibody, and the beads are 
analyzed by flow cytometry
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application of this technology is the detection of 
soluble proteins released into the bloodstream by 
dying leukemia cells [35–37]. Despite the simi-
larities of the technique to the sandwich ELISA, 
the bead-based assay benefits from greater multi-
plexing possibilities, including the Luminex and 
cytometric bead array technologies.

As stated above, the most advanced cytome-
ters can measure upward of 11 or more parame-
ters. This often presents calibration issues due to 
the slight spectral overlap of the fluorophores 
available. One approach to avoiding this problem 
is to use a single fluorophore to measure different 
analytes, rather than a large number of different 
“colors.” The cytometric bead array (CBA) 
makes use of beads of different sizes, one size for 
each of the different capture antibodies to be 
used. All detection antibodies can then be conju-
gated to the same reporter fluorophore, because 
the discrimination between the different proteins 
detected will be provided by the size of the bead, 
which is one of the parameters measured as the 
particle flows past the cytometer’s detector. These 
different bead sizes will result in easily distin-
guishable populations and thus analytes, as 
shown in Fig. 28.11a, while the level of protein 
captured and detected by a given antibody pair 
will be quantified by the intensity of the report-
er’s fluorescence (not shown). In this way, the 
CBA assay allows the measurement of multiple 
analytes side by side in the same sample.

Beyond just determining the relative amounts 
of protein captured by the CBA assay, however, 
researchers have applied a standard curve to the 
assay, allowing the quantitation of detection Ab 
molecules bound to a bead. Each experiment 
includes a tube containing four groups of beads, 
each with a different known level of bound 
reporter fluorophore. The data derived from this 
sample are used to generate a standard curve, 
plotting the known number of reporter molecules 
against the mean fluorescence intensity (MFI) 
measured by the cytometer. Using this curve and 
the MFI value recorded for a given sample, the 
number of bound reporter-conjugated detection 
Abs can be calculated. This technique provides 
an even more accurate quantitation of the level of 
the target protein present in the matrix and can 
even be applied to the more traditional nonbead- 

based flow cytometry methods of intracellular 
and surface protein detection.

The Luminex technology makes use of a com-
bination of the advantages of both microbead 
assays and flow cytometry, creating a method 
ostensibly able to analyze up to 100 targets in one 
well (see Luminex Corporation for examples). 
Luminex makes use of polystyrene microspheres 
impregnated with carefully controlled levels of 
both red and infrared dyes. These different titra-
tions create different color signatures for each 
population of beads, much like the barcoding 
technique described above (Fig.  28.11b). These 
different beads can then be coated with discrete 
capture Abs, mixed together, and incubated with 
the biological matrix. Following capture of the 
target proteins, detection Abs are added, all con-
jugated to the same reporter fluorophore as in the 
case of the CBA assay. The data are then col-
lected using the basic principles of flow cytome-
try, in that the dyes inside the beads are excited 
with a red laser to reveal the “signature” identify-
ing which target should be captured by that par-
ticular bead, and a green laser is used to excite 
the reporter fluorophore to allow the measure-
ment of the levels of protein actually captured 
[38]. The multiplexing capabilities of this plat-
form provide the potential for Luminex to  provide 
as much information about a sample as some 
types of antibody microarrays or multispot 
ELISAs (see below) and is therefore currently 
more often used in a cancer research or clinical 
trial setting.

28.10  Antibody Arrays

The antibody microarray makes possible the 
detection of a very large number of analytes in a 
complex sample, similar to its predecessor, the 
DNA microarray [39, 40]. Most antibody micro-
array formats are essentially ELISAs on a neces-
sarily grand scale, as shown in Fig. 28.12. These 
arrays are valuable both for basic research and in 
the search for diagnostic and prognostic markers 
of cancer. A small volume of biological material 
can yield a substantial amount of information 
using this technique, and often of greater impor-
tance, relationships, and patterns within the data 
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can be recognized and characterized in a single 
snapshot experiment. Antibody microarrays can 
be designed in a number of different formats, 
including the variable of whether it is protein or 
antibody bound to the array itself.

In its infancy, antibody array technology most 
closely paralleled that of DNA microarrays by 
spotting the surface of the array with probes con-
sisting of mAbs. Universally labeled proteins are 
then incubated with the array, and the captured 
protein is identified by its binding position on the 
array (Fig.  28.12a) [39]. The protein-labeling 
process includes either direct labeling with 
reporters or indirect detection using biotin or 

digoxigenin. Through the use of multiple report-
ers, it is also possible to compare two samples by 
incubating them together in a classic competition 
assay (Fig. 28.12a). This antibody array format is 
generally referred to as a direct array and is the 
best option for assaying truly large numbers of 
analytes in a single array, as the only major limi-
tations are space and the availability of specific 
antibodies for the desired targets. To date, most 
arrays offered commercially contain analytes 
numbered in the hundreds. The primary technical 
hurdles encountered when using direct Ab arrays 
include limited specificity and sensitivity and fil-
tering out background signal. In addition, there is 

Mention that each size or color of bead has its own distinct pair of Abs. Define FSC
and SSC, and explain that the dot plot and histogram are examples of ways in which
you can represent the data to allow you to differentiate between the populations.
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Fig. 28.11 Cytometric bead array and Luminex technol-
ogies. (a) The CBA platform consists of the Abs specific 
for each target being conjugated to beads of a different 
size. The beads are incubated with the sample at the same 
time, allowing capture of the target proteins. The beads 
are then incubated with detection Abs for each target, all 
conjugated to the same fluorophore (left). When analyzed, 
the different bead sizes are recognized by the cytometer 
via the forward and side scatter parameters and are identi-
fiable as discrete populations that can be analyzed sepa-
rately via gating (right). (b) Luminex technology makes 

use of beads of the same size which have been impreg-
nated with dyes of slightly different wavelengths. Each set 
of beads is coated with a different capture Ab, incubated 
with sample to capture target protein, and detected 
with  a  fluorophore-conjugated detection Ab (left). The 
cytometer- based analysis instrument detects the slight 
variations in the color of the bead (Parameter X), creating 
discrete populations based on bead color which can be 
gated (right). The reporter fluorophore intensities within 
each population can then be analyzed, yielding informa-
tion about the concentration of each target analyte
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always the concern that the direct labeling of the 
proteins may interfere with recognition of the 
protein by the Ab due to the physical masking or 
alteration of the epitope.

With these limitations in mind, additional anti-
body microarray formats were developed to 
include both capture and detection antibodies 
(Fig. 28.12b) [41]. Specificity is greatly enhanced 
when relying on the recognition of the target pro-
tein by two different Abs for detection, as one 
source of background is minimized. In addition, 
the problem of possible epitope masking is also 
solved by removing the necessity of labeling the 
proteins. One limitation of this sandwich approach, 

in both basic ELISAs and the antibody array, is the 
occasional lack of good matched antibody pairs. 
Another concern is the problem of cross-reactivity 
among the detection antibodies, which generally 
serves to limit the number of possible targets when 
using a sandwich microarray in contrast to a direct 
array. However, as the targets of greatest interest or 
benefit for a given model or cancer type are deter-
mined, highly customized arrays are being devel-
oped for diagnostic, prognostic, and research uses. 
For example, some arrays are designed to study 
groups of putative or known breast cancer mark-
ers, while others are used to screen the effects of 
drug candidates on their target cells.

Direct Array

Sandwich Array

Reverse Phase Array

Pre-Therapy Post-Therapy

Competitive Direct Array

a

b

c

Fig. 28.12 Antibody array formats. (a) Direct antibody 
arrays involve the spotting of specific Abs onto a surface. 
The array is then incubated with reporter-labeled proteins 
(left). The identity of a target protein that binds to the array 
is determined by matching the location of the signal to the 
known layout of the Abs. In a competitive direct array, the 
proteins in two separate samples are labeled with distinct 
reporters (red and green) and incubated with the array 
simultaneously (right). The target proteins will compete for 
binding to the Abs on the array, and the relative signal inten-
sities will indicate which sample contained greater quanti-
ties of each protein assayed. (b) The sandwich antibody 

array is highly similar to the sandwich ELISA depicted in 
Fig. 28.5b, simply with a large number of capture Ab speci-
ficities combined into a single assay and requiring one 
small volume of analyte. (c) The reverse-phase array con-
sists of the proteins in a sample being adsorbed to the array 
surface, followed by detection with reporter-conjugated 
Abs as in Fig. 28.6a. Although the number of targets that 
can be analyzed simultaneously is limited here, the value of 
the reverse-phase array is that it allows multiple samples to 
be analyzed side by side. The example represented here is 
pre- and posttherapy, and the changes in protein expression 
resulting from the treatment are clear
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There is also, as might be expected, an anti-
body microarray design in which it is the protein 
mixture that is immobilized on the surface of the 
array (Fig. 28.12c) [41]. These protein spots can 
then be probed with reporter-conjugated-specific 
Abs. This reverse-phase array allows the immo-
bilization of multiple samples’ proteins on a sin-
gle array, providing side-by-side analysis, and 
simplifies the analysis of insoluble proteins. This 
assay format is also plagued by nonspecific inter-
actions, however, and restricted to a smaller num-
ber of detection Abs by the limited reporter 
multiplexing options. In spite of these techno-
logical restrictions, the reverse-phase Ab array is 
also a valuable tool for clinicians and researchers 
alike.

28.11  Concluding Remarks

Many of the most spectacular breakthroughs in 
the field of cancer diagnostics in recent years 
have been on the molecular side of the coin, with 
the advent of next-generation or advanced 
sequencing leading the charge. In the shadow of 
such advances, many of the techniques described 
in this chapter tend to look outdated and simplis-
tic. Despite this (likely unfair) comparison, many 
of the diagnostic assays based on the platforms 
discussed herein continue to be the foundation of 
cancer patient workups and represent many of the 
gold standards in diagnosis, prognosis, and treat-
ment decision-making. One chief reason for the 
importance of these assays is that molecular 
assays do not tell the whole story. For example, it 
has been amply demonstrated that the level of 
mRNA, though often useful as a marker in and of 
itself, does not always directly correlate to the 
level of the protein that will be translated. 
Similarly, molecular assays reveal nothing about 
the posttranslational modifications that can dic-
tate subcellular localization or activation of a 
protein, which can be a more telling measure of 
aberrant function than the sequence of the gene. 
The ability to study the actual protein of interest 
itself is an important aspect of learning as much 
as possible about the malignancy, to better fight 
and defeat it. To this end, researchers have har-

nessed the power of the immune system to create 
clever tools for the study of proteins via the 
exquisite sensitivity of Abs, and these tools con-
tinue to be absolutely invaluable in the diagnostic 
workup of cancer patients.
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29.1  Introduction

Immunohistochemistry (IHC) is the art of using 
antibodies (Abs) to detect specific antigens (Ags) 
in tissues. Histopathologic evaluation of diseases 
has been altered and enhanced by the advent of 
IHC and some sophisticated techniques have 
been replaced by IHC due to its easy and versatile 
immunohistochemical techniques. Of course, 
disorganized application of IHC could be 
misleading.

Immunohistochemistry is based on specific 
Ab–Ag interactions. The Abs which are used to 
detect Ag(s) are called primary Abs. Primary Abs 
are linked to enzymes (main part of chromogenic 
system) via another Ab called link Ab. This link-
age to enzymes is mediated by polymers or some 
molecules such as streptavidin–biotin complexes. 
Peroxidase is the enzyme mostly used in immu-
nohistochemistry. Alkaline phosphatase is also 
used (but less frequently). Some mechanisms are 
shown in Fig. 29.1.
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Immunohistochemistry has wide application 
including research uses, diagnostic purposes, 
prognostic and therapeutic aims. IHC is a nice 
technique for tracking of proteins and haptens, so 
it is used to define expression of specific genes at 
the level of proteins. It is also very useful in diag-
nostic pathology including definition of cellular 
lineage (epithelial, vascular, lymphoid, etc.) or 
subtyping of some specific lesions and malignan-
cies such as malignant lymphomas. Prognostic 
and therapeutic applications have gradually 
become widely popular such as the definition of 
hormone receptor status of breast cancer (ER, 
PR, and AR) and oncogene products (e.g., Her2, 
EGFR, and c-kit) which could be a part of guide-
lines for targeted therapy of the tumors.

29.2  Immunohistochemistry 
of Skin Tumors

29.2.1  Markers of Normal Skin

Skin tissue is composed of epidermal and 
adnexal components as well as mesenchymal 

dermal components. All epithelial cells in epi-
dermis, folliculosebaceous unit, and sweat 
glands reveal pankeratin markers such as AE1/
AE3 (Fig.  29.2a). Keratinized squamous cells 
(SC) and proliferative keratinocytes express 
cytokeratin (CK) 6/16, non-keratinized SC 
reacts with CK4/13 and basal keratinocytes 
exhibit reactivity for CK 5/14/15 (Fig. 29.2b). 
Squamous cells in palm and sole are reactive 
for CK 1/9/10 [1, 2]. Eccrine and apocrine 
glands comprise sweat structures of the skin. 
Normal eccrine glands show reactivity with 
CD7, CD20 (Fig.  29.2c, d), CEA, and S100, 
while apocrine glands exhibit immunostaining 
for CEA and GCDFP15 [3, 4]. Sebaceous 
glands exhibit reactivity for CK10 as well as 
EMA rimming cytoplasmic lipid vesicles 
(Fig.  29.2e) [5]. Normal melanocytes express 
S100, HMB45, and MART-1/melan-A, but do 
not react with tyrosinase [6]. Langerhans cells 
are stained with CD1a (Fig. 29.2f), S100, lan-
gerin, and CD31 [7]. Displaying neurotactile 
differentiation, Merkel cells of normal skin are 
reactive for CK20, MOC- 31, neurofilament, 
and CD56 [8–10]. Markers of the normal epi-
dermal components are depicted in Fig.  29.3. 
The immunoprofile of normal skin components 
and respective cancers is summarized in 
Table 29.1.

29.2.2  Epithelial Tumors

Squamous cell carcinoma (SCC) and basal cell 
carcinoma (BCC) are derived from spinous 
layer and basal layer of the epidermis, respec-
tively. Well-differentiated SCC expresses high 
molecular cytokeratin, while those with poor 
differentiation express low molecular cytokera-
tin. Cytokeratin, p63, and vimentin are present 
in the sarcomatoid variant of SCC [11]. EMA, 
one of human milk fat globule proteins not 
expressed in normal keratinocytes, is expressed 
on malignant squamous cells. Basal cell carci-
noma expresses BerEP4 (Fig. 29.4), but do not 
demonstrate reactivity with EMA and p63, dis-
tinguishing it from SCC [12].

link Ab

Ag

Ag

polymerperoxidasea

b

peroxidase

primary Ab

primary Ab

biotinylated Ab (link)
biotin

labeled streptavidin

Fig. 29.1 Schematic mechanisms of two immunohisto-
chemistry methods. (a) Secondary antibodies and 
enzymes link to polymer molecule. (b) Biotinylated sec-
ondary antibody and labeled streptavidine
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29.2.3  Sweat Gland Tumors

Malignant eccrine tumors are distinct from 
benign eccrine tumors by displaying reactivity 
with EMA. Eccrine tumors display CEA, CD15, 
and p63, which are also common with apocrine 

tumors. Differentiating markers of apocrine 
tumors are TAG-72 (CA72.4) and GCDFP15 
(Fig. 29.5), which are not expressed on eccrine 
tumors [13]. S100 is demonstrated in 50% of 
eccrine tumors, but not in apocrine tumors. A 
remaining challenge is distinguishing primary 

a b

c d

e f

Fig. 29.2 Normal skin. (a) Pankeratin of AE1/AE3 stains 
epidermis, folliculosebaceous unit epithelium, and sweat 
glands. Basal keratinocytes is highlighted by CK5 (b). 
Sweat glands are immunostained by CK7 (c) and CK20 

(d). EMA (e) reacts with sebaceous glands rimming cyto-
plasmic vacuoles and CD1a highlights dendritic 
Langerhans cells in epidermis (f)
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eccrine carcinoma from metastatic carcinoma by 
immunoprofile of CK5/6 and p63, which are 
positive in eccrine carcinoma, but not in meta-
static carcinoma [14]. Paget disease is an 
intraepidermal extension of neoplastic cells into 
the epidermis, which shares similar histopatho-
logic features with malignant melanoma and 
Bowen disease. Immunohistochemistry study 
can be a helpful method in differentiating these 
tumors as denoted in Table 29.2 [15]. CK20 and 
GCDFP- 15 are useful markers in distinguishing 
primary and secondary perianal Paget’s diseases, 
respectively [16].

29.2.4  Trichogenic Tumors

Tumors with trichilemmal differentiation display 
reaction with CK14/15/19, BerEP4, and p63 but 
not react with EMA (except proliferating trichil-
emmal tumor), CEA, S100, CD15, CA72.4, 
HMB45, and GCDFP15 [3]. Trichilemmal carci-
noma displays reactivity with CEA and S100 and 
proliferating trichilemmal carcinoma (malignant 
proliferating tumor) shows reactivity with EMA 

and CD34 [18]. Desmoplastic trichoepithelioma 
shares histopathologic similarities with infiltrat-
ing BCC and microcystic adnexal carcinoma. 
The immunoprofile of these tumors are demon-
strated in Table 29.3.

29.2.5  Sebaceous Tumors

Sebaceous tumors exhibit reactivity with 
CK5/14/15, CK8/18, EMA, CD15, anti- 
adipophilin (ADP), and androgen receptor. CK15 
is positive in sebaceoma but does not exhibit 
reactivity in sebaceous carcinoma [22]. 
Sebaceous tumors do not express CEA, S-100, 
CA72.4, and GCDFP-15  in comparison with 
sweat gland tumors, which are positive for these 
markers [4, 23]. Sebaceous carcinoma is differ-
entiated from BCC by showing reactivity for 
EMA (Fig. 29.6) and negative reaction to BerEP4, 
vice versa of BCC [24]. Proliferating markers are 
good markers to differentiate sebaceous adenoma 
from sebaceous carcinoma (Table 29.4).

29.2.6  Melanocytic Tumors

Being a sensitive but a nonspecific marker of mel-
anoma, S100 is a calcium-binding protein given 
its name because of solubility in 100% saturated 
ammonium sulfate solution. Other S100- positive 
tumors include undifferentiated carcinoma, nerve 
sheath and glial tumors, adipose tumors and his-
tiocytic and Langerhans cell proliferations [27, 
28]. Considering as highly specific marker of 
melanocytes, the gp100 group include HMB-45 

Acinar cell

Markers

Markers

Ductal cell

Myoepithelial cell Basal cell

CK7, 8, 18

CK5, 7, 14, vimentin
p63, S100, GFAP

CK5, 14, vimentin,
p63

CK7, 8, 18
19, EMA
CEA

MUC1,
MUC2,
MUC4,
MUC5AC,

EMA, CEA
amylase
SOX10

Fig. 29.3 Immunohistochemistry antibodies in sche-
matic normal epidermal components

Table 29.1 Immunoprofile of normal epidermis, folliculosebaceous, and sweat gland structures in comparison with 
respective tumors

Cell Antibodies Tumor Markers
Keratinocyte CK6/16 Squamous cell carcinoma EMA, p63
Basal keratinocyte CK5/14/15 Basal cell carcinoma BerEP4
Eccrine cell CK7, CK20, CK5/14,  

CK1/10, CEA, S100
Eccrine carcinoma EMA, CEA, CD15,  

p63, S100
Apocrine cell CEA, GCDFP15 Apocrine carcinoma EMA, CEA, CD15, p63, 

CA72.4, GCDFP15
Trichogenic cell CK14/15/19 Trichilemmal carcinoma CEA, S100

Proliferating trichilemmal carcinoma EMA, CD34
Sebaceocyte CK5/14/15, CK8/18 Sebaceous carcinoma EMA
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Fig. 29.4  
Immunoreaction of basal 
cell carcinoma with 
BerEP4

a b

Fig. 29.5 Primary skin apocrine carcinoma (a) immunostained by GCDFP15 (b)

Table 29.2 Immunophenotype of mammary and extramammary Paget disease (PD), Bowen disease, and malignant 
melanoma

Makers
Mammary  
PD

Extramammary PD  
(apocrine carcinoma in situ)

Bowen disease  
(SCC in situ)

Melanoma  
(in situ)

CK7 + + − −
CEA + + − −
CAM5.2 + + − −
GCDFP15 + + − −
MUC1 + + − −
MUC5AC − + − −
CA15-3 + − − −
CA72.4 − + − −
KA-93 − + − −
CK5/6 − − + −
S100/HMB45/MART − − − +

References: [15–17]
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and MART-1/melan-A with 60% and 80% sensi-
tivity, respectively. Melanoma Antigen 
Recognized by T-cells-1 (MART-1) is a protein, 
which serves as a potential target for cytotoxic T 
lymphocytes recognized by two monoclonal anti-
bodies (mAbs), A103, and melan-A [29]. 
Desmoplastic/spindle cell variant of melanomas 
do not show reactivity with HMB45 and MART/
melan-A.  Instead, these melanomas are more 
reactive with S100, p75-NGF-R, and tyrosinase 
[30]. Small-cell melanoma is another variant of 
the melanoma, which could be distinguished from 
other small-cell undifferentiated tumors of the 
skin and  subcutaneous tissue by panel Abs 
(Fig. 29.7). The immunoprofiles of these tumors 
are summarized in Table 29.5.

29.2.7  Prognostic Markers 
of Melanoma

Detection of BRAF p. V600E mutation by immu-
nohistochemistry in melanomas could be used as a 
first step to identify patients with melanoma as can-
didates for BRAF inhibitors. Displaying by immu-
nohistochemistry, melanoma progression is 
correlated with MERTK expression: highest in 
metastatic melanomas, followed by primary mela-
nomas and nevi [33, 34]. Other prognostic markers 
correlated with melanoma progression and progno-
sis include MIB-1 (Ki-67), Bcl2, p53, p16, cyclin-
D1, cyclin-D3, osteopontin, NM23, E-cadherin, 
beta-catenin, Wnt5a/frizzled, Cdc42, and CXCR4 
[35–41]. Novel makers including PD-L1, RORα, 
and RORγ have also been introduced recently, but 
further studies are needed to prove their role in 
malignant melanoma [42–44].

Table 29.3 Immunoprofile of desmoplastic trichoepithe-
lioma (DTE), infiltrating basal cell carcinoma (IBCC), 
and microcystic adnexal carcinoma (MAC)

Tumor DTE IBCC MAC
Panel 
antibodies

EMA, CK5/6, 
CD10 (stroma), 
CK15, CK20, 
p63, Bcl-2, 
BerEP4

CK5/6, CD10 
(epithelial), p63,
Bcl-2, BerEP4, 
stromelysin-3, 
p53

EMA, 
CK7, 
Ck5/6, 
CK15, 
p63, 
SMA

References: [19–21]

a

c

b

Fig. 29.6 Sebaceous carcinoma (a). Sebocytes are 
stained with EMA (b). Nuclear reactivity of tumor cells 
for androgen receptor (c)

Table 29.4 Immunoprofile of sebaceous adenoma (SA) 
and sebaceous carcinoma (SC)

Tumor Ki67 p53 Bcl2 P21
Sebaceous  
adenoma

10% 11% 56% 34%

Sebaceous  
carcinoma

30% 50% 7% 16%

References: [25, 26]
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29.2.8  Specific Mesenchymal Tumors 
of the Skin

Mesenchymal tumors are discussed in soft tissue 
tumors, but some tumors which are more seen in 
skin are discussed here. Kaposi sarcoma, which 
originates from endothelial cells, is an interme-

diate malignant potential vascular tumor of the 
skin positive for a highly sensitive and specific 
Ab called HHV8-Latent Nuclear Antigen-1 [45]. 
Dermatofibrosarcoma protuberance is an inter-
mediate tumor of fibrohistiocytic cell origin 
which is diffusely positive for CD34 (Fig. 29.8) 
and negative for factor XIIIa separate from 

a b

c d

e f

Fig. 29.7 Small round cell tumor in skin. Malignant melanoma (a) reacts with S100 (b) and Melan-A (c) antibodies. 
Merkel cell carcinoma (d) immunostained by CK20 as paranuclear dots (e) and shows weak reaction with CD99 (f)
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 dermatofibroma which is in reverse of DFSP 
(CD34−, factor XIIIa+) [46]. Considering it as a 
superficial variant of malignant fibrous histiocy-
toma, atypical fibroxanthoma is a fibrohistio-
cytic tumor exhibiting reactivity with vimentin, 
CD10, and CD99 (Fig.  29.9) [47]. Among 
tumors with smooth muscle differentiation, leio-
myoma and leiomyosarcoma are reactive for 
SMA, desmin, and caldesmon similar to extracu-
taneous equivalents [48–50]. Neurothekeoma 
(NTKs) is a distinctive neoplasm of the skin 
showing schwannian and neuroectodermal dif-
ferentiation which typically labels with S100 
(conventional variant), CD99, and NKI-C3 (cel-
lular variant) [51].

29.3  Immunohistochemistry 
of Head and Neck Tumors

29.3.1  Tumors of the Nasal Cavity 
and Paranasal Sinuses

Tumors of nose and paranasal sinuses can be cat-
egorized in two groups of small-cell carcinomas 
and undifferentiated carcinomas. Small-cell car-
cinomas of nasal cavity and paranasal sinuses 
include olfactory neuroblastoma (ONB), mela-
noma, lymphoma, rhabdomyosarcoma, small- 
cell neuroendocrine carcinoma, and ES/PNET 
(Table  29.6). Undifferentiated carcinomas 
include sinonasal undifferentiated carcinoma, 

Table 29.5 Immunopanel of small-cell melanoma (SCM), Merkel cell carcinoma (MCC), small-cell squamous carci-
noma (SSCC), small-cell eccrine carcinoma (SEC), peripheral neuroectodermal tumor/extraskeletal Ewing’s sarcoma 
(PNET/ES), lymphoma, rhabdomyosarcoma (RMS), and metastatic pulmonary small-cell carcinoma (MPSC)

Panel antibodies SCM MCC SSCC SEC PNET/ES Lymphoma RMS MPSC
S100/HMB45/MART + − − − − − − −
CK20/CD56/SYN/CGN − + − − − − − −
CK/EMA − − + + − − − +
CD15/MOC31/TAG-72 − − − + − − − −
CD99/CD56/SYN/CGN − + − − + − − −
LCA/CD3/CD20 − − − − − + − −
DES/MSA/MYG − − − − − − + −
CEA/TTF-1 − − − − − − − +

Note: CGN chromogranin A, DES desmin, MYG myogenin, MSA muscle-specific antigen, LCA leukocyte common 
antigen, SYN synaptophysin
References: [27–32]

a b

Fig. 29.8 Dermatofibrosarcoma protuberans. Spindle fibrohistiocytic cells, entrapping subcutaneous fat tissue (a) 
highlighted by CD34 (b)
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undifferentiated nasopharyngeal carcinoma 
(Fig.  29.10), and undifferentiated neuroendo-
crine carcinoma [57, 58]. All poorly differenti-
ated and undifferentiated carcinomas express 
cytokeratin [52]. Undifferentiated nasopharyn-
geal carcinoma reacts with EBV and undifferen-
tiated neuroendocrine carcinoma is positive for 
neuroendocrine markers and S100 [59]. NUT 
midline carcinoma (NMC) is an aggressive 
tumor with translocation of NUT (Nuclear pro-
tein in testis) gene resulting in the formation of 
BRD4-NUT fusion gene. Recently, new mAbs 
against the NUT Ag have been designed which 
will improve the diagnosis of NMC [60]. 
Immunohistochemistry of poorly differentiated 
and undifferentiated carcinomas are denoted in 
Table 29.7.

29.3.1.1  Theranostic Application
In olfactory neuroblastoma, immunoreactivity 
with Bcl-2 may predict response to neoadjuvant 
chemotherapy and seems to be associated with 
worse survival [63] (Fig. 29.11).

29.3.2  Tumors of Larynx, 
Nasopharynx, 
and Oropharynx

Squamous cell carcinoma (SCC) is the most 
common malignancy in the head and neck. 
Typically, head and neck SCCs are positive for 
cytokeratin cocktails, AE1/AE3, and pancytoker-
atin. Human papilloma virus (HPV) is detected in 
some SCCs of oropharynx and known as a risk 
factor of head and neck SCCs [64, 65]. Being as 
a variant of SCC, basaloid squamous cell carci-
noma (BSCC) is another tumor with predomi-
nance of basaloid components. Basaloid 

a

c

b

Fig. 29.9 Atypical fibroxanthoma. Atypical pleomorphic 
cells with vesicular nuclei in dermis (a, b) are immunos-
tained by CD10 (c)

Table 29.6 Immunohistochemistry of small-cell carcinomas of nasal cavity: olfactory neuroblastoma (ONB), rhabdo-
myosarcoma (RMS), Ewing sarcoma/peripheral neuroectodermal tumor (ES/PNET), and small-cell neuroendocrine 
carcinoma (SNEC)

Tumor ONB Melanoma Lymphoma RMS SCC
ES/
PNET SNEC

Immunoreactive 
markers

SYN HMB45, 
S100, 
vimentin

LCA, 
vimentin

Desmin, 
Myogenin, 
vimentin

AE1/AE3, 
EMA, SYN

CD99, 
SYN

Cytokeratin, 
neuroendocrine 
markers

References: [50, 52–56]
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squamous cell carcinomas express p63 which is 
relatively specific, but also found in other squa-
mous tumors (Fig. 29.12). Neuroendocrine mark-
ers are negative in BSCC [66]. Spindle squamous 
cell carcinoma (SSCC) is a cytokeratin-negative 
SCC of which spindle cell component is uni-
formly and strongly positive for vimentin [67]. 

Undifferentiated nasopharyngeal carcinoma 
shows reactivity to EBV immunostaining as well 
as some SCCs and BSCCs [68, 69].

29.3.2.1  Prognostic Marker
As a transcription repressor of E-cadherin, 
Snail- 1 is expressed in more than half of the 
cases of SSCC but not in SCC.  In addition, it 
can be a novel marker for the prediction of 
metastasis [70].

29.3.3  Tumors of the Salivary Glands

Salivary glands are tubuloacinar exocrine glands 
having two layered epithelia, which comprise of 
luminal (acinar and ductal cells) and abluminal 
(myoepithelial and basal cells). Luminal cells are 
positive for low molecular cytokeratin, whereas 

a b

c d

Fig. 29.10 Undifferentiated nasopharyngeal carcinoma 
shows infiltration of large undifferentiated cells with 
intermixed small lymphocytes (a). Cytokeratin antibody 

highlights malignant cells (b) and intermixed lympho-
cytes react with LCA (c). Ki-67 antibody reacts with 
about 20% of malignant cells (d)

Table 29.7 Immunohistochemistry of poorly differenti-
ated and undifferentiated carcinomas of nasal cavity: 
sinonasal undifferentiated carcinoma (SNUC), undiffer-
entiated neuroendocrine carcinoma (UNEC), and undif-
ferentiated nasopharyngeal carcinoma (UNPC)

Markers SNUC UNPC UNEC (Fig. 29.11)
Cytokeratin + + +
EBV − + −
Neuroendocrine − − +
CD99 − − +/−
S100 − − +

References: [52, 61, 62]
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myoepithelial and basal cells react with high 
molecular cytokeratin and myoepithelial markers. 
The majority of salivary gland carcinomas can be 
diagnosed by routine Hematoxylin and Eosin 
(H&E) stained slides and immunohistochemical 
(IHC) staining has only a limited role in the diag-
nosis of salivary gland tumors [57, 71]. 
Figure 29.13 summarizes the various components 

of the normal salivary glands with an emphasis on 
the immunohistochemistry Abs.

29.3.4  Immunohistochemistry 
of Salivary Gland Tumors

The most common malignant tumors of salivary 
glands consist of acinic cell carcinoma, adenoid 
cystic carcinoma (Fig. 29.14), basal cell adeno-
carcinoma, epithelial-myoepithelial carcinoma, 
mucoepidermoid carcinoma (Fig. 29.15), myo-
epithelial carcinoma, polymorphous low-grade 
adenocarcinoma, and salivary duct carcinoma. 
All tumors are cytokeratin-positive; however, 
different immunoprofile patterns exist [72]. 
C-kit (CD117) is positive in acinic cell carci-
noma and adenoid cystic carcinoma [73, 74]. 
Acinic cell tumor and mucoepidermoid carci-
noma demonstrate reactivity with membrane-
bound mucin (MUC) [75, 76]. Myoepithelial 
carcinomas are positive for both epithelial and 
myoepithelial markers but do not exhibit reac-
tion with EMA and CEA [77]. Malignant mono-
phasic salivary gland tumors include acinic 
cell carcinoma, myoepithelial carcinoma, muco-
epidermoid carcinoma, and polymorphous 
 low-grade adenocarcinoma. Immunophenotype 
profile of monophasic and biphasic tumors are 
denoted in Tables 29.8 and 29.9. Application of 
CK7 and CK20 is a useful panel in distinguish-
ing primary salivary gland carcinoma (CK7+, 
CK20−) from metastatic carcinoma (CK7−, 
CK20+) [86].

29.3.4.1  Prognostic Marker
In mucoepidermoid carcinoma, MUC1 expres-
sion is correlated with tumor progression and 
worsened prognosis, whereas MUC4 expression 
is related to a better prognosis [76] (Fig. 29.17).

29.3.5  Tumors of Thyroid 
and Parathyroid Glands

The functional unit of thyroid is the follicle, 
which is composed of follicular cells and C cells. 

a

c

b

Fig. 29.11 Neuroendocrine carcinoma (a). Tumor cells 
are immunostained with synaptophysin (b) and NSE (c)
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Follicular cells exhibit reactivity with thyroglob-
ulin, TTF1, PAX8, AE1/AE3, EMA and CK7, 
CK8/18/19, whereas C cells are positive for 
 calcitonin, TTF1, CK7, synaptophysin, and 
chromogranin. Being as a nuclear transcription 
factor, TTF1 is expressed on follicular and C 
cells. A follicular cell-specific marker is thyro-
globulin, which does not react with C cells 
(Fig.  29.16). As a member of the paired box 
(PAX) gene family, PAX8 is a sensitive marker 
of thyroid tumors similar to TTF1. Among inter-
mediate filaments, CK19 is more expressed in 
papillary carcinoma than other tumors [87]. 
Parathyroid hormone (PTH) and parafibromin 
are markers of parathyroid tumors. Parafibromin 
is uniformly expressed in parathyroid adenomas, 

whereas its expression is often reduced in para-
thyroid carcinomas. Table 29.10 shows an immu-
nopanel of thyroid and parathyroid tumors.

29.4  Immunohistochemistry 
of Lung Tumors

Lung tumors are classified as small-cell and 
non- small cell lung cancers. Among non-small 
cell lung cancers, adenocarcinoma is the most 
common form and would be discussed in this 
book. Other variants including SCC and bron-
choalveolar carcinomas also share similar IHC 
patterns.

29.4.1  Adenocarcinoma

The most frequent IHC pattern for lung is positiv-
ity for CK7, TTF1, and Napsin A, along with 
negative staining for CK20, CDX2, and MUC2. It 
is highly advocated to consider the fact that there 
are recently increasing reports of primary pulmo-
nary adenocarcinomas with intestinal differentia-
tion, which are CK7- and TTF1-negative, but 
CK20-positive which can be highly  misinterpreted 

Fig. 29.12 p63 
immunoreaction in 
basaloid squamous cell 
carcinoma

Acinar cell
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Fig. 29.13 Normal salivary gland components with 
immunohistochemistric antibodies
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a

c

b

Fig. 29.14 Adenoid cystic carcinoma with typical cribri-
form pattern (a) shows immunoreaction with EMA (b) 
and CEA (c)

a

c

b

Fig. 29.15 Poorly differentiated mucoepidermoid carci-
noma with polygonal atypical epidermoid cells (a) exhib-
its immunostaining with CK7 (b) and EMA (c)

Table 29.8 Immunophenotype of monophasic malignant salivary gland tumors: acinic cell carcinoma (AC), myoepi-
thelial carcinoma (MC), mucoepidermoid carcinoma (MEC), and polymorphous low-grade adenocarcinoma (PLGC)

Tumor AC MC MEC PLGC
Epithelial
markers

CAM5.2, CK7/8/18, 
EMA, CEA, MUC3

AE1/AE3, CAM5.2, 
CK14, 34βE12

CAM5.2, CK7/8/14/18/19, 
EMA, CEA, MUC1/4/5AC, 5B

CAM5.2, CK7, 
14, EMA

Myoepithelial/ 
basal markers

N p63, calponion, 
SMA, myosin

p63 (epidermoid component) p63

Other markers c-kit, S100 Vimentin, S100, 
GFAP

– S100

References: [72, 73, 75–79]
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Table 29.9 Immunophenotype of biphasic malignant salivary gland tumors: adenoid cystic carcinoma (ACC), basal 
cell adenocarcinoma (BCA), epithelial-myoepithelial carcinoma (EMC), and salivary duct carcinoma (SDC)

Tumor ACC BCA EMC SDC
Epithelial markers CAM5.2, CK7/14/19, 

EMA, CEA
AE1/AE3, CAM5.2, 
CK7, EMA, CEA

AE1/AE3, 
CAM5.2, CK14

AE1/AE3, 
EMA, CEA

Myoepithelial/basal 
markers

p63, calponin p63, calponin, SMA p63, calponin, 
SMA

p63

Other markers c-kit, S100 c-kit, S100 S100 AR, GATA3, 
Her2/neu

References: [72, 73, 75, 80–85]

a

c d

b

Fig. 29.16 Thyroid papillary carcinoma. Papillary projections with intranuclear inclusions (a) and Orphan Annie 
nuclei (b) are highlighted by thyroglobulin in cytoplasm (c) and TTF1 in nuclei (d)

Table 29.10 Immunopanel of thyroid and parathyroid tumors

First-choice antibody panel Second-choice antibody panel Consistent with
CK+, TTF1+, TGB+ PAX8+, CK19+ Papillary carcinoma (Fig. 29.16)

PAX8±, VIM+ Follicular carcinoma
CK+, TTF1+, TGB− Calcitonin+, SYN+, CGN+ Medullary carcinoma (Fig. 29.17)

CK±, TTF1+, TGB− p53+, VIM+, PAX8± Anaplastic carcinoma

CK+, TTF1−, TGB− PTH+, CGN+, parafibromin± Parathyroid tumor

Note: CGN chromogranin, SYN synptophysin, TGB thyroglobulin, VIM vimentin
References: [88–106]
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as metastatic colorectal adenocarcinomas. 
Therefore, the importance of physical examina-
tion and imaging studies is highlighted.

29.4.2  Small-Cell Carcinoma

Small-cell carcinoma of lung usually express 
neuroendocrine markers and is classified as a 

high-grade neuroendocrine tumor. It should be 
noted that neuroendocrine markers including 
chromogranin, synaptophysin, NSE, and Leu7 
(CD57) could be positive in lung non- 
neuroendocrine carcinomas such as adenocarci-
nomas and SCC.  Recent studies have shown 
EGFR, Her2, and BRAF mutations in lung can-
cers, which can increase the chance for targeted 
therapies in these cancers [107–110]. In addition, 
there are growing data on novel markers such as 
PD-L1 and surviving to introduce them as novel 
prognostic markers in non-small cell lung can-
cers, but the results are debating and more studies 
are needed [111, 112].

29.4.3  Mesothelioma

Neoplasms of pleura are very rare and most 
tumors in this area are usually metastatic lesions. 
One of the most important applications of IHC 
is to assist pathologists in differentiating meso-
theliomas from lung adenocarcinomas [113–
116]. Table  29.11 shows the most frequent 
markers stained by IHC staining in mesotheli-
oma compared with pulmonary adenocarcinoma 
(Fig. 29.18).

29.5  Immunohistochemistry 
of Gastrointestinal Tumors

Immunohistochemistry is used in gastrointestinal 
and colon cancers to particularly determine the 
tumor subtype and origin, especially for poorly or 
undifferentiated cancers for which morphology 
alone cannot determine the origin. Generally, it 
should be noted that definite tissue diagnosis clin-
ical practice needs combination of IHC results 
and clinical information, including biopsy site 
and the patients’ clinical history [117]. Previous 
studies show that blinded use of an IHC panel for 
differential diagnosis can primarily identify about 
83% of tumor origins vs. 65.6% of metastasis. 
Several publications on IHC studies are available, 
and each recommends its own IHC panel for dif-
ferential diagnosis. This makes it clear that there 
is no single IHC panel, or standard of care, for 
tissue determination and pathologists have long 

a

c

b

Fig. 29.17 Thyroid medullary carcinoma. Solid nests 
with medium size atypical cells (a), exhibit immunoreac-
tion with calcitonin (b) and chromogranin (c)
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Table 29.11 Immunohistochemistric differentiation of pulmonary adenocarcinoma (PAC) and malignant mesothelioma

Marker Pulmonary AC Mesothelioma Comment
Calretinin R Usually + The most specific and reproducible positive marker in 

mesothelioma
CDX2 R − About 13% positive, in pulmonary mucinous carcinomas
Cytokeratin AE1/AE3, 

CK5/6 (R),  
CK7

CK5/6 (S), CK7 
(used to differentiate 
mesotheliomas from 
sarcomas)

CK7: Most common CK in primary lung cancer (about 
100% in AC, 40% in small-cell carcinoma, about 20% 
in carcinoid tumor and none of SCC arising from lung)
CK5+ specially in lung SCC

D2–40 − + Usually positive specially in sarcomatoid variants of 
mesothelioma

EMA S (cytoplasmic) S (membranous)
TTF1 + −
Mesothelin − +
p63 − − Positive in pulmonary SCC
pCEA + −
S100 + −
SMA − 50–60%
SP-A (Surfactant 
protein-A)

50% −

Thrombomodulin − +
Vimentin + −
WT1 − 60%

Note: pCEA polyclonal CEA, SMA specific muscle antigen

a

c d

b

Fig. 29.18 Mesothelioma. Adenomatoid type (a), shows immunostaining for mesothelin (b) and tubular type (c) 
shows immunoreaction for calretinin (d)
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known that tissue of origin identification is inher-
ently a multiplex problem [118–120].

Here, the authors have briefly tried to introduce 
the major and common IHC markers used to dif-
ferentiate frequent gastrointestinal tumors. It should 
be noted that the average positivity of a marker in a 
specific tumor differs from one study to another, as 
well as in different textbooks. In this chapter the 
most prevalent and reliable data are provided.

29.5.1  Liver

The most common primary hepatic cancer is 
hepatocellular carcinoma, which is well known to 
have a wide spectrum of histologic differentiation 
and a great diversity of appearances. It necessi-
tates the application of IHC as an ancillary aid for 
better diagnosis of the lesion. It is important to 
reiterate that IHC is after all an ancillary aid. A 

significant clinicopathologic correlation seems 
mandatory for the final diagnosis. If a definitive 
diagnosis cannot be clinched, at the least, certain 
differential diagnoses can be excluded [121–125]. 
Immunophenotype of normal liver is summarized 
in Table 29.12 (Figs. 29.19 and 29.20).

Cholangiocarcinoma is a malignant tumor 
with characteristics mostly similar to other types 
of adenocarcinomas. The tumor is usually posi-
tive for CK7, CK19, CAM5.2, CK AE1/AE3, 
pCEA, mCEA (noncanalicular pattern), and 
MOC31. MUC4, MUC5AC, MUC6 can also be 
useful not in diagnosis, but in classification and 
predicting the prognosis. Additionally, CD56, 
which is positive in benign bile ductular prolif-
erations and negative in cholangiocarcinomas, 
can be useful in differentiating malignant lesions 
from benign proliferation. The exception for this 
rule is clear cell cholangiocarcinoma, which is 
positive for CD56. Staining for CK7 and CK19 in 

Table 29.12 Immunohistochemistry of normal liver

Normal tissue
Markers
Hepatocellular Adenocarcinoma Carcinoma Canalicular Others

Hepatocytes HepPar1, TTF1 
(cytoplasmic)

MOC31 CAM5.2 CD10, 
pCEA

B-catenin

Bile duct cells – CK7, CK19 (+/−), 
MUC6

CAM5.2, CKAE1/AE3, 
EMA, BerEP4

– B-catenin

Fig. 29.19 Normal 
liver stains with 
HepPar1 showing 
typical cytoplasmic 
coarse granules of 
hepatocytes
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cholangiocarcinoma can help to differentiate this 
tumor from HCC, which is negative for the men-
tioned markers [126, 127]. Table 29.13 indicates 
the immunophenotypes of hepatocellular carci-
noma and cholangiocarcinoma.

29.5.2  Esophagus

The most common esophageal cancers are ade-
nocarcinomas and SCC. Adenocarcinoma of the 
esophagus is immunophenotypically similar to 
gastric adenocarcinomas and there is no IHC 
panel to distinguish these two. Esophageal SCC 
is usually positive for most CK markers includ-
ing CK AE1/AE3, CK 34bE12, CK5/6, CK19 
(positivity increases with tumor grade whereas 
benign squamous lesions are negative for this 
marker) and p63. Additionally, most SCCs are 
negative for CK7 and CK20, which can be useful 
in distinguishing poorly differentiated SCCs 

from poorly differentiated adenocarcinomas 
positive for these two CK markers [128–130].

29.5.3  Stomach

Stomach glandular epithelium expresses CK20 
and less commonly CK7 (CK7+, CK20+) and 
MUC5AC, distinguishing it from small intes-
tine and colorectal epithelium. Immunoprofile 
of normal gastrointestinal mucosa is denoted in 
Table 29.14. Gastric adenocarcinoma has many 
histologic variants, but they have almost simi-
lar immunophenotyping. It should be men-
tioned that synaptophysin and chromogranin as 
neuroendocrine markers can be positive in gas-
tric adenocarcinomas; therefore, positive stain-
ing with these markers is not sufficient for the 
diagnosis of neuroendocrine carcinoma [131–
133]. Some gastric cancers may also express 
PD-L1, Her2/neu, EGFR, and VEGFR, which 

a b

Fig. 29.20 Hepatocellular carcinoma with huge bizarre giant nuclei making diagnosis simple as malignant (a) exhibits 
reactivity with HepPar1 (b)

Table 29.13 Immunohistochemistry of hepatocellular carcinoma and cholangiocarcinoma

Tumor
Markers
Hepatocellular Adenocarcinoma Carcinoma Canalicular Sinusoidal

Hepatocellular 
carcinoma

HepPar1, TTF1 
(cytoplasmic)

– CAM5.2, 
EMA (−/+)

CD10, pCEA CD34, 
FVIII

Cholangiocarcinoma – MOC31, CK7, CK19,  
MUC4, MUC5AC, MUC6

CAM5.2, 
CKAE1/AE3

pCEA, mCEA 
(noncanalicular)

–
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can be used in targeted therapies against gas-
tric cancer [134–136]. Immunoprofile of gas-
tric adenocarcinoma is demonstrated in 
Table 29.15 (Fig. 29.21).

29.5.4  Small Intestine

Immunophenotyping of adenocarcinoma is also 
valuable in neuroendocrine tumors (NET) [137–
139]. Tables 29.14 and 29.15 summarize the 
immunoprofile of normal small intestine, its ade-

nocarcinoma, as well as their comparison with 
stomach and colon adenocarcinoma.

29.5.5  Colon

In contrast to older studies, which have discussed 
colon cancers generally, recent studies reveal that 
colon cancers arise from two different pathways 
(chromosomal instability of APC gene vs. micro-
satellite instability (MSI) pathway with different 
immunophenotypic features) [123, 140–146]. 

Table 29.14 Immunoprofile of normal gastrointestinal mucosa

Normal tissue

Simple epithelial marker MUC
CDX2 
(intestinal 
marker) CD15CK7 CK20 AE1/AE3 CAM5.2 CEA

Gastric 
(MUC5AC)

Intestinal 
(MUC2, 
MUC4)

Stomach +/− + + + + + − − +
Small intestine − + + − −/+ − + + +
Large intestine/appendix − + + + + − + + +

Note: + (>90%), +/− (>50%), −/+ (<50%), − (<10%)

Table 29.15 Immunoprofile of gastric, small intestine, and colorectal adenocarcinoma (AC)

Tumor type

Tumor associated marker MUC
CDX2 
(intestinal 
marker) CD15

CK 
18/19 CK7 CK20

AE1/ 
AE3 CAM5.2 CEA

Gastric 
(MUC5AC)

Intestinal 
(MUC2, 
MUC4)

Gastric AC + +/− −/+ + + + −/+ −/+ −/+ −
Small intestine AC + +/− +/− + −/+ −/+ −/+ +/− +/− −
Large intestine/
appendix AC

+ − + + + + −/+ +/− + −

Note: + (>90%), +/− (>50%), −/+ (<50%), − (<10%)

a b

Fig. 29.21 Adenocarcinoma of stomach with atypical glands and nuclear pleomorphism (a) immunostained with CEA (b)
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Immunoprofile of normal and colon adenocarci-
noma is denoted in Tables 29.14, 29.15, and 29.16.

29.5.6  Anal

The most frequent anal cancers are SCC and 
adenocarcinoma. Anal SCC is almost similar to 
SCC of other origins; nonetheless, the role of 
HPV is highlighted. Adenocarcinomas of anus 
are usually positive for CK7 and negative for 
CK20, CDX2, and CK5/6, which helps to dif-
ferentiate them from adenocarcinomas of the 
colon origin [145, 147, 148].

29.5.7  Appendix

Mucinous adenocarcinomas of appendix origin 
can be distinguished from mucinous colorectal 

carcinomas with immunostaining for CK7 and 
MUC markers [149–151].

29.5.8  Pancreas

Pancreas is composed of glandular/ductal, aci-
nal epithelium, and endocrine cells. Pancreatic 
neoplasms can be roughly divided into two cat-
egories of exocrine and endocrine system neo-
plasms. This part mostly discusses about the 
exocrine system and mostly adenocarcinomas 
of this area. Additionally, tumor suppressor 
genes including DPC4 and SMAD4 are inacti-
vated in about 50–60% of the adenocarcinomas 
of this site [123, 152, 153]. Immunoprofile of 
normal pancreas and some pancreatic tumors 
are summarized in Tables 29.17 and 29.18. 
Figure  29.22 depicts solid-pseudopapillary 
neoplasm.

Table 29.16 Immunoprofile of colon adenocarcinoma based on chromosomal instability and MSI pathways

Chromosomal instability pathway (80–85%) MSI pathway (15–20%)
CK20 100% CK20 Can be negative in about 30%
MUC2 Usually positive MLH1 Complete absence of staining 

with a sufficient internal control 
needed for a positive result

MUC5AC Usually negative (about 30% positive, 
especially in mucinous carcinomas)

MSH2

CAM5.2 Usually positive MSH6
MOC31 Usually positive PMS2
CDX2 About 90% CDX2 Can be negative in about 20%
CK7 5–10%
CEA Usually positive especially monoclonal type
CK8 Usually positive
CK18 Usually positive
CK19 Usually positive
CKAE1/AE3 Usually positive
MSI- related markers These markers are usually positive in this 

subtype of colon carcinomas

Table 29.17 Immunoprofile of normal pancreas

Marker Normal tissue
Exocrine Glandular/ductal Epithelial CAM5.2, AE1/AE3, CK7, CK8/1/8/19

MUC MUC1, MUC6
ONP –

Acinar Trypsin, chemotrypsin, lipase, amylase, elastase
Endocrine CGN, SYN, NSE
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29.5.9  Gastrointestinal Stromal 
Tumor

Gastrointestinal stromal tumor (GIST) is a soft 
tissue tumor of GI wall, which is in differential 
diagnosis of leiomyoma and fibromatosis. Most 
GISTs express C-kit (>95%), CD34, and CD99 
(Fig.  29.23). Sometimes weak positivity for 
S100, SMA, desmin, and synaptophysin (but not 
chromogranin) can also be found [145, 154, 155].

29.5.10  Neuroendocrine Carcinomas

Neuroendocrine tumors arise from different organs. 
Most have similar morphology and tumor marker 
expression and the most important diagnostic clues 

are histologic features, as well as immunostaining 
for synaptophysin, chromogranin, and NSE 
(Fig. 29.24). In addition to the mentioned markers 
most of neuroendocrine tumors can express the tis-
sue markers in which they are originated which 
help to diagnose the origin of metastatic neuroen-
docrine tumors [153, 156–158].

29.6  Immunohistochemistry 
of the Urinary Tract

29.6.1  Kidney

Renal cell carcinoma (RCC) is the most common 
tumor of the kidney with variants of clear renal cell 
carcinoma (CRCC), papillary renal cell carcinoma 

Table 29.18 Immunoprofile of some pancreatic tumors: pancreatic ductal adenocarcinoma (PDAC), acinar cell carci-
noma (ACC), neuroendocrine carcinoma (NEC), and solid-pseudopapillary neoplasm (SPN)

Marker PDAC ACC NEC SPN (Fig. 29.22)
Exocrine Glandular/

ductal
Epithelial CAM5.2, AE1/AE3, 

CK7, CK8/18/19, 
pCEA, PSCA

CAM5.2, AE1/AE3, 
CK8/18, EMA

CAM5.2, 
AE1/AE3, 
CK19

– (positive for
β-Catenin, 
vimentin, PR, 
CD10)

MUC MUC1, 3, 4, 5AC, 6 
(+/−)

– – –

ONP CA19.9, CA125, 
B72.3, DUPAN-2, 
CECAM1

– – –

Acinar – Trypsin, 
chemotrypsin, lipase, 
amylase, elastase

– α1-antitrypsin

Endocrine – CGN, SYN CGN, SYN, 
NSE, CD56, 
CD57

CGN, SYN, 
NSE, CD56

Note: CGN chromogranin, NSE neuron-specific enolase, ONP oncoprotein, PR progesterone receptor, SYN synaptophysin

a b

Fig. 29.22 Solid-pseudopapillary neoplasm. Papillary projection covered by relatively bland-looking cells supported 
by a hyalinized stroma (a) highlighted with vimentin (b)
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(PRCC), and chromophobe carcinoma (CC). 
Commonly used immunohistochemical Abs in the 
urinary system are summarized in Table  29.19. 
Immunohistochemistry is an ancillary test used to 
distinguish variants of RCC as well as tumors with 
histopathologic similarities including collecting 

duct carcinoma and urothelial carcinoma of the 
renal pelvis. Carcinomas with clear cell feature 
include CRCC (Fig. 29.25), papillary renal cell car-
cinoma, and transitional (urothelial) cell carcinoma 
of the renal pelvis. Differential diagnoses of carci-
noma with oncocytic appearance are chromophobe 

a

c

b

Fig. 29.23 Gastrointestinal stromal tumor. A low-grade 
intestinal wall tumor shows uniform spindle cells with 
elongated nuclei (a), with immunoreaction to C-kit (b) 
and CD34 (c)

a

c

b

Fig. 29.24 Neuroendocrine carcinoma consists of atypi-
cal cells with round nuclei and dusty chromatin (a). 
Tumor cells are immunostained with chromogranin (b) 
and synaptophysin (c)
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carcinoma, oncocytoma, and oncocytic papillary 
RCC (Fig. 29.26) [163–189]. The immunopheno-
type of collecting duct carcinoma is 34βE12+, 
CD10−, and AMACR−, in contrast to PRCC, which 
is 34βE12−, CD10+, and AMACR+ [159, 164]. 
Considering the histopathologic pattern, the fol-
lowing immunopanels (Tables 29.20 and 29.21) 
compare the immunohistochemical Abs in these 
tumors.

29.6.2  Bladder

Normal urothelium exhibits a unique pattern of 
cytokeratin expression characterized by coex-

pression of simple epithelium cytokeratin 
(CK7, CK20, and CAM5.2) and HMWCK 
(CK5/6 and 34βE12). While CK20 is expressed 
in umbrella cells of the normal urothelium, in 
dysplastic  urothelium and carcinoma in situ, it 
is expressed in all layers of the urothelium 
[159–163, 177, 178]. CD44 is expressed in the 
basal layer of normal urothelium and shows 
focal staining of basal layers of the dysplastic 
urothelium [179]. Urothelial carcinomas are 
divided into: (1) non-invasive papillary carci-
noma and (2) invasive carcinoma which can 
appear as papillary or non-papillary itself 
(Fig.  29.27). Immunohistochemistry can be 
helpful to differentiate urothelial carcinoma 

Table 29.19 Immunohistochemical markers in the urinary system tumors

Marker Function Immunoreaction in tumor
AE1/AE3 Pan-CK epithelial marker RCC
CAIX Carbonic anhydrase IX: maintenance of intracellular and 

extracellular pH, regulatory role in cell proliferation
PRCC

CAM5.2 Intermediate cytoskeleton filament RCC, PRCC, CC, CDC
CD10 (CALLA) A zinc-dependent cell membrane metalloprotein RCC, PRCC
CD117 (C-kit) Transmembrane glycoprotein receptor tyrosine kinase CC, CDC, OC
CK7 LMWCK (simple epithelia) PRCC, CC, UC, PAC (+/−)
CK20 LMWCH (simple epithelia) UC (+/−), PAC (+/−)
34βE12 HMWCK (CK1, 5, 10, 14) CDC, UC
EGFR Receptor with tyrosine kinase activity UC (+/−)
Ep-Cam Glycosylated transmembrane cell surface epithelial protein in 

distal nephron
PRCC (+/−), CC, CDC

HMWCK Intermediate cytokeratin filaments of prostate basal cell “Negative” marker in PAC
Ki-67 (MIB1) Nuclear protein expressed in all phases of the active cell cycle 

(G1, S, G2, M)
Proliferative marker

Ksp-Cadherin 
(kidney-specific)

Calcium-dependent cell adhesion molecule plays an important 
role in the maintenance of tissue integrity

CC, OC

p53 Tumor suppressor protein UC
p63 A member of p53 family transcription factor, marker of basal cells “Negative” marker in PAC
P501S (Prostein) A 553-amino acid protein localized to the Golgi complex PAC
P504S (AMACR) Enzyme mainly localized to peroxisomal structures PRCC, PAC
PAX2/PAX8 Members of the paired box (PAX) gene family expressed in the 

development of the urogenital tract
RCC, PRCC, CC, CDC, 
OC (+/−)

PSA 330-kD glycoprotein, prostate-specific antigen PAC
PSAP 100-kD glycoprotein, prostate-specific antigen PAC
PSMA 100-kD glycoprotein, prostate-specific antigen PAC
RCC 200-kD glycoprotein expressed in epithelial cells lining normal 

renal proximal tubule
RCC, PRCC

Thrombomodulin 75-kD glycoprotein, to convert thrombin from a coagulant protein 
to an anticoagulant

UC

Uroplakin III A transmembrane protein unique to urothelium UC
Vimentin Intermediate cytoskeleton filament RCC, PRCC, CDC

Note: CC chromophobe carcinoma, CDC collecting duct carcinoma, OC oncocytoma, PAC prostatic adenocarcinoma, 
PRCC papillary renal cell carcinoma, UC urothelial carcinoma
References: [159–193]
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from direct extension of an adjacent primary 
carcinoma (prostate, colorectal, cervix, and 
uterine) as well as metastasis and also to distin-
guish variants of urothelial carcinoma. Common 
immunohistochemistry Abs in normal urothe-
lium, urothelial hyperplasia, urothelial dyspla-
sia, and urothelial carcinoma are summarized 
in Table 29.22.

29.7  Immunohistochemistry 
of Female and Male Genital 
Tumors

29.7.1  Uterine Cervix

The most important and also frequent cervix 
cancers are cervix SCCs and adenocarcinomas. 
Cervix SCC markers are similar to those seen in 
SCCs of other origins. P16 is a unique marker 
expressed in tumors of cervix, which can help in 
differentiating this lesion from same counter-
parts from uterine or other origins. 
Adenocarcinomas of cervix also express most 
adenocarcinoma markers. One of the advan-
tages of IHC is to differentiate adenocarcinomas 
of cervix from endometrium. Cervix adenocar-
cinomas usually express p16 and CEA, and are 
negative for vimentin and ER, whereas endome-
trium adenocarcinomas have a reverse expres-
sion pattern [185–190].

29.7.2  Vulva and Vagina

As other organs, various malignancies can occur 
in these two organs but similar to cervix the most 
common cancer of these two sites is SCC, with 
IHC marker expression similar to cervix counter-
parts [191, 192].

29.7.3  Uterine Corpus

Uterine tumors are of myometrium or endome-
trium origin. The myometrial tumors are usually 
sarcomas and were discussed in the sarcoma sec-
tion. The endometrium may develop various 
cancers, but the most frequent one is endometrial 
adenocarcinoma. Endometrial adenocarcinoma 
has some variants in which endometrioid adeno-
carcinoma is the most frequent one. Endometrioid 
adenocarcinoma usually expresses CK7, CA125, 
ER, PR, and vimentin, but is negative for CEA, 
CK20, and p16. Some endometrial carcinomas 
express Her2/neu marker, which along with ER 
and PR markers can be used in targeted therapies 
[185–190, 193–196].

a

c

b

Fig. 29.25 Renal cell carcinoma with eosinophilic to 
clear cells (a) is immunostained with CD10 (b) but not 
with CK20 (c)
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a

c

b

d

Fig. 29.26 Papillary renal cell carcinoma with oncocytic feature (a). Tumor cells are positive for CK7 (b), CD10 (c) 
and vimentin (d)

Table 29.20 Immunoprofile of kidney carcinoma with clear cell appearance: Clear RCC (CRCC), papillary RCC 
(PRCC), and urothelial carcinoma (UC)

Tumor CK7 CK20 Vimentin RCC CD10 PAX2/8 AMARC Uroplakin p63
CRCC − − + + + + − − −
PRCC + − + + + + + − −
UC + + − − − − − + +

References: [159–169]

Table 29.21 Immunoprofile of kidney carcinoma with oncocytic cell appearance: oncocytic papillary RCC (OPRCC), 
chromophobe carcinoma (CC), and oncocytoma (OC)

Tumor CK7 CK20
CAM5.2, EMA,  
AE1/AE3 Vimentin RCC CAIX CD10 CD117 Ep-Cam Ksp- Cadherin

OPRCC + − + + + + + − + −
CC + − + − − − − − + +
OC − − − − − − − + − +

References: [172–176]
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29.7.4  Ovary

Except the intestinal type of mucinous adeno-
carcinoma, all primary ovarian carcinomas are 
CK7- positive and CK20-negative (Fig. 29.28). 

This can be used in differentiating primary 
ovarian carcinoma from metastatic tumors 
[149–151, 189, 197–200]. The immunopheno-
type of primary ovarian tumors is described in 
Table 29.23.

a

c

b

d

Fig. 29.27 Transitional cell carcinoma, invasive, non-papillary type (a). Tumor cells exhibit immunoreaction with 
CK7 (b), CK20 (c) and p63 (d)

Table 29.22 Antibody immunoprofile in normal urothelium, urothelial hyperplasia, dysplasia, and carcinoma

Marker Normal urothelium Urothelial hyperplasia Urothelial dysplasia Urothelial carcinoma
CK7 + + ND +
CK20 + U + + +
34βE12 + B ND ND +
CD44 + B ND −/+ ND
EGFR −/+ + +/− +/−
p63 ND ND ND +a

UPIII + U ND ND +a

TM + U ND ND +a

p53 − − + +a

Note: + (>90%), +/− (>50%), −/+ (<50%), − (<10%). B basal layer, TM thrombomodulin, U umbrella cell, UPIII uro-
plakin III
References: [177–184]
aNon-invasive carcinoma > invasive carcinoma
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29.7.5  Breast

Breast cancer is one of the most common 
malignancies with various histopathological 
types; however, adenocarcinomas and its two 
subtypes including invasive ductal (IDC) and 
lobular carcinomas (ILC) comprise the major-
ity. Most breast cancers including IDC and 

ILC are positive for mammaglobin, GCDFP15, 
ER, PR and some are positive for Her2/neu 
markers. Additionally, epithelial tumor mark-
ers, CK (especially CK7) and EMA, are also 
positive in these tumors [201–206]. The lack 
of reaction with myoepithelial markers is in 
favor of an invasive carcinoma. Both normal 
(Fig.  29.29) and proliferative glands 
(Fig. 29.30) as well as ductal carcinoma in situ 
(Fig. 29.31) exhibit reactivity with myoepithe-
lial markers. Application of p63 and calponin 
or p63 and SMA is a good way to evaluate the 
presence of myoepithelial cells [201, 207]. 
Immunoprofile of normal breast glands and 
breast cancers are summarized in Tables 29.24 
and 29.25 (Figs. 29.32 and 29.33).

29.7.6  Prostate

Prostate gland is composed of two layers, epithe-
lium and basal cell layer. Normal prostate epithe-
lium exhibits immunoreactivity with 
prostate-specific antigen (PSA), prostate-specific 
membrane antigen (PSMA), prostate-specific 
acid phosphatase (PSAP), and prostein (P501S) 
whereas prostate basal cells display immunostain-
ing with HMWCK (34βE12), p63, and S100A6 
(Fig. 29.34) [159–163, 210]. Immunolabeling for 
basal cell markers is usually used in a mode of 
“negative” diagnostic marker in order to show the 
absence of basal cells in prostate carcinoma 
(Fig.  29.35). Basal cell  cocktail is a mixture of 
basal cell markers (HMWCH and p63 or CK5/6 
and p63) used to highlight the presence of basal 
cells in normal glands, which differentiates them 
from prostate intraepithelial neoplasia (PIN) and 
prostate adenocarcinoma [211]. In addition, pros-
tatic adenocarcinomas usually express 
α-Methylacyl coenzyme A racemase (AMACR) 
enzyme, which is negative in normal prostatic 
epithelium and helps to differentiate its malignant 
lesions from benign neoplasms. Most of meta-
static carcinomas from prostate origin exhibits 
reactivity to CK 7 and CK20 as well as PSA 
(Fig. 29.36) Table 29.26 summarizes the immu-
noprofile of normal prostate glands as compared 
with PIN and adenocarcinoma.

a

c

b

Fig. 29.28 Ovarian serous carcinoma poorly differenti-
ated (a), shows immunoreaction with CK7 (b). CA125 is 
highlighted in the luminal surface (c)

A. Ghanadan et al.



673

29.7.7  Testis

Tasticular tumors are classified into germ cell 
tumors and sex-cord stromal tumors. Germ cell 
tumors are the most common type with classic 
seminoma subtype comprising the majority. The 
definite diagnosis of these tumors is depended 
on proper application of the immunohistochem-
istric markers and histopathologic evaluation of 
the biopsy (Figs.  29.37, 29.38, and 29.39). 
Table 29.27 summarizes the immunophenotype 
of testicular tumors.

29.8  Immunohistochemistry 
of Lymphoma

Immunohistochemistry is an integrated part of 
diagnostic surgical pathology of Hodgkin 
lymphoma (HL) and non-Hodgkin lymphoma 

(NHL). Various Ags, mostly CD markers, are 
the targets of IHC. Neoplastic lymphoid cells 
express the same CD Ags with some aberrancy 
in type and amount. Several oncogene prod-
ucts are also expressed in some lymphomas 
(i.e., Follicular lymphoma). These Ags have 
diagnostic and probably prognostic value. 
Proliferative Ags like Ki67 are also of great 
value.

Morphology is the main stem of lymphoma 
diagnosis; nonetheless, IHC seems mandatory 
for the diagnosis and typing of malignant lym-
phoma. As a general rule, panels should be used 
for immunophenotypic evaluation and there is 
no single marker absolutely specific for one def-
inite lymphoproliferative disorder. Some rou-
tinely used markers are shown in Tables 29.28, 
29.29, 29.30, 29.31, and 29.32 and Figs. 29.40, 
29.41, 29.42, and 29.43.

Table 29.23 Immunophenotype of ovarian cancers

Epithelial tumors Germ cell tumors
Stromal tumors (almost 
always negative for EMA)

Serous 
(Fig. 29.28) Mucinous Dysgerminoma Yolk sac

Embryonal 
carcinoma

Chori- 
carcinoma

Granulosa cell 
tumor

Sertoli- 
Leydig cell 
tumor

EMA
CK7
CA125
DPC4
ER
PR
WT1

EMA
CK7
CK20
mCEA
CDX2 
MUC5A

PLAP
CD117 (c-kit)
Oct-4
D2-40

PLAP
AFP
CK AE1/
AE3
Glypican-3

PLAP
Oct-4
CK AE1/
AE3
CD30

HCG
Inhibin
CK

Inhibin
CD99
WT1
Calretinin
CD56

CK
CD99
WT1

a b

Fig. 29.29 Cytokeratin (a) stains epithelial cells and p63 (b) stains myoepithelial cells of normal breast glands
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29.9  Immunohistochemistry 
of Soft Tissue and Bone 
Tumors

Soft tissue sarcomas are a diverse family with 
different histologic origins and common histo-

a

c

b

Fig. 29.30 Breast proliferative lesion (a). Presence of myo-
epithelial cells confirmed by immunoreaction to HMWCK 
(b) and p63 (c) which is indicative of a benign process

a

c

b

Fig. 29.31 Ductal carcinoma in situ (a) is immunos-
tained with Her2neu (b) and CA15.3 (c)

Table 29.24 Immunoprofile of normal breast gland 
tissue

Normal epithelium Immunoreactive antibodies
Luminal cells (LC) CK8/18, CK19
Myoepithelial cells 
(MC)

CK5/6, CK14, CK17, p63, 
SMA, calponin, CD10

Both LC and MC Pan-CK, AE1/AE3, CK7, S100
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pathologic features. Given similar histopatho-
logic features, immunohistochemistry is an 
ancillary method in distinguishing soft tissue 
tumors in order to attain a final diagnosis. As 
soft tissue tumor classification is based on spe-
cific line tissue origin, immunohistochemistry 
study by using specific Abs can be valuable in 
distinguishing them. Soft tissue tumors are 
vimentin- positive and keratin-negative tumors 
of a divergence family with heterogenous tissue 
origins. Vimentin, a nonspecific marker, appears 
to react with all soft tissue tumors and is con-
sidered as a control marker preserved in the tis-
sue [256–262]. Immunohistochemistry of 
normal mesenchymal tissues with related 
tumors are summarized in Table 29.33.

29.9.1  Epithelial Markers

Recognized as an intermediate filament protein, 
Keratin is a sensitive and specific marker in the 
diagnosis of carcinomas among malignant 
tumors. Epithelial membrane antigen (EMA), 
derived from the mammary epithelium, is another 
epithelial marker expressed in most epithelial 
cells except squamous cells. Keratin and EMA 
are expressed exceptionally in some soft tissue 
tumors including synovial sarcoma, epithelioid 
sarcoma, chordoma, and  myoepithelioma/myo-
epithelial carcinoma (previously known as para-
chordoma) [263].

29.9.2  Myogenic Markers

There are some Abs, which react with myogenic 
cells including desmin, actin, myoglobin, myo- 
D1, myogenin, caldesmon, and calponin. Desmin 

Table 29.25 Immunoprofile of invasive ductal carci-
noma (IDC) and invasive lobular carcinoma (ILC) 
(Figs. 29.32 and 26.33)

Marker IDC ILC
Mamoglobin −/+ +/−
ER +/− +
GCDFP15 −/+ −/+
E-cadherin + −
p120 + +
34βE12 − +

Note: + (>90%), +/− (>50%), −/+ (<50%), − (<10%)
References: [201, 206–209]

a

c

b

Fig. 29.32 Invasive ductal carcinoma (a) with ER (b) 
and PR (c) immunoreaction
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is an intermediate filament protein present in the 
cytoplasm of smooth and skeletal muscles. The 
Ab against this protein reacts with myogenic 
tumors such as rhabdomyoma, leiomyoma, rhab-
domyosarcoma, and leiomyosarcoma 
(Fig.  29.44) [264]. Similar to desmin, actin is 
another myogenic protein detected in smooth 
and skeletal muscles. In addition, smooth muscle 
actin may react with some other cells like myofi-
broblasts and myoepithelial cells [265–267]. 
Myoglobin is exclusively seen in skeletal muscle 
cytoplasm, whereas myo-D1 and myogenin are 
nuclear transcription factors, which are specifi-
cally expressed in skeletal muscle nuclei [268–
270]. Myogenin has technical advantages over 
those of MyoD1, as the latter may cross-react 
with an unknown cytoplasmic Ag in non-muscle 
cells and tumors [271, 272]. However, Abs 
against these Ags are useful in determining rhab-
domyosarcoma (Fig. 29.45). Calponin, a smooth 
muscle protein, is also expressed in myofibro-
blasts and myoepithelial cells and limits the use-
fulness of diagnostic pathology [49]. A relatively 
smooth muscle-specific marker being expressed 
in cytoplasm, Caldesmon is a useful Ab in distin-
guishing smooth muscle tumors from myofibro-
blastic tumors [273]. A novel Ag of smooth 
muscle differentiation, transgelin is a calponin-
related protein found in smooth muscle showing 
higher sensitivity and specificity than other 
markers [274].

29.9.3  Nerve and Schwann Cell 
Markers

First isolated from the central nervous system 
(CNS), S-100 protein is known as a marker of 
nerve sheath tumors as well as melanocytic and 
chondrocytic tumors. S-100 is expressed by a 
wide range of cell types including glial cells, 
neurons, Schwann cells, melanocytes, chondro-
cytes, lipocytes, myoepithelial cells, sustentacu-
lar cells, Langerhans histiocytes, interdigitating 
reticulum cells, and various epithelia [27]. CD56 
(neural cell adhesion molecule) and CD57 
(myelin-associated glycoprotein) are expressed 
by a variety of different cell types including tis-
sues of peripheral nervous system (PNS) and 
CNS, as well as natural killer (NK) cells and neu-
roendocrine cells [275–277].

29.9.4  Endothelial Markers

von Willebrand factor (vWF) is exclusively 
expressed by endothelial cells and is princi-
pally used to distinguish vascular neoplasms 
from their morphologic mimickers. Due to low 
sensitivity of vWF in detecting high grade vas-
cular neoplasms, other endothelial markers 
such as CD31, CD34, and FLI -1 have limited 
the routine use of vWF in the context of vascu-
lar tumors. Given similar sensitivity to CD34, 

a b

Fig. 29.33 Infiltrating carcinoma with Indian file pattern simulating lobular carcinoma (a), revealing immunoreaction 
with E-cadherin which is in favor of invasive ductal carcinoma (b)
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CD31 is expressed by macrophages, being a 
more specific vascular marker than CD34. 
CD34 is expressed by bone marrow hematopoi-
etic precursor cells and dendritic interstitial 
cells limiting its application in vascular tumors 
[278–281]. As a nuclear transcription factor, 
FLI-1 (Freund’s leukemia integration site) is an 

endothelial marker expressed in vascular 
tumors as well as ES/PNET and lymphoblastic 
lymphoma [56].

29.9.5  Fibrohistiocytic Markers

There are some nonspecific markers such as 
alpha1-antitrypsin, muramidase (lysozyme), 
alpha1-antichymotrypsin, cathepsin B, CD68, 
CD163, factor XIIIa, and the HAM 56 Ag which 
are expressed in melanomas, carcinomas, as well 
as some sarcomas like MFH [282–288]. Therefore, 
application of these markers is limited and should 
be considered after ruling out other sarcomas with 
specific line differentiation.

29.9.6  Lipocytic Markers

MDM2 (an inhibitor of p53 transcriptional acti-
vation) and CDK4 (a protein involved with cell 
cycle progression) are markers to separate dedif-
ferentiated liposarcomas from other poorly dif-
ferentiated sarcomas [289].

29.9.7  Chondrocyte Markers

Chondrocytes do not display specific markers, 
and show reactivity with S100 and vimentin. 
Chondrosarcoma also exhibits reactivity with 
CD57 [290]. Being as a master regulator of chon-
drogenesis, SOX9 is a sensitive marker for carti-
logenous differentiation distinguishing 
mesenchymal chondrosarcoma from other small 
blue round cell tumors [291].

29.9.8  Osteogenic Markers

Osteocalcin (a non-collagenous intraosseous pro-
tein) with approximately 70% sensitivity is a 
completely specific marker for bone-forming 
tumors. In addition, osteonectin (a bone matrix 
glycoprotein participates in stromal mineraliza-
tion) also a sensitivity of 90% and a specificity of 

a

c

b

Fig. 29.34 Normal prostate epithelium (a) is immunos-
tained with PSA (b) and basal cells are immunoreacted 
with p63 (c)
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54% in the diagnosis of osteoblastic neoplasms 
[292, 293]. These markers are rarely being used 
in routine diagnosis because the diagnosis of the 
osteosarcoma is based on the presence of osteoid 
in the H&E stained slides.

29.9.9  Unknown-Origin Soft Tissue 
Tumors

Ewing sarcoma/peripheral nerve sheath tumor 
(ES/PNET) comprises a prototype of small 

a b

Fig. 29.35 Atypical prostate glands in the top of the picture which are highly suspicious to adenocarcinoma (a), show 
negative reaction to p63 (b). Some normal glands at the bottom of picture exhibit reaction with p63

a b

c d

Fig. 29.36 An undifferentiated carcinoma from pelvis with high mitotic rate (a) demonstrates cytoplasmic reaction 
with CK7 (b), CK20 (c) and PSA (d) which support the origin of this tumor as prostate

A. Ghanadan et al.
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round cell neoplasms of bone and soft tissue 
exhibiting neuroectodermal features. As a 
product of the MIC2 gene, CD99 is a cell sur-
face transmembrane glycoprotein diffusely 
present in nearly all tumors (Fig. 29.46) [294]. 
Clear cell sarcoma (malignant soft part mela-
noma) shares markers of malignant melanoma 
such as S-100, MART-1, HMB45, and tyrosi-
nase [295]. Alveolar soft part sarcoma has been 
evaluated by the presence of Myo-D1 and 
myogenin [296, 297]. Desmoplastic small 
round cell tumor (DSRCT) is characterized by 
the coexpression of epithelial and mesenchy-
mal markers [298]. The immunohistochemistry 
characteristics of these tumors are summarized 
in Table 29.34.

29.10  Immunohistochemistry 
of the Nervous System

The brain tumors are classified into two major 
groups: primary and metastatic. Primary brain 
tumors are further categorized into three major 
subtypes: neuroepithelial tumors (astrocytoma, 
oligodendroglioma, ependymoma, choroid plexus 
tumors, neuronal tumors, and pineal tumors), 
non-neuroepithelial tumors (meningioma, nerve 
sheath tumors, lymphoma, chordoma, and germ 
cell tumors) and primitive undifferentiated tumors 
(medulloblastoma, pineoblastoma, ependymo-
blastoma, and PNET) [299–305]. Primary origin 

Table 29.26 Immunoprofile of normal prostate (NP), 
high-grade prostate intraepithelial neoplasia (HGPIN), 
and prostate adenocarcinoma (PAC)

Marker NP HGPIN PAC Application
PSA +E + + Weak reaction in 

HGPAC or 
metastatic 
carcinoma, to 
differentiate 
HGPAD from other 
undifferentiated 
carcinoma (colon, 
urothelium)

PSAP +E + + Similar to PSA
PSMA +E + ++ Correlated with 

grade and stage, 
more intense in 
HGPAC

P501S +E + + To differentiate high 
grade PAC from 
other high-grade 
adenocarcinomas 
(colon, urothelium)

P504S 
(AMACR)

− ++ ++ Combine with basal 
cell markers to 
differentiate HGPIN 
and PAC from 
normal prostate

HMWCK 
(34βE12)

+B Partial 
loss

− Complete loss in 
PAC (“negative” 
marker)

p63 +B Partial 
loss

− More sensitive than 
HMWCK 
(“negative” marker)

CK5/6 +B Partial 
loss

− More sensitive than 
HMWCK 
(“negative” marker)

Note: B basal cell, E epithelium
References: [211–219]

a b

Fig. 29.37 Classic seminoma with polygonal cells and abundant watery cytoplasm (a) shows immunostaining with 
PLAP (b)
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of metastatic carcinoma is determined by the use 
of immunohistochemical panel. Commonly used 
IHC Abs in primary CNS tumors are demon-
strated in Table 29.35.

29.10.1  Neuroepithelial Tumors

Glial tumors (astrocytoma, oligodendroglioma, 
and ependymoma) usually react with glial 

a b

c d

Fig. 29.38 Yolk sac tumor with tubuloglandular structures exhibits immunostaining with AFP (a, b) and glandular 
structures with numerous hyaline globules which are positive for AFP (c, d)

a b

Fig. 29.39 Leydig cell tumor. Eosinophilic polygonal cells growth in the adjacent of seminiferous tubules (a) show 
immunoreaction with Inhibin-A (b)
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Table 29.27 Immunophenotype of testicular tumors: classic seminoma (CS), spermatocytic seminoma (SS), embryo-
nal carcinoma (EC), yolk sac tumor (YST), choriocarcinoma (CC), Sertoli cell tumor (SCT), and Leydig cell tumor 
(LCT)

Germ cell tumors (PLAP+, Inhibin−)
Sex-cord stroma tumors  
(PLAP−, Inhibin+)

CS (Fig. 29.37) SS EC YST (Fig. 29.38) CC SCT LCT (Fig. 29.39)
C-kit+
OCT3/4+
CD117+
D2-40+

C-kit+/− C-kit+/−
OCT3/4+
AE1/AE3+
AFP+/−
CD117+
CD30+

C-kit+/−
AE1/AE+
AFP+
Glypican-3+
HepPar-1+

Inhibin+
AE1/AE3+
Glypican-3+
HCG+

AE1/AE−/+
CAM5.2+
Vimentin+
SMA+
SYN+
NSE+

AE1/AE−/+
GAL-3+
Vimentin+
CD99+/−

Note: + (>90%), +/− (>50%), −/+ (<50%), − (<10%)
References: [163, 220–233]

Table 29.29 Immunoprofile of small B-cell lymphomas: B-cell small lymphocytic lymphoma/chronic lymphocytic 
lymphoma (B SLL/CLL), mantle cell lymphoma (MCL), marginal zone lymphoma (MZL), mucosa-associated lym-
phoid tissue (MALT), follicular lymphoma (FL), lymphoplasmacytic lymphoma (LPL), and hairy cell leukemia (HCL)

Lymphoma CD20 CD23 CD10 CD5 BCL6 MUM1 CD43 CyclinD1 AnnexinA1 BCL2
B SLL/CLL + (weak) + − + − +/− + −/+ − +
MCL + −/+ − + − − + + − +
MZL (nodal) + − − − −/+ + +/− − − +
MZL (MALT) + − − − − +/− +/− − − +
MZL (splenic) + − − − − +/− − − − +
FL + −/+ + − + − −a − − +
LPL + −/+ −/+ − − +b −/+ − − +
HCL + −/+ −/+ − − NT NT + + +

Note: + (>90%), +/− (>50%), −/+ (<50%), − (<10%)
References: [234–237, 241–249]
aMaybe positive in grade 3
bMore intense in plasmacytoid cells

Table 29.30 Immunoprofile of some aggressive mature B-cell lymphomas: diffuse large B-cell lymphoma (DLBL), 
T-cell/histiocyte-rich B-cell lymphoma (TC/HRBCL), and anaplastic large-cell lymphoma kinase (ALK)

Lymphoma CD20 CD10 MUM1 Bcl-2 Bcl-6 CD30 Ki-67 EMA CD45 CD138
DLBCL (NOS) (Fig. 29.41) + +a −b +/− +a −a <90% − + −
TC/HRBCL + −/+ −/+ +/− + − <90% + + −
DLBCL Plasmablastic −a − + − − +/− >90% + −a +
DLBCL-ALK + (Fig. 29.42) − − +/− − − − <90% + + weak +
Burkitt Iymphoma + + − −a + − >95% − + −

Note: + (>90%), +/− (>50%), −/+ (<50%), − (<10%)
References: [234–237, 246, 249–252]
aSome cells may be weakly positive
bPositive in non germinal centers (35–65%)

Table 29.28 Immunoprofile of precursor lymphoid neoplasms (Fig. 29.40)

Lymphoma CD2 CD5 CD20 CD79a PAX5 CD45 CD34 CD10 CD99 Tdt CD43 CD56
B ALL/LBL − − +/− + + −/+ + + − + + −
T ALL/LBL + + − − − −/+ + +/− + + + +

Note: + (>90%), +/− (>50%), −/+ (<50%), − (<10%)
References: [234–240]
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fibrillary acidic protein (GFAP) [160, 161, 306]. 
Oligodendroglioma variably expresses GFAP 
and commonly reacts with Leu7 and S-100 [307, 
308]. Moreover, GFAP is present in other mixed 

glial and neuronal-glial tumors including oli-
goastrocytoma and ganglioglioma (Fig.  29.47) 
[306]. Neurocytoma and pineal tumors are 
GFAP-negative and synaptophysin-positive. 

Table 29.31 Immunoprofile of some mature T-cell/NK cell lymphomas: mycosis fungoides (MF), adult T-cell lym-
phoma/leukemia (ATLL), angioimmunoblastic T-cell lymphoma (AILT), anaplasticg large-cell lymphoma (ATCL), and 
T-cell lymphoma (TCL)

Lymphoma CD3 CD5 CD4 CD8 CD30 ALK TIA1 CD56
MF + + + − +c − +c −
ATLL + + +a −a +/− − − −
AILT + + + − +c − − −
ALCL −/+ + + − + + (60–80%) +/−d −
Subcutaneous Panniculitis-like TCL + − − + − − + −
Cutaneous TCL + − − −/+ − − + +
Hepatosplenic TCL + −/+ − −/+ − − + +
Nasal or nasal-type NK/TCL + (cytoplasmic) − − +/− − − + +
Enteropathy-type TCL + − − + +/− − + +b

Note: + (>90%), +/− (>50%), −/+ (<50%), − (<10%)
References: [234–237, 253–255]
aMost cases
bSubset with monomorphic small-cell morphology
cSome large cells
dMore often ALK positive cases

Table 29.32 Immunophenotypic features of classic Hodgkin lymphoma (CHL) and nodular lymphocyte predominant 
Hodgkin lymphoma (NLPHL) (Fig. 29.43)

Lymphoma CD20 Pax-5 CD15 CD30 Facsin EMA ALK-1
CHL +/− + (weak) + + + −/+ −
NLPHL + + − −/+ − +/− −

Note: + (>90%), +/− (>50%), −/+ (<50%), − (<10%)
References: [234–237]

a b

Fig. 29.40 Lymphoma with starry sky feature declares a highly proliferative phase (a) in which antibodies to terminal 
deoxynucleotidyl transfer (TdT) marks it as a precursor lymphoid neoplasm (b)
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Among neuroepithelial tumors, choroid plexus 
tumors demonstrate reactivity with epithelial 
markers such as cytokeratin, CAM5.2, and 
EMA. Additionally, transthyretin, as a potential 
marker, and IGF-II, as a newer marker, are posi-
tive in choroid plexus tumors [309–311]. Pineal 
tumors are GFAP and epithelial-negative tumors, 

which exhibit reactivity with synaptophysin and 
neurofilament (Table 29.36).

29.10.2  Non-neuroepithelial Tumors

Among non-neuroepithelial tumors, meningio-
mas are positive for EMA, which differentiates 

a

c

b

Fig. 29.41 Diffuse large B-cell lymphoma (NOS) (a) 
weakly reacts with Bcl-6 and (b) indicates a high prolif-
erative index by Ki-67 (c)

a

c

b

Fig. 29.42 Diffuse large B-cell lymphoma (ALK). Large 
anaplastic cells intermixed with lymphoplasma cells (a) 
are strongly positive for ALK (b) and EMA (c)
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a

c d

b

Fig. 29.43 Hodgkin lymphoma. Typical Reed–Stenberg cell with mirror binuclear feature of “Owl’s eye”(a) weakly 
reacts with CD 15 (b) and CD30 (c) and strongly reacts with fascin (d)

Table 29.33 Immunohistochemical antibodies of normal mesenchymal tissues and related tumors

Soft tissue Markers of soft tissue Related tumor Immunoreactive markers
Chondrocyte S100, SOX9, vimentin Chondrosarcoma S100, vimentin, CD57, SOX9: 

sensitive marker for cartilaginous 
differentiation

Endothelial cells Vimentin, CD-31, CD-34, FLI-1 Angiosarcoma CD-31, CD-34, FLI-1
D2-40 (lymphatic endothelium) Lymphangiosarcoma D2-40

Fibroblasts Vimentin, CD10, CD99 Fibrosarcoma Vimentin
Fibrohistiocyte CD68, CD168, a1AT, cathepsin B, 

factor IIIA, HAM 56
Malignant fibrous 
histiocytoma

CD68

Lipocytes Vimentin, S100 (variable), 
calretinin, MDM2, CDK4, CD-34

Liposarcoma S100, MDM2, CDK4

Osteoblast CD56, osteocalcin, osteonectin, 
vimentin

Osteosarcoma Osteocalcin, collagen IV, CK, 
EMA, CD99, S100, desmin, 
SMA, factor 13

Nerve/Schwann 
cell

Vimentin, S100, CD56, CD57 MPNST S-100

Skeletal muscle Desmin, myoglobin, CD56, GFAP Rhabdomyosarcoma Myogenin, myo-D1, PLAP, WT-1
Smooth muscle Desmin, NSE, SMA, MSA Leiomyosarcoma Desmin, SMA, MSA, 

h-caldesmon, collagen IV
Synovial cell CD68, clusterin Synovial sarcoma CK, EMA, vimentin, CD68, 

CD-99, E-cadherin, Collagen IV

A. Ghanadan et al.



685

them from nerve sheath tumors, and are negative 
for GFAP which distinguishes meningioma from 
gliomas. Schwannoma is distinct from glioma, 
meningioma, and neurofibroma by showing 
reaction to collagen type IV. Neurofibroma dif-
fers from schwannoma by having neurofilament- 

positive axons. Primary and secondary brain 
lymphomas express LCA as a common marker 
and CD3 and CD20 as differentiating markers of 
T-cell and B-cell type lymphomas, respectively. 
Arising from notochord remnants, chordomas 
are malignant tumors along the axial skeleton 

a

c

b

Fig. 29.44 Leiomyosarcoma. Spindle cells arranged in 
interlacing cross-striated fascicles (a) are immunostained 
with desmin (b) and H-caldesmon (c)

a

c

b

Fig. 29.45 Alveolar rhabdomyosarcoma. Large polygo-
nal cells with alveolar pattern (a) are highlighted with 
myogenin (b) and desmin (c)
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recognized by characteristic physaliphorous 
cells with large intracytoplasmic vacuoles. 
Chordoma exhibits reactivity for CK and EMA 
as well as S100, whereas chondrosarcomas lack 
these features (CK/EMA-negative and S100-
positive). Primary germ cell tumors are found 
along the midline in the pineal and suprasellar 
regions which demonstrate immunostaining with 

placental alkaline phosphatase (PLAP), alpha 
fetoprotein (AFP), beta-HCG, and CEA 
(Fig. 29.48) (Table 29.37).

29.10.3  Undifferentiated Tumors

Medulloblastoma, pineoblastoma, ependymo-
blastoma, and PNET are primitive undifferenti-
ated tumors commonly located in the posterior 
fossa, pineal gland, periventricular area, and 
anterior fossa, respectively. Medulloblastoma, 
pineoblastoma, and ependymoblastoma differen-
tiate from PNET by negative reaction for CD99. 
Ependymoblastoma can be distinguished from 
meduloblastoma/pineoblastoma/PNET by the 
absence of reactivity to synaptophysin and neuro-
filament (Table 29.38).

29.10.4  Proliferative Markers

MIB1 (Ki67) is an Ab that detects proliferating 
cells in various phases of the cell cycle, and is 
important in the grading of CNS tumors. It is 
used to predict patient outcome and distinguishes 
long- and short-time survivals in patients with 
glial tumors (Table  29.39 and Fig.  29.49). p53 
and EGFR overexpression can be defined immu-
nohistochemically. Overexpression of p53 is 
associated with tumor progression in glioblas-
toma multiforme (GBM). EGFR overexpression 
correlates with poor prognosis in gliomas and is 

a

c

b

Fig. 29.46 Small round cell tumor (a). Immunoreaction 
with MIC2 (b) and NSE (c) antibodies supports the diag-
nosis of PNET

Table 29.34 Immunoprofile of unknown-origin soft tis-
sue tumors: Ewing sarcoma/peripheral neuroectodermal 
tumor (ES/PNET), clear-cell sarcoma (CCS), alveolar soft 
part sarcoma (ASPS), and desmoplastic small round cell 
tumor (DSRCT)

Panel antibodies ES/PNET CCS ASPS DSRCT
CD99/FLI-1 + − − −
S100/HMB45/ 
MITF/Melan-A

− + − −

TFE3 − − + −
NSE + − − +
Desmin − − − +
CK/EMA − − − +
WT1 − − − +

References: [294–298]
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Table 29.35 Commonly used antibodies in primary CNS tumors

Antibody Normal brain Tumor
EMA Epithelial, perineural, 

meningothelial cells
Meningioma, chordoma, medulloblastoma

GFAP Glial cells Glial tumors except oligodendroglioma, medulloepithelioma, 
choroid plexus tumor, ganglioglioma

Leu7 (CD57) Oligodendroglial cells, Schwann 
cells

Oligodendroglioma, schwannoma, Neurofibroma, 
oligoastrocytoma

Neurofilament Neuropil Ganglion cell tumors, neurocytoma, pineocytoma, 
neurofibroma, medulloblastoma, PNET

NSE Neuroectodermal and 
neuroendocrine cells

Neuroblastoma, hemangioblastoma, PNET, 
oligodendroglioma

S-100 Glial cells, Schwann cells, dendritic 
and Langerhans cells, melanocytes, 
other mesenchymal cells

Gliomas, meningioma, schwannoma, neurofibroma, 
chordoma, craniopharyngioma, PNET, medulloblastoma, 
pineoblastoma, neuroblastoma, melanoma, chondroid tumors

Synaptophysin Neuroendocrine cells, neuropil Neurocytoma, ganglion cell tumors, pineocytoma, choroid 
plexus papilloma, medulloblastoma, pineoblastoma, 
neuroblastoma, PNET, oligodendroglioma, dysembryoblastic 
neuroepithelial tumor

Vimentin Meningoendothelial cells, other 
mesenchymal cells

Meningioma, gliomas, chordoma, ependymoblastoma, 
hemangiopericytoma, ganglioglioma, embryonal tumors

Collagen IV Ganglion cell, Schwann cell, other 
mesenchymal cells

Ganglion cell tumor, schwannoma, medulloblastoma/
pineoblastoma

References: [160, 161, 306]

a b

Fig. 29.47 Fibrillary astrocytoma with proliferation of atypical astrocytes (a), exhibit GFAP-positive cytoplasmic 
processes (b)

Table 29.36 Immunopanel of neuroepithelial tumors

First-choice antibody panel Second-choice antibody panel Consistent with
GFAP+, EMA−, CAM5.2− Vim+, NF+, S100+ Astrocytoma (Fig. 29.47)

Leu7+, NSE+, S100+ Oligodendroglioma
GFAP+, EMA (R), CAM5.2 (R) Vim+, S100+ Ependymoma
GFAP (S), EMA+, CAM5.2+ Laminin+, SPN+, S100+, IGF-II+ Choroid plexus papilloma
GFAP−, EMA−, CAM5.2− SPN+, NF+ Central neurocytoma

SPN (S), NF (S), Collagen IV+ Ganglion cell tumor
NSE+, SPN+, NF (R) Pineal tumor

Note: N negative, R rare, S sometimes
References: [160, 161, 306–308, 312–320]
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not present in low-grade gliomas. As a new 
 therapeutic target, EGFR tyrosine kinase inhibi-
tors are used for the treatment of GBM.

29.11  Immunohistochemistry 
of Pediatric Tumors

Solid pediatric tumors comprise a heterogenic 
group of variable entities with morphologies 
including small round cells, spindle cells, and 
polygonal cells. Small round cell tumors 
include neuroblastoma, rhabdomyosarcoma, 
Ewing’s sarcoma/PNET, desmoplastic small 
round cell tumor, Wilms’ tumor (Fig.  29.50), 
small-cell osteosarcoma, lymphoma, and mela-
noma. Rhabdomyosarcoma, Wilms’ tumor, and 
melanoma also display spindle cell components 
or present as pure spindle cell tumor. Polygonal 
cell tumors of childhood comprise of rhabdo-
myosarcoma, malignant rhabdoid tumor, osteo-
sarcoma, and melanoma [341, 342].

Frequently confused with primitive neuroec-
todermal tumors (PNETs), neuroblastoma is the 
most common malignant tumor of the posterior 
mediastinum in pediatric patients with morphol-
ogy of small round cell tumor. Neuroblastoma 
has a predilection for adrenal glands and sympa-
thetic ganglia, whereas PNETs are cholinergic 
tumors [343, 344]. Expression of CD44s and 
c-kit receptor correlates with favorable progno-
sis in a subset of neuroblastoma [345, 346]. 
Rhabdomyosarcoma is the most common pedi-
atric soft tissue sarcoma subclassified into 
embryonal, botryoid, alveolar, and spindle cell 
subtypes. Embryonal rhabdomyosarcoma 
(including botryoid), the most common type in 
childhood, usually displays small-cell morphol-
ogy, whereas the alveolar variant usually exhib-
its features of polygonal cells [347–350].

Initially regarded as an undifferentiated sar-
coma of the bone and soft tissue, Ewing’s sar-
coma/primitive neuroectodermal tumor (ES/
PNET) is now being classified as a small round 
cell tumor with varying degrees of neuroectoder-
mal differentiation with pseudorosette formation 
[351]. Desmoplastic small round cell tumor is an 
aggressive, malignant tumor usually involving 
the abdominal or pelvic cavity of children or 
young adults with the morphology of small round 

a

c

b

Fig. 29.48 Germinoma. (a) A tumor with relatively 
medium to large polygonal cells resembling an undiffer-
entiated tumor surrounded by reactive astrocytes (upper 
right corner). Tumor cells react with PLAP (b) and reac-
tive astrocytes stain by GFAP (c). Courtesy of Dr. Taghi 
Ghiasi-Moghadam, Mashad, Iran
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cells arranged in nests and separated by a dense 
collagenized and desmoplastic stroma [298].

Wilms’ tumor (WT) or nephroblastoma is the 
most common pediatric neoplasm of the kidney 
derived from nephrogenic rests displaying diver-
gent differentiation. The classic histopathologic 
pattern of WT consists of triphasic elements of 
blastemal, epithelial, and stromal components. 
Blastemal component is composed of small 

round cells exhibiting reactivity with vimentin 
and desmin. Epithelial component shows stain-
ing with cytokeratin, whereas stromal compo-
nent demonstrates variable reactivity based on 
its differentiation pattern [352, 353]. Lacking a 
characteristic immunohistochemical profile, the 
diagnostic feature of osteosarcoma is the pres-
ence of osteoid, which can be distinguished from 
other undifferentiated small round cell tumors 

Table 29.37 Immunopanel of non-neuroepithelial tumors

First-choice antibody panel Second-choice antibody panel Consistent with
Vimentin+, S100+ EMA+ Chordoma
Vimentin+, S100 (R) EMA (S) Meningioma
Vimentin−, S100+ Leu7+, collagen IV+, GFAP (R) Schwannoma

Leu7+, NF+, EMA+ Neurofibroma
Vimentin−, S100− LCA+, L26+ Lymphoma

PLAP+, HCG+, AFP+ Germ cell tumor (Fig. 29.48)

Note: N negative, R rare, S sometimes
References: [160, 161, 306–308, 321–326]

Table 29.38 Immunopanel of primitive undifferentiated tumors

First-choice 
antibody panel Second-choice antibody panel Anatomic site Consistent with
SYNP+, S100+ NF (R), GFAP (R), Collagen IV+, Vim (S), CD99− Posterior fossa Meduloblastoma

Pineal gland Pineoblastoma
NF (R), GFAP (R), Collagen IV−, Vim−, CD99 (S) Anterior fossa PNET

SYNP−, S100+ NF−, GFAP (R), Collagen IV−, Vim (S), CD99− Cerebrum, 
cerebellum

Ependymoblastoma

Note: N negative, R rare, S sometimes
References: [160, 161, 306–308, 319, 327–332]

Table 29.39 Proliferative factor of MIB1 in some CNS tumors and correlation with survival (Fig. 29.49)

Tumor MIB1 % Survival
Astrocytoma <2 80%

>2 20%
Anaplastic astrocytomas 5–10 –
Glioblastoma multiforme >10 –
Oligodendroglioma <5 Longer survival

>5 Shorter survival
Ependymal tumor >5 Shorter survival
Choroid plexus papilloma 3.7 <6% nonaggressive
Choroid plexus carcinoma 14 >6% aggressive
Meningioma
   Benign (grade 1)
   Anaplastic (grade 2)
   Malignant (grade 3)

Ozen study
1.2
2.3
6.7

Abramovich study
1
5.5
12

Lanzafame study
<1% no recurrence
>1% recurrence

Medulloblastoma 50% –

References: [160, 333–340]
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[354, 355]. Originally described in the kidney 
and CNS, malignant rhabdoid tumor is a highly 
aggressive neoplasm of the childhood with a ten-
dency of widespread metastases. Malignant 
rhabdoid tumor is a densely cellular tumor com-
prised of cords and sheets of polygonal cells 
with abundant eosinophilic cytoplasm and large 
eccentric nuclei containing prominent eosino-

philic nucleoli [356, 357]. Table 29.40 displays 
an immunopanel to the diagnosis of common 
pediatric tumors.

29.12  Immune Surveillance, 
Immune Editing, Immune 
Constant of Rejection, 
Immune Contexture, 
and Immune Scoring 
of Cancers

Cancer is a complex disease involving cellular 
and molecular interactions between the tumor 
and the immune system [373]. The concept of 
“Immunosurveillance,” first described by Lewis 
Thomas and Macfarlane Burnet, refers to the 
detection and destruction of tumor cells by the 
immune system [374, 375]. This theory has been 
supported by the analysis of experimental and 
clinical tumor microenvironment data. The stron-
gest argument for the existence of immunosur-
veillance is that immunodeficient hosts are 
associated with increased frequency of cancers. 
In addition, regression of primary and metastatic 
tumors has been attributed to immunologic 
mechanisms, but many other factors may have 
been responsible (e.g., hormonal, nutritional, or 
vascular). Tumor microenvironment is a complex 
milieu comprised of extracellular matrix and host 
cells, including mesenchymal, endothelial, and 
immune cells. During carcinogenesis process, the 
neoplastic cells constantly interact with host 
cells, extracellular matrix, and bioactive mole-
cules, which constitute the tumor microenviron-
ment [376–378].

The concept of “cancer immunoediting,” pro-
posed by a series of mouse model publications 
that immune deficiencies are associated with 
tumor aggressiveness, describes how the immune 
system encounters with tumor cells during tumor-
igenesis [379–382]. Immune cells engage to com-
bat with cancer cells in three sequential phases: 
cancer elimination, cancer equilibrium, and can-
cer escape. In the elimination phase, the immune 
system clears most tumor cells; a population of 
immune-resistant tumor cells appears in the equi-
librium phase; and finally, in escape phase, the 

a

c

b

Fig. 29.49 Proliferating marker of Ki-67 is “non- 
reactive” in normal brain (a), 30% reactive in astrocytoma 
(b) and 80% reactive in germinoma (c)

A. Ghanadan et al.



691

a

c d

b

Fig. 29.50 Wilms’ tumor. Epithelial component with tubuloglandular structures (a) showing immunoreaction with 
CKAE1/AE3 (b), EMA (c) and WT1 (d)

Table 29.40 Immunopanel of pediatric tumors

First-choice antibody 
panel

Second-choice 
antibody panel

Additional antibody/
histopathologic feature Consistent with

AE1/AE3+, CAM5.2+, 
VIM+

DES+, WT1+, 
EMA+

SYN+, CHG+, NSE+/small round 
cell

Wilms tumor

SYN+, CHG+, NSE+/  
polygonal cell

Malignant rhabdoid tumor

SYN–, CHG–, NSE+/small round 
cell

Desmoplastic small round 
cell tumor

AE1/AE3–, CAM5.2–, 
VIM+

DES+, MYOG+, 
MyoD1+

MSA+, CD99±, CK±/small 
round/spindle/pylogonal cell

Rhabdomyosarcoma

DES–, MYOG–,  
MyoD1–

CD45+/small round cell Lymphoma
CD99+, S100+/small round/
polygonal cell + osteoid

Osteosarcoma

CD99+/small round cell ES/PNET
S100+, SYN+, CHG+, NSE+/
small round cell

Neuroblastoma

S100+, HMB45+, MART1+/
small round/polygonal cell

Melanoma

References: [54, 358–372]
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tumor develops strategies to evade immune 
destruction. The last phase is a consequence of 
immune exhaustion and inhibition or results from 
the emergence of tumor cell variants (Fig. 29.51).

It is now well known that innate and adaptive 
immune systems can promote tumor develop-
ment and progression through immunosurveil-
lance. However, there are many interactions 
between the innate immune cells [macrophages, 
neutrophils, mast cells, NK cells, and immature 
dendritic cells (DC)] and the adaptive immune 
cells [mature DC, B-lymphocytes, T lymphocyte, 
and regulatory T-cells (Tregs)]. Initially mediated 
by innate immunity, interaction between tumor 
cells and immune system develops and the tumor 
is eliminated through adaptive immune system 
activation [383, 384]. The immune-mediated, tis-
sue destruction process described by the concept 
of “immunologic constant of rejection” (ICR) 
which includes the coordination of interferon- 

stimulated genes (ISGs) pathway and immune 
effector functions (IEFs) pathway. This constant 
demonstrates the activation of ISGs, recruitment 
of cytotoxic immune cells (primarily through 
CXCR3/CCR5 ligand pathways), and activation 
of the IEFs pathway (IEF genes; granzymes A/B, 
perforin) [385, 386].

The “immune contexture” is characterized as 
the density, type, location, and functional orienta-
tion of adaptive immune cells within the tumor, 
which is essential to accurately define the impact 
of cancer prognosis [387–389]. Parameters of the 
immune contexture comprise of CD3+ density, 
cytotoxic CD8+, and memory CD45RO+ T-cells, 
their location at the tumor center (CT) and inva-
sive margin (IM), combined with the quality of 
tertiary lymphoid structures (TLS) (Fig. 29.52). 
Evaluation of immune contexture in the clinical 
setting will provide prognostic and predictive 
benefits [387, 388].

In human, the presence of tumor infiltrating 
lymphocytes (TILs) has been reported as a favor-
able prognostic factor in many primary tumors. 
The high density of TILs associated with good 
prognosis has been well documented, not only to 
various organs of cancer origin (such as breast, 
colon, lung, head and neck, kidney, bladder, ovary, 
prostate), but also to various cancer cell types 
(adenocarcinoma, squamous cell carcinoma, 
large-cell cancer, melanoma, etc.) (reviewed in 
[389–391]) (Fig.  29.53). The quantification of 
TILs allowed defining a novel  scoring system 
based on the densities of two lymphocyte popula-
tions (CD3+ and CD8+), both in CT and in IM of 
tumors. Based on the immune contexture, a stan-
dardized, simple, powerful immune scoring sys-
tem (“Immunoscore”) was determinate. Immune 
classification of cancers provides a scoring system 

Immunoscore

Immune Contexture

Immunologic
constant
of rejection

- Type
- Density
- Location

- Th1
- Cytotoxicity
- Chemokine
- Adhesion

Functional orientation

Fig. 29.51 The “Immune contexture” at the background 
is defined by combination of immune variables associat-
ing the nature, density, functional orientation, and distri-
bution of immune cells within the tumor. The 
“Immunoscore” and the “Immunologic constant of rejec-
tion” are overlapped by functional orientation

Tumor Advancement

Immune Coordination     

Tumor
Elimination 

Tumor
Equilibrium 

Tumor
Escape 

Genetic
Instability 

Immune
Strength 

Fig. 29.52 Cancer-immune spectrum. The immunoediting theory describes how a tumor can evade from immune 
destruction and how immune system restraint the tumor
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CD45RO CD45RO

CD3 CD3

CD8 CD8

a b

Fig. 29.53 (a) Colon adenocarcinoma and (b) skin SCC with surrounding TILs, immunostained with CD45RO, CD3, 
and CD8
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ranging from Immunoscore 0–4; and low to high 
densities of both lymphocyte populations in CT 
and IM of tumors (Table 29.41). The Immunoscore 
system has shown to have a prognostic signifi-
cance superior to AJCC/UICC-TNM staging sys-
tems. Thus, incorporating the Immunoscore into 
traditional staging systems has an essential prog-
nostic and predictive value [392, 393].

In 2012, an international task force was initi-
ated to promote the Immunoscore in routine clin-
ical settings as a new component of cancer 
classification, designated TNM-I (TNM- 
Immune) [394]. The purpose of the Immunoscore 
international task force was: (1) to validate the 
feasibility and reproducibility of the 
Immunoscore, (2) to validate the major prognos-
tic and predictive power of the Immunoscore in 
colon cancer patients. In order to become glob-
ally applicable in routine clinical setting, evalua-
tion of the Immunoscore must be pathology 
based, feasible in routine settings, simple, inex-
pensive, rapid, robust, reproducible, quantitative, 
standardized, and powerful [30, 394].

Multiple laboratory variables influence the 
validity and reliability of immunoscoring in the 

clinical setting, which need to coordinate with 
distinct criteria. They are included in the com-
plexity of quantitative IHC assay, variable proto-
cols across laboratories, and immune cell analysis 
accompanied by uneven region selection criteria 
and variable ways to quantify TILs. An effort for 
harmonization and reproducibility of IHC 
method recommends laboratories to test the 
prognostic value of Immunoscore using initial 
guidelines [393, 394]. It is also acknowledged 
that additional markers may be used to further 
refine the prognostic value of the Immunoscore.

Concluding Remarks Besides conventional 
histopathologic evaluation of various tissues, 
IHC has provided a significant aid in diagnosis, 
and its role is growing not only in arriving diag-
nosis but also for targeted therapies and predict-
ing prognosis. Recently, various markers have 
been introduced which have therapeutic or prog-
nostic value. Notably, it should be emphesized 
that IHC has some limitations and should be used 
in an appropriate setting by an experienced 
pathologist to avoid misdiagnosis. Additionally, a 
panel of related antibodies instead of single 
marker are needed to yield at a correct and pre-
cise diagnosis.
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30.1  Basic Principles

Fluorescent in situ hybridization (FISH) is a 
molecular cytogenetic technique developed in 
the 1980s [1] used for the identification, local-
ization, and determination of the presence or 
absence of specific nucleotide sequences. The 
technique takes advantage of the inherent ability 
of complementary strands of DNA or RNA from 
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different sources to hybridize. In situ hybridiza-
tion is based on the principle of annealing a 
labeled nucleic acid probe to complementary 
sequences within cells or tissue mounted (in 
situ) on a microscope slide. “Fluorescence” 
refers to the ability to emit light from a reaction 
within the emitter that renders the visualization 
of the probe under the microscope possible. 
Among its advantages in comparison to conven-
tional cytogenetic techniques that require live 
mitotic cells is its ability to be applied to all 
nucleated cells or tissues given that the target 
nucleic acid is not degraded, can be mounted on 
a slide, and is accessible to the probe. It is a 
molecular based assay, and therefore is highly 
sensitive and specific, with a speedy assay time. 
FISH on nuclear DNA is a powerful tool in the 
identification of chromosome aneuploidies, seg-
mental gains or losses of chromosomes, rear-
rangements, gene fusions, and gene 
amplifications. It can also be applied for the 
characterization of the highly rearranged chro-
mosomes often present in karyotypes of cancer-
ous cells.

In all its applications, the FISH procedure 
involves mounting of the specimen on the slide, 
preparation of the sample, design and choice of 
probe, pre-hybridization measures, hybridization 
step, post-hybridization washing of the slides, 
and microscopic analysis. All these steps shall be 
reviewed with special attention to the problems 
that may arise during the procedure. A major 
limitation of FISH is the limited number of 
probes that can be simultaneously applied and 
analyzed. The evolution of other molecular cyto-
genetic techniques such as multiplex FISH, spec-
tral karyotyping, or array-based comparative 
genomic hybridization has overcome this limita-
tion. We shall discuss these techniques briefly 
and the potential that they offer for the future.

30.1.1  Materials

FISH involves the application of nucleic acid 
probe/probes to complementary DNA in cells 
and tissues. Towards this end a direct or indirect 
fluorescent-labeled probe and a sample of cells, 

tissue, or metaphase spreads fixed on micro-
scopic slides are required. We will proceed to 
consider each of these requirements separately.

30.1.1.1  Target Samples
Of the major advantages of FISH is the wider 
range of samples that it can be applied to in com-
parison to cytogenetic. Theoretically, it is possi-
ble to perform DNA FISH on any nucleated cell 
that can be adhered or fixed onto a microscopic 
slide. This encompasses all cells including those 
suspended in fluid such as peripheral blood, those 
obtained by smear preparations such as buccal 
smear or from disassociation of fresh tissue such 
as lymph nodes, and even those processed from 
cut sections of frozen tissue and paraffin- 
embedded tissue.

Compared to other molecular techniques the 
major advantage of FISH is its inherent capacity 
to present visual evidence of the location of the 
target and its microscopic morphology. As a 
result, in addition to the presence/absence of the 
target we can establish the location of the target 
within the chromosomes, cells, or tissue and their 
identity.

Essential requirements are first the integrity of 
the DNA in the nuclei of the cells of interest and 
second the preparation of a monolayer of these 
cells. Both conditions are necessary to allow the 
probe to penetrate the cells and hybridize to the 
DNA and then for the visualization of the signals 
within the nuclei. Processing of the samples and 
slide making is most often specific to the nature 
and type of sample.

30.1.1.2  FISH Probes
FISH probes are designed for three basic groups 
of DNA sequences: repetitive sequences such as 
centromeres, telomeres, NOR regions, non- 
repetitive sequences such as chromosome- 
specific centromeric regions, whole-chromosome 
arms or whole chromosomes, and locus-specific 
sequences.

Centromere probes are either universal or 
chromosome specific. The universal probe is 
designed to hybridize with the alphoid satellite 
DNA of centromeric region common to all cen-
tromeres and will hybridize to all centromeres 
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and the long arm of chromosome Y simultane-
ously. A chromosome-specific centromeric probe 
is designed to hybridize the sequences adjacent to 
the alphoid DNA of the centromere and specific 
to the chromosome in question. Certain chromo-
somes have regions of homology in the sequences 
adjoining their centromeric DNA, for instance 
chromosomes 13 and 21, thereby resulting in 
cross-hybridization.

Telomere probes are designed to hybridize the 
repetitive TTAGGG sequence common to all 
chromosomes. Subtelomeric probes however are 
unique to each chromosome and designed to 
hybridize with the unique sequences adjacent to 
the telomere on the short and long arms of the 
chromosome. They can be used to identify rear-
rangements involving the most distal regions of 
the chromosome arms. Their only limitation in 
many cases is their smaller size in comparison to 
many other probes.

NOR probes are designed to hybridize the 
ribosomal DNA sequences on the short arms of 
acrocentric chromosomes. As there is no varia-
tion in these sequences they are not chromosome 
specific and cannot be used to identify the chro-
mosomes. Whole band, arm, or chromosome 
FISH probes are a series of locus-specific probes 
designed to cover the whole length of the region 
to be identified.

Locus-specific, gene-specific probes are 
designed to hybridize the sequences within or 
adjacent to specific genes or regions of interest. 
Increased GC content of the sequence will 
increase the specificity of hybridization.

30.1.1.3  Probe Types
Probes used in molecular biology are invariably 
RNA or DNA sequences, usually 100–1000 nucleo-
tides, complementary to a specific DNA sequence. 
The sequence should be long enough to ensure spe-
cific bonding without causing physical impedi-
ments. In general, the longer the probe the more 
specific the bonding, yet inversely the lower the 
intensity of the signal in certain tissues due to the 
physical barriers impeding penetration of the probe.

There are various options in the choice of 
probes, DNA or RNA, and when DNA, single or 
double stranded. Probe labeling with fluorescent 

tags can be done directly or indirectly. The require-
ments of the analysis will determine to a great 
extent the choice of probes as there are advantages 
and disadvantages for each probe type.

RNA Probes
RNA probes are invariably synthesized by in vitro 
transcription with incorporation of fluorescent- 
labeled nucleotides [2]. Despite the fact that RNA 
probes have the advantage of being single stranded 
with less chance of reannealing, a higher fluoro-
phore incorporation yielding higher signal inten-
sity per size, and a relatively higher thermodynamic 
stability compared to DNA probes, they are less 
commonly used for DNA targets as they produce 
high levels of background.

DNA Probes
DNA probes can be synthesized and labeled as 
single-stranded or double-stranded probes. 
Double-stranded DNA probes are more stable as 
they will reanneal and thus do not require freez-
ing, but will need to be denatured before applica-
tion to the target. Single-stranded DNA probes, 
however, are less thermodynamically stable and 
will require freezing; yet they are more densely 
labeled in comparison to the double-stranded 
probes. The amount of incorporated labeled 
nucleotides will determine the signal intensity of 
the probe.

Single-stranded DNA probes can be prepared 
by primer extension on single-stranded template 
[3] by PCR [4], or by chemical synthesis of oli-
gonucleotides. Chemical synthesis of oligonu-
cleotides leads to oligomer probes usually 
ranging from 18 to 50 rarely up to 100 nucleo-
tides. To compensate for the short length of these 
probes and hence the low signal intensity for in 
situ applications they may be designed in a series 
of probes sequentially complementary to the 
target.

Double-stranded probes are synthesized by 
nick translation [5], random priming [6], or poly-
merase chain reaction (PCR) [7] in the presence 
of a labeled nucleotide.

Major sources of locus- or gene-specific DNA 
probes are plasmid, BAC, PAC, or YAC, clones 
from the human genome library. A challenge in 
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the use of these probes is the presence of repeti-
tive DNA sequences that could lead to cross 
hybridization or background and need to be elim-
inated from the reaction by the use of Cot-1 
human DNA during hybridization.

Labeling of Probes
Fluorescent labeling of probes involves a process 
by which the nucleotides incorporated into the 
probe are chemically conjugated to a fluorophore, 
“direct labeling,” or to a molecule that can bind to 
a fluorophore “indirect labeling.” Despite the fact 
that indirect labeling has the potential for produc-
ing more intense signals compared to the direct 
labeled probes, the added incubation steps, and 
the higher background produced by nonspecific 
binding of the antibodies to the slide and the 
specimen itself, direct labeling is more often the 
choice in medical applications.

A range of fluorophores are used for the label-
ing of the probes. Most commonly used probes are 
labeled with fluorophores emitting signals in the 
visual spectrum of red (TRITC/spectrum orange/
Texas Red) and green (FITC/green). Many other 
commercially available probes may also incorpo-
rate a third color of blue (Aqua). It is highly recom-
mended to choose microscopic filters appropriate 
to the optimal emission range for the probes being 
used as a fluorophore may not be optimally detected 
with another filter for the same color.

30.1.2  Methodology

30.1.2.1  Sample Preparation
A good sample preparation will ensure proper 
hybridization and enable accurate analysis of 
results. It is therefore more provident to take time 
to prepare well-spread specimens in the case of 
suspension samples, and sufficiently exposed 
nuclei in the case of smears and paraffin- 
embedded preparations. Here we present briefly 
the basic principles.

Suspension Cell Preparation
Cells suspended in fluid most often used for FISH 
include peripheral blood, bone marrow, and occa-
sionally other fluids such as pleural effusion. To 

obtain proper mounting of cells to enable effi-
cient probe hybridization and enough number of 
cells, there are various methods that will vary 
according to laboratory experience. It is impor-
tant to prepare slides with sufficient number of 
the cells of interest while at the same time elimi-
nating those cells that are not of interest.

For peripheral blood and bone marrow sam-
ples which are the most frequently used suspen-
sion samples in the study of hematological 
disorders, it is helpful to eliminate the red blood 
cells before fixing the sample onto the slide. This 
will help eliminate unnecessary background 
noise. One method is to prepare the sample 
according to routine cytogenetic harvesting pro-
cedure which includes the use of KCL hypotonic 
solution. The resulting swelling will eliminate 
the cytoplasm. The pellet is fixed with Carnoy’s 
fixative solution which lyses the red blood cells 
prior to slide making.

Alternatively, one can use FICOLL to elimi-
nate the red blood cells and prepare direct smears 
of the cells. The advantage of this technique is 
that it will maintain the structure of the cell and 
enable recognition of the leukemic cells. For 
instance in the case of multiple myeloma where 
the plasma cells are the cells to be studied, 
 maintenance of the cellular structure and visual 
recognition of these cells by cIG FISH are essen-
tial for the efficiency of the study.

For many studies and samples as in the study 
of multiple myeloma, enrichment of the affected 
cells, i.e., plasma cells, may be necessary and 
should be done accordingly. For T-cell or B-cell 
lymphocytes a 48–72-h culture with appropriate 
mitogens such as phytohemagglutinin M and 
pokeweed, respectively, will increase the cell 
count. The maintenance of a backup culture of 
the sample regardless of the indication may prove 
to be beneficial.

Smear Preparation
In many cases, we are able to obtain slides from 
fresh tissue such as lymph nodes or tumoral tis-
sue prior to fixing in formalin for pathological 
study. The advantage of these preparations is the 
lack of fixation and the structural changes result-
ing from formaldehyde treatment. However, this 

R. Karimi-Nejhad and A. Ghanadan



715

is limited to use for tumors that have distinct 
gross appearance and do not rely on microscopic 
identification and separation of the malignant 
cells, for example in large neuroblastomas.

Solid Tumor Preparation
Most solid tumors will be referred for FISH tests 
following initial pathological study and in many 
cases after immunohistochemistry has been com-
pleted. Therefore they are commonly embedded 
in paraffin blocks. For appropriate FISH study it 
is essential that certain criteria be taken into 
account in the preparation of these blocks. The 
process of fixation can greatly influence the effi-
ciency of hybridization of probes. The most com-
monly used fixative is formalin at optimal 
concentration of 4% formaldehyde w/v and pH of 
6.8–7.2.

The maintenance of these optimal conditions 
will determine to a great extent the efficiency 
with which FISH and in general all ISH tech-
niques can be applied.

30.1.2.2  Pre-hybridization Treatment
All samples will require various degrees of pre-
treatment to make the DNA in the nuclei accessi-
ble to the fluorescent probe and to eliminate the 
autofluorescence that could result from poor or 
insufficient digestion of slides. The extent and 
nature of pretreatment required will depend on the 
nature of the sample, its cellular density, protein 
content, and the process of slide making including 
the time and manner of fixation. It is always fortu-
itous to spend time on trying to obtain an appropri-
ate sample prior to hybridization as this will 
determine to a great extent the success of the anal-
ysis following hybridization. In our experience 
this might require several attempts at digestion and 
subsequent application of DAPI and microscopic 
evaluation of the efficiency of digestion by deter-
mining the degree of visible background or cellu-
lar fluorescence using the various filters.

Most protocols will involve a drying process 
where the slides are incubated in an oven at 
50–80 degree centigrade prior to pretreatment. 
The time of incubation will depend on the age of 
the slides and the ambient humidity. This helps to 
eliminate any excess water that may be retained 

on the slide which will trap the probes and result 
in nonspecific background signal. It also helps to 
maintain the morphology of the nuclei and 
chromatin.

Following all pretreatment protocols the slides 
are dehydrated by a serial ethanol wash prior to 
applying the probe.

We will review the basic principles and proto-
cols for the various sample types. Although there 
are many commercially available kits for the pre-
paratory steps, they all follow the same basic 
principles that we will address and present here. 
The whole procedure is highly dependent on the 
specimen and the sample. We find it to be benefi-
cial to work through the procedure by a series of 
trial-and-error attempts to obtain a working base-
line protocol for the laboratory.

Suspension Samples
The slide making process should attempt to elim-
inate the unwanted cells and to retain the cells of 
interest facilitating analysis. It is often necessary 
to further eliminate any cytoplasmic debris or 
proteinaceous material that could interfere with 
the penetration of the probe. Treating the slides 
with mild proteinase digestion enzymes such as 
proteinase K or trypsin or simply washing in 
diluted glacial acetic acid will often prove to be 
sufficient. The concentration of the enzyme, the 
time of exposure, and the temperature will deter-
mine the extent of digestion and may require suc-
cessive attempts before the optimal result is 
obtained.

Tap/Smear Preparations
The pre-hybridization procedure for fresh sample 
preparations is basically the same as for suspen-
sion samples. Archival sample preparations and 
smears may require further processing. For exam-
ple, at times, fresh blood and bone marrow speci-
mens may not be available for FISH studies and 
the smears prepared for morphological study at 
diagnosis will provide the only material that can 
be used. In these cases, it is best to remove the red 
blood cells of the slides by immersing the slides in 
Carnoy’s fixative prior to pretreatment. This not 
only removes the red blood cells but it will also 
ensure further fixation and hardening of the cells.
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Solid Tissue Samples
Working with paraffin-embedded specimens is 
probably by far the most challenging of all FISH 
procedures. The diversity of the specimens, their 
cellular composition and density, their protein 
content, and the different fixation processes that 
the specimens have been exposed to will deter-
mine the extent and strength of pretreatment 
measures and their success.

The most commonly used fixative for tissue 
preservation is formaldehyde. Formaldehyde can 
react with groups on lysine, arginine, cysteine, 
tyrosine, threonine, serine, and glutamine form-
ing reactive complexes which may combine with 
each other forming methylene bridges (cross- 
links) or with hydrogen groups [8]. Though 
washing the tissue after formalin fixation can 
reverse some of these reactions important cross- 
links will remain and are deterrent in the acces-
sibility of DNA to the probe [9]. To be able to 
perform FISH on these specimens it is necessary 
to effectively remove these cross-links and to dis-
solve the protein structures, thus making the 
nuclei accessible to the probes. The efficiency 
with which this can be done is greatly affected by 
the length of time of fixation which should not 
optimally exceed the 24 h, temperature of fixa-
tion process, and appropriate buffering of the for-
malin preparation.

The first step in preparation of FFPE speci-
mens for FISH is the deparaffinization which is 
usually done by immersing the slides in serial 
xylene solutions. The slides are dehydrated again 
by immersion in 100× ethanol and air-dried.

Treatment with acid will help remove the his-
tones from the DNA and to deproteinize the chro-
matin. Most often 0.2 HCl is used followed by 
rinsing the slides in water and sodium chloride, 
and trisodium citrate dihydrate solution (SSC).

This step is followed by chaotrope treatment 
which involves compounds that will disrupt the 
molecular structures that stabilize the proteins, 
nucleic acids, and polysaccharides. This treat-
ment is necessary for the removal of the protein 
cross-links that result from the fixation in formal-
dehyde and will deter the process of hybridiza-
tion of the probe to the DNA. The most commonly 
used compound is preheated 1 M sodium thiocy-

anate and 1 M NaSCN solution. After this step 
we will proceed with proteinase digestion of the 
protein as we do with all other slides.

The time of exposure to the various steps and 
the concentration and the temperature of the 
solutions will vary according to the sample and 
may be achieved for various specimens through 
trial-and-error attempts. Again, it is worthwhile 
to spend time at this stage to ensure proper expo-
sure of the nuclei and appropriate elimination of 
the protein in order to reduce the 
autofluorescence.

30.1.2.3  Hybridization
The concept of hybridization is simple and com-
mon to all samples and probes. We need to dena-
ture the DNA of the probes and the target samples, 
and thereafter incubate them together under 
appropriate conditions allowing for hybridization 
to take place. These conditions need to be strin-
gent enough to prohibit nonspecific binding and 
yet provide enough chance for the probe to find 
its target.

All commercial probes provide protocols, and 
are common in the basic concepts. The basic 
steps will invariably include a denaturation step. 
To denature the DNA of the sample and the 
probe, both will have to be brought to the DNA 
denaturation temperature of 94–95 degree centi-
grade. This can be done for the specimen slide by 
placing the slide on a heating block and giving it 
enough time to ensure that denaturation of DNA 
has taken place without leaving the slides to dry 
causing damage to the nuclear framework. We 
can denature the probe by placing the tube con-
taining probe suspended in hybridization buffer 
in a heating block at same temperature, or as is 
more commonly done we can co-denature by 
placing the probe on the slide and denaturing 
them together on heating block.

Once the probes have been denatured, we can 
proceed with the hybridization step, which will 
involve incubating the specimens with the probe 
in a humid setting at 37–40 degree centigrade for 
a few hours to overnight. The time should be long 
enough for the specific hybridization of the probe 
to take place. We must ensure that there is enough 
hybridization buffers to allow for the hybridiza-
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tion to take place in a moist and humid setting 
such that the slides do not dry and maintain the 
probes in liquid suspension.

30.1.2.4  Post-hybridization
Following the hybridization procedure it is essen-
tial to remove all nonspecific probe and hybridiza-
tion buffer from the slides prior to microscopic 
analysis. Again, most commercial probes will have 
suggestions and protocols for the wash procedures. 
These steps will invariably include an initial wash 
procedure that involves removal of the slide cover 
and the hybridization buffer from the slide. This 
step is usually followed by a wash procedure aimed 
at removing all nonspecifically bound probes by 
submerging the slides in a preheated solution most 
often in the 70 degree centigrade range.

The following steps are concentrated on the 
removal of all salt solutions and crystals from the 
slide surface. The slides are often air-dried and 
thereafter ready for microscopic analysis. It is 
highly recommended to analyze the slides imme-
diately following the wash procedures.

30.1.2.5  Counterstaining
In most FISH studies, the nucleophore DAPI 
counterstain is used which will stain the nucleus 
uniformly enabling us to visually see the whole 
nucleus and to recognize the specific signals 
within them.

30.1.3  Microscopy/Analysis

Basis of fluorescent analysis of specimens relies 
on the expertise of the technologist and the 
appropriate equipment. It is essential to use 
appropriate filters for the wavelength of the fluo-
rophores of the probes being used. We highly rec-
ommend checking and choosing the optimal filter 
for each probe to ensure easier analysis of the 
signals under the microscope. For instance the 
red fluorophore platinum bright 590 with excita-
tion at 587 and emission at 612 is best seen with 
the Texas Red filter with excitation filter of 
580/25 and emission filter of 625/30 and not with 
the TRITC/orange filter that has excitation at 
546/22 and emission at 590/23, which would in 

turn be more appropriate for the red fluorophore 
platinum bright 550 with excitation at 550 and 
emission at 580.

Most laboratories involved in the handling and 
interpretation of FISH results will find it neces-
sary to invest in FISH imaging cameras and soft-
ware, which will facilitate the interpretation, 
analysis, and storage of data and results.

30.1.3.1  Interphase
In many instances, especially when dealing with 
archival material, we have only interphase cells for 
analysis and it is especially important to choose 
them appropriately, as results can otherwise be 
misleading. First, we must identify and choose the 
cells of interest for exclusive scoring. For suspen-
sion preparations, this may involve a pre-slide 
making selection method such as cell sorting or 
may require the identification of the cells by 
immunohistochemical staining. At times, the pop-
ulation of the malignant cells is so  abundant that 
by scoring appropriate numbers of interphase 
nuclei we are able to establish with relative cer-
tainty the inclusion of the clone of interest.

For slides prepared from paraffin-embedded 
tissue it is customary to locate the area with the 
highest population of tumoral cells on H&E 
preparations of same specimen prior to or simul-
taneously with the analysis.

Second, the analyst must strive to locate intact 
nuclei that have the least degree of folding or 
overlap with other nuclei/cells, thereby decreas-
ing the likelihood of extra or lost signals. The 
number of signals is scored within the selected 
nuclei and theoretically corresponds to copy 
numbers of the regions of DNA homologous to 
the probes (Fig. 30.1).

Another consideration in the study of nuclei in 
slides prepared from paraffin-embedded tissue is 
the fact that there is the possibility of broken 
nuclei. In the sectioning of cells, there is always 
the possibility of losing signals because of the 
segmentation of the nucleus. This can be com-
pensated for most efficiently by scoring a larger 
number of cells and in some cases by including 
only cells in the study that have appropriate num-
ber of control signals.
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Fig. 30.1 Digestion of the preparation made from 
formalin- fixed paraffin-embedded tissue is extremely 
crucial in the success of FISH analysis as it will make 
the nuclei accessible to the probe. It is therefore worth-
while to invest time on proper digestion and time allow-
ing to proceed with consecutive trial and errors. It is 
possible to check the success of the digestion by viewing 
the slide under the microscope with DAPI staining. (a) 
The tissue is not properly digested and as can be seen the 
nuclei are not individually visible but appear as a clump. 

(b, c) The tissue has been overdigested and the morphol-
ogy of the nuclei has been compromised creating holes. 
There is the risk of loss of signals in these samples. (d) 
The tissue is properly digested and the nuclei are intact 
but separately visible. (e, f) As a result of underdigestion 
there is extreme autofluorescence. This can be viewed 
under the microscope prior to hybridization of the probe 
by checking the tissue preparation following digestion 
using various filters
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30.1.3.2  Metaphase
The application of FISH for metaphase chromo-
somes is only possible on mitotic cells following 
culture. In the study of malignant processes this 
is most often used for study of leukemia and 
chronic proliferative processes. Obtaining meta-
phase from solid tumors is a more difficult pro-
cess and involves the processing of fresh tissue 
specimens prior to any fixation.

Often, FISH study of metaphase spreads is lim-
ited to those cases where a karyotype has already 
been studied. FISH may be performed for clarifi-
cation of findings in metaphases. It is a useful tool 
for the study of the difficult-to-interpret karyo-
types, where a rearrangement is suspected but can-
not be conclusively defined. The advantage of 
having a karyotype on which to do the FISH study 
is that a single probe may help determine the sec-
ond partner chromosome on the karyotype without 
the necessity of going through a range of probes to 
identify the partner chromosome (Fig. 30.2).

At other times, it may be performed for the 
identification of cryptic rearrangements that are 
not detectable in routine cytogenetic analysis 
(Fig. 30.3).

30.1.3.3  Probe Design
One of the greatest achievements of molecular 
cytogenetics has been the advent of multicolor 
FISH, which allows for the use of different fluo-
rophores simultaneously. The combination of 
the fluorophores has made possible variations in 
the design of probes specific to the needs of the 
case to be studied. Most FISH probes used in 
medical applications today are locus-specific 
probes and it is common practice to include a 
control probe labeled with different fluorophore 
in each FISH experiment. The control probe can 
be another locus-specific probe on the same or 
another chromosome. The variable design of the 
combination of these probes and their labeling 
will determine the application and the informa-
tion that can be derived from the FISH 
procedure.

Enumeration Probes
These probes are designed with the intention of 
determining the copy number of a chromo-
some, region, or gene. They can therefore be 
centromeric probes, region-specific probes, or 
as is often the case locus-specific probes. The 
probe is often labeled with a given fluorophore 
emitting a red/green signal under the micro-
scope and often there will be a second probe, 
which may or may not be on the same chromo-
some to be used simultaneously as the control, 
which is labeled with the other fluorophore 
red/green that has not been used. These probes 
can be used to count the copy number of a 
given chromosome, or a specific gene. For 
example, gain of chromosome 8 is a common 
finding in myelodysplastic syndrome, or acute 
myeloid leukemia. It is possible to count copy 
numbers of chromosome 8 by using the FISH 
probe that is designed for centromere of chro-
mosome 8 labeled in one color fluorophore 

Fig. 30.2 Post-transplant chimerism was quantitated 
using Kreatech SE X(DXZ1)/SE Y(DYZ3) sex chromo-
some centromeric probes. The test is often requested for 
sex mismatch transplant as a designation of the success of 
the graft. In this case the donor is XX demonstrated by the 
cells with the two green signals, and the recipient is XY, 
those cells with one green and one red signal
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along with a locus-specific probe designed for 
MYC on 8q24 labeled in another color fluoro-
phore. The presence of extra copies of both 
 signals will suggest the presence of an extra 
copy of the chromosome 8. Loss of the p53 
 tumor- suppressor locus is often an adverse 
finding in many tumorigenic processes and is 
analyzed using enumeration probes specific for 
the locus along with a control probe that may 
or may not be on the same chromosome 
(Fig. 30.4).

Break-Apart Probes
Break-apart probes are most often used for the 
identification of rearrangement involving a spe-
cific gene of interest. Two probes are designed 
in close proximity to each other, most often 
within or flanking a given gene of interest and 
each probe is differentially labeled with green/
red fluorophores. When there is no rearrange-
ment we obtain a fused signal whereas in the 

Fig. 30.4 FISH performed on plasma cells identified by 
cIG FISH using Poseidon Kreatech P53 enumeration 
probe. The gene locus is labeled in red and the centromere 
is labeled in green as control. As evident, there are two red 
and two green signals indicating that there has been no 
loss of the p53 locus

ba

Fig. 30.3 Rearrangement of 11q23 was suspected in an 
otherwise apparently normal karyotype. To identify the 
partner chromosome FISH was performed using 
POSEIDON Kreatech MLL break-apart probe (a). The 
fused signal was observed on normal chromosome 11. A 

green signal corresponding to centromeric region of the 
MLL gene was present on the rearranged chromosome 11 
while the distal region of MLL gene presented by the red 
probe was present on the short arm of chromosome 9 
identified on the karyotype (b)
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case of a rearrangement of the gene we would 
expect a visible separation of the signals in 
excess of the size of one signal. This is used for 
the identification of rearrangements of highly 
active and oncogenic loci such as MYC, IGH, 
and EWS. These loci have multiple rearrange-
ment partners but their involvement is the driv-
ing oncogenic factor. One FISH probe will 
identify this involvement; further testing for the 
partners can be sequentially performed when 
and if warranted. For example, EWS–FLI1, 
resulting from t(11;22) (q24;q12), is seen in 
approximately 85% of cases of ES/
PNET. Variant fusions of EWS with other ETS 
family genes—ERG (at 21q22), ETV1 (7p22), 
E1AF (17q12), and FEV (2q33)—have been 
found in rare cases of ES/PNET. Using a EWS 
break-apart probe will potentially detect both 
kinds of rearrangements in one assay. There 
does not seem to be any prognostic difference in 
the various rearrangement partners; therefore, in 

many cases, evidence of the EWS rearrange-
ment will suffice in the confirmation of diagno-
sis (Fig. 30.5).

Fusion Probes
Fusion probes are used for the identification of 
one or two fusion products resulting from a chro-
mosomal rearrangement involving two loci from 
two different chromosomes. The probe/s on each 
chromosome will be labeled in the same color 
while those on the second chromosome will be 
of a different color. They often span or flank the 
breakpoint at the site of the rearrangement. 
These probes can be designed for the detection 
of the one tumorigenic fusion product and are 
called single fusion, or they can be designed to 
identify the additional second fusion on the 
reciprocal chromosome and are called dual-
fusion probes. In the first case, the probes will 
target two regions flanking the gene of interest 
on the one chromosome and one region within or 
flanking the other gene of interest on the second 
chromosome. Most often the chromosome that is 
bearer of the tumorigenic fusion product will 
have a single probe and bear the fusion signal in 
the case of a rearrangement. In the case of dual-
fusion probes, probes are targeted to two 
sequences within or adjacent to each of the two 
genes or breakpoints of interest one on each 
chromosome.

The advantage of using the dual-fusion 
probes for detection of fusion gene products is 
that it will convey additional information that 
may influence the interpretation. It can demon-
strate the break-apart of one gene in the 
absence of the fusion product for which it is 
being tested (Fig. 30.6). For example a probe 
designed to detect the t(8;14) MYC/IGH rear-
rangement will also detect MYC rearrange-
ment in the absence of IGH rearrangement and 
vice versa by showing an extra signal corre-
sponding to the rearranged gene without a 
fusion signal.

It can identify amplification of the fusion gene 
product, for example extra copies of the BCR/
ABL fusion gene product as shown in Fig. 30.7 in 
a case of acute-phase CML.

Fig. 30.5 FISH on paraffin-embedded tissue using 
POSEIDON Kreatech EWS 22q11.2 break-apart probe. 
Among the nuclei present in this setting we would choose 
the nuclei that have no overlap with other cells. The probe 
is designed such that any rearrangement of the EWS locus 
(fused signal) will lead to separation of the signals
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30.1.4  Other FISH/Labeling 
Techniques

30.1.4.1  Chromosome Painting/
Multiplex FISH

Chromosome painting refers to the hybridization 
of a series of probes complementary to the whole 
length of chromosomes allowing the visualiza-
tion of all regions of that chromosome in meta-
phase spreads [10]. These complex DNA probes 
are derived from a single type of chromosome 
following flow-sorting or microdissection, subse-
quent amplification, and labeling by degenerate 
oligonucleotide polymerase chain reaction [11]. 
It enables the identification of numerical and 
structural aberration of whole chromosomes, but 
it cannot identify intrachromosomal rearrange-
ments including deletions, duplications, and 
inversions. It is a strong tool for the detection of 
rearrangements, especially complex ones that are 
difficult to characterize in cytogenetic analysis.

Whole-chromosome painting is available for 
every human chromosome, allowing the simul-

taneous painting of each of the 24 chromo-
somes in distinguishable fluorescent colors. 
This capacity gave rise to two independent 
FISH techniques, multiplex FISH (M-FISH) 
[12] and spectral karyotyping (SKY) [13]. In 
both techniques, all 24 chromosomes are differ-
entially labeled, and images are collected with 
a fluorescence microscope that has filter sets for 
each fluorochrome, and a combinatorial label-
ing algorithm allows separation and identifica-
tion of all chromosomes, which are visualized 
in characteristic pseudo- colors [14]. M-FISH 
and SKY both rely on  digital imaging equip-
ment and appropriate software for discriminat-
ing the differentially labeled probes. SKY 
analyzes the spectral signature at each pixel of 
the image, while M-FISH uses specific narrow 
band-pass fluorescence filter sets for this dis-
tinction [15].

M-FISH and SKY have been most extensively 
used for the characterization of unbalanced 
 translocations, complex chromosomal rearrange-
ments, and marker chromosomes that are 

Fig. 30.6 FISH was performed using POSEIDON 
Kreatech t(8;14) MYC/IGH dual-fusion probes where the 
signals on MYC are labeled in red and the signals on IGH 
are labeled in green. In the reciprocal translocation of 
(8;14) where rearrangement occurs on both chromosomes, 
there are two fusion products MYC/IGH on chromosome 
8 and IGH/MYC on chromosome 14. In actual fact, there 
may be many variations of the rearrangement, where one 
chromosome may be lost or deleted, or fusion may be the 
result of an insertional rearrangement. In this case, there is 
only one fusion gene product and the second fusion prod-
uct has been lost

Fig. 30.7 FISH was performed using CYTOCELL 9;22 
bcr/abl dual-fusion probe. In a reciprocal translocation, 
two fused signals corresponding to the reciprocal rear-
rangement are expected. In this case in addition to the two 
fused signals there is an additional fused signal corre-
sponding to an extra copy of the Philadelphia chromo-
some which was present in the karyotype as an 
isochromosome
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common in solid tumors. The major limitations 
of these techniques are their expense and limited 
availability in general.

30.1.4.2  FISH/Immunohistochemistry 
Combined Techniques

For appropriate FISH study in many specimens, 
it is essential to identify the nuclei of the cells of 
interest to ensure the scoring of appropriate 
cells. Cell sorting prior to the sample prepara-
tion is an appropriate option, but may not always 
be possible. It is therefore advantageous to be 
able to identify the cells by another technique. 
One such technique is the use of immunohisto-
chemistry antibodies specific for the cells of 
interest prior to hybridizing with FISH probes. 
For example, in the study of plasma cells in 
multiple myeloma, it is possible to identify the 
cells by immunohistochemical staining of the 
cells with cIG. This is a promising technique for 
samples where the cells are not morphologically 
recognizable and require other identifiable 
stains.

30.1.5  Microarray Comparative 
Genomic Hybridization

Comparative genomic hybridization (CGH) is a 
molecular cytogenetic technique that was ini-
tially developed in 1992 and applied for the 
study of solid tumors [16]. It is a DNA-based 
test whereby DNA of the test sample and the 
DNA of a normal reference sample are differen-
tially labeled and jointly hybridized to a plat-
form. Initially, in CGH, the platform was a slide 
prepared from human metaphase preparations. 
The differential intensity of the signals from the 
two DNA samples hybridized to each chromo-
some was measured and compared using a fluo-
rescent microscope. The ratio of test DNA 
sample signal intensity to that of the reference 
was measured by software. This ratio was used 
to determine the copy number of the test 
genomic DNA for each chromosome segment. 
The resolution of the technique was limited to 
the resolution of the metaphase chromosomes 
which is around 5 Mbs.

Following the human genome project and the 
availability of the human genome library, the 
metaphase platform was replaced by a DNA- 
based platform [17]. In microarray-based com-
parative genomic hybridization, the slides are 
spotted with a microarray of genomic human 
DNA, supplied from BAC clones or synthesized 
oligonucleotides. The test and reference samples 
are differentially labeled as before, combined 
with Cot-1 human DNA, and hybridized onto the 
microarray slide. The microarray slide is scanned 
using a laser scanner and a ratio of the signal 
intensity for each spot determined by a software 
that recognizes the spots and their corresponding 
chromosomal and nucleotide location. The ratio 
of label signal intensity of test to reference sam-
ple will determine the copy number of the test 
sample for the genomic content represented by 
the spot. A ratio of 2:2 represents a diploid situa-
tion, a ratio of 3:2 represents a copy number gain, 
and a ratio of 1:2 represents a copy number loss.

The advantage of the microarray is the increased 
resolution and the limitless variation of the 
genomic content that could be spotted on the slide, 
whole genome, or targeted regions of the genome.

In recent years, array-based genomic compara-
tive hybridization has become a routine part of the 
analysis of the genomic content of many tumors. 
It is an objective reproducible assay with the com-
prehensive analysis of a karyotype at a much 
higher resolution and the sensitivity of molecular 
techniques. It is DNA based and can therefore be 
applied to any archival material as long as good-
quality DNA can be extracted. It has the advan-
tage of being able to explore various markers 
simultaneously in one assay. However, it is lim-
ited in that it will not detect balanced rearrange-
ments, ploidy changes, and low mosaicisms.

30.1.6  Clinical Application in Cancer 
Setting

FISH is a powerful and versatile diagnostic tool 
and its application in cancer setting has high clin-
ical significance for tumor diagnosis and progno-
sis [14]. FISH is a highly sensitive, specific, and 
rapid turnover method with a high efficiency of 
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hybridization and determination of transloca-
tions, deletions, inversions, and amplification of 
target genes [18]. FISH is usually applied in 
metaphase and interphase chromosomes for the 
study of hematologic malignancies and solid 
tumors, respectively.

Hematologic malignancies including leuke-
mia and lymphoma are frequently characterized 
by recurrent chromosome breakpoints that pro-
duce chromosomal rearrangement and transloca-
tion. The identification of specific translocations 
in many of these malignancies is possible with 
FISH method by finding fusion genes. In con-
trast, the vast majority of solid tumors are defined 
by a specific pattern of chromosome gains and 
losses that are tumor type specific. Here, we 
introduce most important chromosomal changes 
in hematologic malignancies and solid tumors 
diagnosed by FISH.

30.1.6.1  Hematologic Malignancies
FISH analysis in hematologic malignancies is a 
rapid and reliable complementary method to iden-
tify the specific chromosomal rearrangements in 
both mitotic and interphase cells, predict poor 
prognostic outcome, and determine the best thera-
peutic approach. FISH is regularly utilized as an 
initial assessment in conditions with normal 
karyotype, poor chromosome morphology, low 
mitotic activity of leukemic cells, and consider-
able karyotypic variability and complexity [19]. A 
more representative assessment of abnormal cells 
is provided when the proliferative activity is low 
or dividing cells do not represent the neoplastic 
clone [10, 20]. Monitoring of evolving cytoge-
netic abnormalities throughout the course of the 
disease allows clinicians to treat patients more 
effectively and assess their responses more effi-
ciently. They are also used to differentiate the het-
erogeneous nature of the leukemias, manifested 
by the different genetic subtypes. For example, 
some gains and deletions have prognostic and 
predictive value in hematologic malignancies 
including gain of 1q/1p in multiple myeloma 
(Fig. 30.8). For the detection of residual disease in 
patients with hematologic malignancies or after 
allogeneic bone marrow transplantation, inter-
phase FISH is the method of choice [20].

Here we represent some FISH probes usually 
applied in the hematologic malignancies with 
corresponding genes, functional sequence, and 
clinical outcome (Table 30.1).

30.1.6.2  Solid Tumors
In solid tumors, FISH is usually applied in the 
interphase cell nucleus for the simultaneous 
assessment of chromosomal aberrations, cellular 
phenotype, and tumor morphology [21]. 
Interphase FISH is analyzed on tumor cell smear, 
touch preparations, or formalin-fixed, paraffin- 
embedded tissue sections, thus enabling retro-
spective analyses and correlation of chromosome 
alterations with biological and clinical end points. 
Interphase FISH can screen large numbers of cells 
and identify chromosomal aberrations in a small 
subpopulation, thus providing the opportunity to 
identify early lesions and determine poor prog-
nostic outcome and the best therapeutic approach 
[19]. For example, assessment of HER2 by FISH 
method can be performed on paraffin- embedded 
tissue sections to determine gene amplification. 
HER2 status is primarily evaluated to determine 
patient eligibility for anti-HER2 therapy. It may 
identify patients who have a greater benefit from 
anthracycline-based adjuvant therapy. Some 
assays use a single probe to determine the number 
of HER2 gene copies present, but most assays 
include a chromosome enumeration probe 

Fig. 30.8 FISH was performed using Kreatech 
1p36/1q21 probes. There are multiple copies of both 
green and red signals compatible with additional copies of 
both arms of chromosome 1. The gain of 1p/1q is a prog-
nostic factor in multiple myeloma
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(CEP17) to determine the ratio of HER2 signals 
to copies of chromosome 17 (Fig.  30.9). 
Overexpression of HER2 is both a prognostic and 
predictive factor but it should be underlined that 
in situ component of breast carcinoma has no pre-

dictive value and FISH analysis should be per-
formed on the invasive carcinoma (Fig.  30.10). 
Prolonged fixation in formalin, decalcification, 
and insufficient protease treatment of tissue are 
factors to obtain negative result.

Table 30.1 FISH analysis in hematologic malignancies with corresponding gene and clinical outcome

Disease Chromosomal abnormality Fusion gene/function Clinical outcome
Myelodysplastic 
syndrome

Deletion of 5q, 20q, loss of 
chromosome Y

Low-risk disease

Trisomy 8 Intermediate risk
Complex karyotype (abnormality 
of chromosome 5, 7), del (7q)

Poor prognosis

ALL, B-cell type t(12;21) CBFα-ETV6
ALL, T-cell type Diverse chromosomal 

translocation
NOTCH1

Chronic lymphocytic 
leukemia (CLL)

del (13q) Low-risk disease
Trisomy 12, del (6q) Intermediate risk
del (11q), del (17q), 
Rearrangements of 14q32

Poor prognosis

CML t(9;22) (q34;q11) BCR-ABL 
rearrangement

AML t(8;21), t(15; 17), inv.(16), t(16; 
16)

Favorable group

Gains of chromosomes 6, 8, 11, 
13, 21, and 22; loss of the Y 
chromosome; del (7q, 9q, 12p, 
and 20q)

Intermediate group

−5, −7, del (5q), inv. (3), t(3; 3), 
t(9; 11), t(11; 19), 20q, 21q, del 
(9q), t(9;9) and t(9; 22)

Poor prognosis

Therapy-related AML t(3;5) AML1-ETO 
rearrangementt(8;21)(q22;q22)

Multiple myeloma del (13q), and 17p, and 11q 
rearrangements

Unfavorable cytogenetic 
abnormalities

t(11;14) CCND1-IGH 
rearrangement 
Cyclin D1 
overexpression

Good prognosis in patients 
receiving high-dose 
chemotherapy and stem cell 
transplant

t(4; 14) MMSET-FGFR3 Poor prognosis after 
high-dose therapy

Burkitt’s lymphoma t(8;14)(q24;q32) MYC-IGH
t(8;22)
t(2;8)

Mantle cell 
lymphoma

t(11;14) CCND1-IGH 
Cyclin D1 overexpression

Extranodal marginal 
zone lymphoma

t(11;18) MALT1-IAP2
t(1;14) BCLW-IgH
t(14;18) MALTl-IgH

Anaplastic large-cell 
lymphoma

t(2;5) NPM-ALK 
Constitutively activation 
of various signaling 
pathways

Follicular lymphoma 
and B-cell lymphoma

t(14;18)(q32;q21) IGH-BCL2 
BCL2 overexpression
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< 1.8 Not amplified.
Negative FISH scoring

> 2.2 Amplified
Positive FISH scoring

Fig. 30.9 Identification of HER2 with FISH. Her2/Neu 
amplification is measured by calculating the ratio of 
locus-specific signals to the centromere-specific probes. 
The latest CAP/ASCO guidelines specify positive HER2 
amplification as FISH ratio higher than 2.2 or HER2 gene 
copy greater than 6.0 and negative HER2 amplification as 
FISH ratio lower than 1.8 or HER2 gene copy less than 

4.0. FISH ratios of 1.8–2.2 or HER2 gene copy of 4.0–6.0 
are considered as equivocal. In these images, Her2/ 
Neu locus is labeled in red and the centromere is labeled 
in green. In the first image the ratio is less than 1.8 com-
patible with negative amplification and in the second 
image ratio is greater than 2.2 and compatible with 
amplification

a b

Fig. 30.10 The overview of the tissue and the selection 
of regions for performing FISH counts are essential in 
the interpretation of tumoral variations. It is important 
to analyze only those tumoral cells that are of value in 
the proliferation of the line. The above left images are 
overviews of tissue prepared from an invasive breast 
adenocarcinoma. As seen in the DAPI images there are 
multiple in situ foci. The cells within those in situ for-

mations are shown on the right after application of 
Her2/Neu probe. As can be seen, there is amplification 
of the signals in these cells whereas the surrounding tis-
sue is negative for amplification. The inclusion of these 
cells in the final count will affect the interpretation 
resulting in a false positive, as in situ formation is not 
representative of the tumoral population and should not 
be included
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Genomic comparative hybridization offers an 
elegant, simple, and fast procedure and has become 
a routine part of the analysis of the genomic con-
tent of many tumors. The greatest impact of CGH 
is on the analysis of solid tumors and lymphomas 
whose study by conventional cytogenetics has 
been limited. Genomic analysis of DNA extracted 
from formalin-fixed, paraffin- embedded tissue 
allows the retrospective identification of chromo-
somal aberrations, and thus facilitates the correla-

tion of cytogenetic findings with tumor phenotype, 
clinical course, and prognosis [22]. As with any 
technique, CGH has its limitations: it cannot detect 
balanced chromosomal translocations, inversions, 
point mutations, and aberrations.

The applications of FISH in solid tumor 
including sarcomas, carcinomas, and neuroepi-
thelial tumors with corresponding gene and func-
tional sequence are denoted in Tables 30.2, 30.3, 
and 30.4.

Table 30.2 FISH analysis in some sarcomas with corresponding gene and functional sequence

Tumor Chromosomal abnormality Involved gene/function
Alveolar soft-part sarcoma t(X;17) ASPSCR1-TFE3
Clear-cell sarcoma t(2;22)(q34;q12) EWSR1-CREB1
Dermatofibrosarcoma 
protuberans

Ring chromosome, t(17;22) PDGFRB

Desmoplastic small round-cell 
tumor

t(11:22)(p13;q12) EWSR1-WT1

Endometrial stromal tumor t(7;17) JAZF1-JJAZ1
Ewing sarcoma/PNET t(11;22)

t(21;22), t(7;22), t(17;22)
EWS-FLI1/activates transcription factor FLI1

Fibromatosis del 5q APC inactivation
Inflammatory myofibroblastic 
tumor

Translocation of 2p23 ALK overexpression

Liposarcoma
    Well differentiated/
dedifferentiated

Ring chromosome 12, 
amplification (12q15)

MDM2 amplification

    Myxoid-round cell type t(12;16) FUS-DDIT3
t(12;22) DDIT3-EWSR

Solitary fibrous tumor Inversion NAB2-mediated constitutional activation of 
ERG transcription factors

Synovial sarcoma t(X;18)(p11.2;q11.2) SYT-SSX1/SYT-SSX2
t(X;20)(p11.2;q13) SS18L1-SSX1

Table 30.3 FISH analysis in some carcinoma with corresponding gene and functional sequence

Tumor Chromosomal abnormality Involved gene/function
Breast carcinoma 17q amplification HER2
Colorectal carcinoma 17p12 EGFR
Gastric carcinoma t(1;9), −8p, polysomy of chromosome 20
Lung carcinoma
    NSCLC t(2;2)(p21;p23) EML4-ALK
    SCLC 10q, 8p gene mutations PTEN, FGFR1

3q amplification SOX2
NUT midline carcinoma t(15;19) NUT-BRD4
Prostate carcinoma ERG-TMPRSS2 and ETV1-ETS
Renal cell carcinoma
    Clear-cell RCC del 3p VHL inactivation with CAIX overexpression
    Papillary RCC Trisomy 7 and 17, deletion X MET activation
    Translocation RCC t(X;17), t(X;1), t(6;11) TFE3, TFEB
Seminoma Isochromosome (12p) Gain of chromosomal material
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31.1  Introduction

When cancer lesion is diagnosed, it is usually 
well far beyond the initial phase of the conver-
sion of normal cells to abnormal [1–3]. 
Opportunity and challenges of tumor’s early 
diagnosis have led the scientists to move forward 
to molecular imaging [4–7]. The ability to see 
inside the tumor cells and its environment, at a 
molecular level, is challenging. Study in this era 
allows researchers to completely understand how 
cancer cells initiate, grow, and spread [8–11].

Molecular and functional imaging techniques 
for detecting major characteristics of the tumor 
microenvironment such as angiogenesis and 
metastasis and evaluating treatment response 
have been developed recently [12–15]. The 
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Program describes the potential use of CT and 
MR imaging biomarkers to differentiate cancer-
ous cell from normal cells and also aggressive 
cancer from low-grade or benign tumors 
[16–19].

Many of these MRI biomarkers are adaptable 
into clinic, and well suited for “bench-to- bedside” 
approaches to develop the essential techniques 
for targeted treatments and attain the expected 
response against cancer [19–23]. Following the 
detection of cancerous cells, finding the most 
effective therapy based on biologic and genetic 
characteristics of tumor cells and interfering 
immune pathways to improve outcome would be 
the proceeding steps [24–26].

This chapter discusses the role of molecular 
and functional imaging in cancer immunotherapy.

31.2  Early Diagnosis of Cancer: 
Imaging at the Molecular 
Level

31.2.1  General Consideration

Molecular imaging, originated from the field of 
radio-pharmacology, is a kind of diagnostic imag-
ing which provides detailed pictures of organisms 
inside at a molecular and cellular level [27].

While other diagnostic imaging techniques 
such as X-rays and computed tomography (CT) 
mainly provide structural pictures, molecular 
imaging allows clinicians to find the tumor func-
tion and to measure its chemical and biological 
pathways [22, 28].

Molecular imaging capabilities are listed as fol-
lows: providing functional and biochemical infor-
mation which is unattainable via other imaging 
technologies, detecting important changes in cells 
and tissues at earlier stages compared with CT and 
MRI, and assisting in treatment planning by dem-
onstrating specific molecular features [29, 30].

Molecular imaging routinely uses labeled 
probes that are injected into the patient’s body. 
Once the imaging agent is administered, it accu-
mulates in a target organ or attaches to cell sur-

face receptors [31]. The imaging agents are 
detectable by imaging devices which generate 
body or tissue pictures based on agent distribu-
tion [32]. The pattern of agent distribution allows 
physicians to understand the function of organs 
and tissues within the body.

As a valuable tool for managing the patients’ 
care, the growing field of molecular imaging 
helps clinicians to characterize the extent or 
spread of the disease in the body [13], offer per-
sonalize healthcare medicine, and choose the 
most effective therapeutic method, which are 
matched with the tumor type and tailored to fit 
individual patient’s requirements based on 
unique biologic characteristics [33], ascertain 
patient’s response to specific drugs [34], adjust 
treatment plans according to cellular activity 
changes, and manage ongoing care by evaluating 
tumor progression and detecting tumor recur-
rence [35, 36].

Molecular imaging with incorporating ele-
ments and development of pertinent materials 
such as imaging agents, reporter constructs, 
ligands, and probes is a rapidly evolving field. 
Various molecular imaging techniques such as 
PET/CT, magnetic resonance imaging (MRI), 
bioluminescent imaging (BLI), and fluorescence 
imaging (FLI) are applied for tracking immune 
and stem cell. We will discuss development and 
utilization of each modality separately [37–39].

31.2.2  Molecular PET and PET/CT 
Imaging in Oncology 
and Immunology

Positron-emission tomography (PET) is one of 
the most promising new techniques in nuclear 
medicine which provides vision into the biologi-
cal behavior of tumors rather than their morpho-
logical features and allows physician to observe 
numerous physiological and biochemical pro-
cesses in vivo [40]. PET scans use a radioactive 
tracer on a biologically active molecule that is 
presented into the patient’s body to measure the 
cellular activity of the cell or the part of the body 
being examined [41, 42].
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Fludeoxyglucose (FDG), an analogue of glu-
cose, is the most common biologically active 
molecule used in PET which provides real-time 
and valuable information regarding the metabolic 
behavior of tracer based on the increased glucose 
uptake and glycolysis of cancer cells and shows 
metabolic abnormalities before alterations in 
morphology occur [43, 44].

A whole-body FDG-PET scan to explore the 
possibility of cancer metastasis is the most com-
mon type of PET scan in standard healthcare sys-
tem [45]. The most limiting factor in PET scan is 
the poor structural landmarks that functional PET 
imaging generally provides [46, 47].

Integrated PET/CT is a new and powerful 
imaging modality that allows the acquisition of 
co-registered PET and CT data in one fused 
image and has synergistic benefits over each 
modality alone [48–50]. Therefore, the new 
modality PET/CT provides combined anatomical 
and functional imaging information and allows 
the physician to determine the exact location, 
extent of the tumor, and biological characteriza-
tion of morphological abnormalities [51, 52].

Currently, most of the PET/CT studies in 
oncology use FDG as a tracer; however, the 
evolving demand to assess tumor angiogenesis, 
tumor hypoxia, and tumor cell proliferation has 
led to the development of other particular labeled 
tracers including amino acid F-fluoroethyl-L- 
tyrosine (FET) and thymidine analogue 3′-deoxy-
 3′-(18) F-fluorothymidine (FLT) [53, 54].

Tumor angiogenesis is a complicated biologi-
cal process which presents as a central mecha-
nism in tumor growth and metastasis [55, 56]. 
Vascular endothelial growth factor (VEGF) is a 
potent proangiogenic factor that is secreted by 
growing stromal or cancerous cells [57, 58].

The VEGF secreted from cancerous cells 
stimulates tumor survival, cell proliferation, 
endothelial migration, and invasion and is there-
fore an important target for cancer therapy [59]. 
VEGF mediates its effects through numerous 
tyrosine kinase receptors [60]. Several VEGF 
targeted agents, including antibodies and soluble 
decoy receptor, have been developed recently 
[61]. As these targeted therapies undergo clinical 

evaluation, molecular imaging techniques such 
as dynamic contrast-enhanced-MRI (DCE-
MRI), diffusion-weighted MRI (DW-MRI), and 
nuclear imaging modalities have been used to 
evaluate treatment response to anti-VEGF anti-
body [62, 63].

Hypoxia is another pathological condition 
which occurs when the system fails to supply 
oxygen to meet the main tissue demand [64]. The 
hypoxia phenomenon is present in most solid 
tumors and has been linked with a trend toward 
poor prognosis and ultimate poor clinical out-
come [65].

Detecting and characterizing of hypoxia 
within tumors are of the highest clinical impor-
tance because tumor-cell aggressiveness, meta-
static extent, and increased rate of recurrence are 
all associated with hypoxia [66, 67].

During the last decades, there has been grow-
ing appeal toward assessment of tumor hypoxia 
at sites inaccessible to invasive procedures [68]. 
As such, considerable effort has been put toward 
development of imaging modalities that can 
directly measure oxygen distribution and there-
fore hypoxia within tumor [65].

PET imaging, based on retention and uptake 
mechanism and through great number of trac-
ers, is one of the most extensively investigated 
imaging modalities with the highest specificity 
for identification of hypoxia in solid tumors 
[69, 70].

In addition to the role of PET and PET/CT in 
oncology and cancerous cells, the use of nuclear 
medicine in characterization and diagnosis of 
infectious and inflammatory diseases and its 
role in therapeutic strategy have been rapidly 
evolving [71, 72]. In this regard, the role of 
PET/CT in detecting subclinical arthritis in pre-
clinical RA [73], bone infection [74], vasculitis 
[75], and chest and abdominal inflammation 
[76] and its potential novel application for diag-
nosis and treatment evaluation have been dis-
cussed. However, since MRI is a better tool to 
detect soft tissue, PET/CT scan has lack of 
strong evidence in autoimmune pancreatitis [77, 
78],  inflammatory bowel disease [79], autoim-
mune thyroiditis [80], etc.
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31.2.3  Molecular PET/MR Imaging 
and Functional MRI in Cancer

PET/MRI is a hybrid imaging modality, which 
provides MRI soft-tissue structural data incor-
porated with PET functional imaging informa-
tion [81].

However, PET/MRI has convincing inherent 
advantages compared to PET/CT in terms of 
safety, lack of ionizing radiation, excellent soft- 
tissue contrast, and being a practical tool for 
staging and restaging of tumors; some recent 
studies report that these two modalities perform 
equally in most types of cancers [82]. In addi-
tion to FDG probes which is the most common 
probe used in PET, alternative probes have been 
used recently [83].

Fluorothymidine (FLT), an analogue of thy-
midine, is taken up by nucleoside transporters 
which are expressed on the cell surface and 
accumulated in highly proliferative tissues since 
it is incorporated into the nucleus during DNA 
synthesis, and is being used clinically for PET 
imaging of tumor proliferation [84]. In some 
studies, measuring cell proliferation with FLT 
provides better tumor specificity compared to 
measuring glycolytic activity with FDG which is 
due to elevated glycolysis and not limited to can-
cer cells [85].

FLT-PET could be a promising technique in 
diagnosing extramedullary sites of leukemia, par-
ticularly in brain in which there is a high level of 
physiologic FDG accumulation [86]. FLT-PET 
may also allow the detection of therapies planned 
to boost immune cell proliferation during cancer 
immunotherapy [87]. Functional MRI, including 
diffusion-weighted MRI (DWI), dynamic 
contrast- enhanced (DCE)-MRI, and dynamic 
susceptibility contrast (DSC) MRI, is also gain-
ing increasing interest for a range of oncological 
applications from cancer detection to therapy 
response [88, 89].

DCE and DWI MRI sequences reflect 
changes in oxygenation, perfusion, vascularity, 
tumor microenvironment, and tissue physiology 
of the tumor and could be used as a surrogate 
biomarker for identifying early tumor response 
and treatment outcome which cannot be detected 

by conventional techniques [90]. Therefore, 
with the help of molecular imaging, treatment 
regimes in oncologic patients would be tailored 
according to tumor response which will have a 
positive effect on patient’s quality of life and 
survival rate [91].

31.2.4  Bioluminescent Imaging (BLI) 
and Fluorescence Imaging 
(FLI) in Cancer

Bioluminescence imaging (BLI) is an imaging 
technology which is based on detecting visible 
light emitted from light-generating enzymes to 
report organism activity at a molecular level and 
to monitor transgene expression, progression of 
infection, tumor growth and micrometastasis, 
cell viability, cellular trafficking, protein-protein 
interactions, and gene therapy [92]. BLI is most 
commonly accomplished with luciferase in 
2D/3D mode and the imaging technique is cost 
effective and very sensitive in animal models 
[93].

In vivo noninvasive BLI interrogation is 
widely becoming a method for modern biological 
research and is considered as a pivotal tool for 
tracking immune cells and optimization of cell- 
based therapy [94].

In this regard, the role of bioluminescent sig-
nals in  localizing ER transcriptional activity in 
breast cancer [95], monitoring AFP-producing 
HCC by a chemical carcinogen in live animals 
[96], and androgen-independent prostate tumors 
in transgenic mice [97, 98] has been studied 
previously.

In vivo fluorescence imaging (FI) detects 
fluorescence release from fluorophores of small 
animal models by using sensitive cameras; pro-
vides a wide range of information including the 
location and dynamics of gene expression, 
tracking information of dendritic cell (DC) 
migration into lymph nodes and primary mac-
rophage migration toward induced inflamma-
tory lesions, protein expression, and molecular 
interactions in cells and tissues; and improves 
detection of malignant lesions at earlier stages 
[99, 100].
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FI showed promising results in early detection 
and reduction of invasive procedures in cervical 
cancer [101], esophageal carcinoma [102], 
colorectal cancer [103], and bladder cancer [104].

31.3  Targeted Immunotherapy 
Based on Molecular Imaging

Immunotherapy is developed as a promising ther-
apeutic approach for cancer treatment by stimu-
lating the immune system against cancerous cells. 
Dendritic cells, T-cells, B-cells, and natural killer 
cells are among the immune cells which have 
important roles in cancer treatment [105–107].

While initial immunotherapies focused on 
stimulating T-cell activity, current immune- 
checkpoint inhibitors are being developed as 
antitumor immune responses.

The exclusive features of molecular imaging 
allow us to develop our knowledge of the role of 
immune cells against cancers in research era and 
clinical settings [108]. Recently several imaging 
strategies have been used to detect the distribu-
tion of immune-checkpoint molecules and iden-
tify patients who would probably take advantage 
from immunotherapies [87].

Up to now, three primary targets of checkpoint 
inhibition including the programmed death pro-
tein- 1 receptor (PD-1), its ligand (programmed 
death ligand-1 [PD-L1]), and the cytotoxic 
T-lymphocyte-associated antigen-4 receptor 
(CTLA-4) have been offered [109].

PD-1 is expressed on the surface of activated 
T-cells, B-cells, and macrophages and is a negative 
regulator of T-cell activity. Several studies suggest 
that PD-1 and its ligands (PD-L1 and PD-L2) nega-
tively regulate immune responses [110].

Interaction of PD-1 and PD-L results in inhibi-
tion of T-cell activation; thus, immunotherapy 
approaches that interfere with the PD-1 check-
point would boost up anticancer activity [111]. 
Imaging techniques targeting PD-1 are distinctive 
since PD-1-targeted probes allow for imaging 
PD-1 expressed on the immune cell surface [112].

Cytotoxic T-lymphocyte-associated antigen 4 
(CTLA-4) is a transmembrane inhibitory glyco-
protein receptor expressed on activated 

T-lymphocytes; and it was recently discovered that 
CTLA-4 expression may be found by many tumor 
types [113, 114]. CTLA 4-targeted antibodies pro-
vide therapeutic efficacy in several cancers and 
molecular imaging such as PET helps screen 
patients by measuring levels of CTLA-4-positive 
T-cells and identifies individuals that are more 
likely to respond to anti-CTLA-4 immunotherapy 
[115]. Since molecular imaging of immunother-
apy targets such as PD-1, PD-L1, and CTLA-4 has 
shown potential in preclinical settings as an effec-
tive tool to fight against cancer, we review molecu-
lar imaging in PD-1, PD-L, and CTLA-4 
immune-checkpoint antibodies in details.

31.3.1  PD-1/PD-L

Immunotherapy blockade approaches are becom-
ing more common in the management of numer-
ous cancers; thus, the field is expected to keep up 
their rapid growth [116]. PD-1 and its ligand, 
PD-L1, play an important role in tumor immune 
evasion and the creating of tumor microenviron-
ment suitable for tumor growth and development 
[109]. PD-L1 is expressed in different types of 
cancers, including melanoma [117], renal cell 
carcinoma [118], non-small cell lung cancer 
[119], and hepatocellular carcinoma [119].

Hindering the PD-1/PD-L1 pathway could 
reverse the tumor signals and develop the endog-
enous antitumor immune cytokines [120]. 
Therapeutic blockage of PD-1 and PD-L1 signal-
ing axis with monoclonal antibodies has shown 
notable achievements in cancer therapy [121]. 
Visualizing the complex interactions between the 
immune system and tumor cells can offer impor-
tant information regarding biomarkers that may 
be potential candidates for future immunothera-
pies [122].

Since PD-L1 is often expressed on the actual 
tumor cells, imaging modalities to detect this 
 target have proven to be more reasonable than 
those for targets that are expressed only on 
immune cells [123]. Therefore, several anti-
PD-L1 imaging agents have been developed to 
measure PD-L1 expression in preclinical set-
tings [124].
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“Immuno-PET” as a noninvasive tool mea-
sures the expression of PD-L1 throughout an 
entire tumor simultaneously, without the need of 
invasive procedures like biopsy [124].

Due to high affinity and specificity for PD-L1, 
a radiolabeled trace PD-1 could thus serve as an 
effective PET probe to assess tumor PD-L1 
expression [125]. Therefore, by visualizing the 
PD-1/PD-L1 interaction, quantifying its expres-
sion, and mapping the bio-distribution of tracers, 
development of checkpoint-blocking drugs and 
their efficacy can be monitored.

31.3.2  CTLA-4

CTLA-4 is an inhibitory T-cell receptor that acts 
as a negative regulator of peripheral T-cell func-
tion. CTLA-4 is closely related to CD28 and they 
both bind with B7-1 (CD80) and B7-2 (CD86); 
however, CTLA-4 has >10-fold greater affinity in 
binding B7-1/B7-2 to transmit inhibitory signals 
[126].

CTLA-4 role is to induce peripheral immune 
tolerance by suppressing T-cells that are no lon-
ger needed. Both PD-1 and CTLA-4 signal 
inhibit T-cell activation; however, PD-1 ligation 
inhibits a more upstream membrane proximal 
step. The efficacy and safety of anti-CTLA-4 
antibodies (tremelimumab) for treatment of HCC 
[127], melanoma [128], and non-small cell lung 
cancer [129] have been studied before.

PET-based whole-body molecular imaging as 
a noninvasive imaging has the ability to detect 
changes induced by treatment with anti-CTLA-4 
antibodies in melanoma [130], NSCLC [131], 
and HCC [132].

31.4  Concluding Remarks

Immuno-oncology is a thrilling field in cancer 
therapy with the potential to control the growth 
of numerous malignancies by stimulating the 
body’s immune system to target and fight against 
cancer [133]. Imaging modalities are needed to 
assess tumor response post-immunotherapy and 
further managements. Anatomic features are not 

sufficient biomarkers to predict response to 
immunotherapy; therefore functional and molec-
ular imaging modalities are also needed to pro-
vide supplement information and monitor 
immune-based response. Visualization and track-
ing of immune cells and immunotherapy targets 
such as PD-1, PD-L1, and CTLA-4 would be 
extremely helpful in preclinical and clinical stud-
ies. In the future, molecular imaging of immuno-
therapy targets may improve patient classification 
based on tumor response and provide insight for 
development of novel immunotherapy targets.

References

 1. Prescott DM. Biology of cancer and the cancer cell: 
normal and abnormal regulation of cell reproduc-
tion. Cancer J Clin. 1972;22(4):262–72.

 2. Sporn MB.  The war on cancer. Lancet. 
1996;347(9012):1377–81.

 3. Hanahan D, Weinberg RA. The hallmarks of cancer. 
Cell. 2000;100(1):57–70.

 4. Feni L, Omrane MA, Fischer M, Zlatopolskiy BD, 
Neumaier B, Neundorf I. Convenient preparation of 
(18)F-labeled peptide probes for potential Claudin-4 
PET imaging. Pharmaceuticals. 2017;10(4):99.

 5. Zakeri ZF, Ahuja HS. Cell death/apoptosis: normal, 
chemically induced, and teratogenic effect. Mutat 
Res. 1997;396(1–2):149–61.

 6. Weissleder R. Molecular imaging in cancer. Science. 
2006;312(5777):1168–71.

 7. Lucignani G.  The immune system and cancer: the 
evolving role of molecular imaging and molecular 
targeted therapy. Eur J Nucl Med Mol Imaging. 
2006;33(4):503–5.

 8. Quail DF, Joyce JA.  Microenvironmental regula-
tion of tumor progression and metastasis. Nat Med. 
2013;19(11):1423–37.

 9. Gupta GP, Massague J. Cancer metastasis: building a 
framework. Cell. 2006;127(4):679–95.

 10. Eccles SA, Welch DR.  Metastasis: recent dis-
coveries and novel treatment strategies. Lancet. 
2007;369(9574):1742–57.

 11. Vogelstein B, Kinzler KW.  Cancer genes and the 
pathways they control. Nat Med. 2004;10(8):789–99.

 12. Golestani R, Jung JJ, Sadeghi MM. Molecular imag-
ing of angiogenesis and vascular remodeling in car-
diovascular pathology. J Clin Med. 2016;5(6).

 13. Winnard PT Jr, Pathak AP, Dhara S, Cho SY, Raman 
V, Pomper MG.  Molecular imaging of metastatic 
potential. J Nucl Med. 2008;49(Suppl 2):96S–112S.

 14. McCann TE, Kosaka N, Turkbey B, Mitsunaga 
M, Choyke PL, Kobayashi H.  Molecular imag-
ing of tumor invasion and metastases: the role of 
MRI. NMR Biomed. 2011;24(6):561–8.

F. Najmi Varzaneh and B. Baradaran Noveiry



735

 15. Condeelis JS, Wyckoff J, Segall JE. Imaging of can-
cer invasion and metastasis using green fluorescent 
protein. Eur J Cancer. 2000;36(13):1671–80.

 16. Haris M, Yadav SK, Rizwan A, Singh A, Wang E, 
Hariharan H, et  al. Molecular magnetic resonance 
imaging in cancer. J Transl Med. 2015;13:313.

 17. Blodgett TM, Meltzer CC, Townsend DW. PET/CT: 
form and function. Radiology. 2007;242(2):360–85.

 18. Czernin J.  Clinical applications of FDG-PET in 
oncology. Acta Med Austriaca. 2002;29(5):162–70.

 19. Juweid ME, Cheson BD. Positron-emission tomog-
raphy and assessment of cancer therapy. N Engl J 
Med. 2006;354(5):496–507.

 20. Yankeelov TE, Arlinghaus LR, Li X, Gore JC. The 
role of magnetic resonance imaging biomarkers in 
clinical trials of treatment response in cancer. Semin 
Oncol. 2011;38(1):16–25.

 21. Thoeny HC, Ross BD.  Predicting and monitoring 
cancer treatment response with diffusion-weighted 
MRI. J Magn Reson Imaging. 2010;32(1):2–16.

 22. Zaidi H, Alavi A. Current trends in PET and com-
bined (PET/CT and PET/MR) systems design. PET 
Clinics. 2007;2(2):109–23.

 23. Massoud TF, Gambhir SS.  Integrating nonin-
vasive molecular imaging into molecular medi-
cine: an evolving paradigm. Trends Mol Med. 
2007;13(5):183–91.

 24. Kaliberov SA, Buchsbaum DJ. Chapter seven—can-
cer treatment with gene therapy and radiation ther-
apy. Adv Cancer Res. 2012;115:221–63.

 25. Guo XE, Ngo B, Modrek AS, Lee WH.  Targeting 
tumor suppressor networks for cancer therapeutics. 
Curr Drug Targets. 2014;15(1):2–16.

 26. Melero I, Gaudernack G, Gerritsen W, Huber C, 
Parmiani G, Scholl S, et al. Therapeutic vaccines for 
cancer: an overview of clinical trials. Nat Rev Clin 
Oncol. 2014;11(9):509–24.

 27. Mankoff DA. A definition of molecular imaging. J 
Nucl Med. 2007;48(6):18N–21N.

 28. Weissleder R, Mahmood U.  Molecular imaging. 
Radiology. 2001;219(2):316–33.

 29. Zaidi H, Prasad R.  Advances in multimodality 
molecular imaging. J Med Phys. 2009;34(3):122–8.

 30. Yentz S, Wang TD. Molecular imaging for guiding 
oncologic prognosis and therapy in esophageal ade-
nocarcinoma. Hosp Pract. 2011;39(2):97–106.

 31. Hellebust A, Richards-Kortum R.  Advances in 
molecular imaging: targeted optical contrast 
agents for cancer diagnostics. Nanomedicine. 
2012;7(3):429–45.

 32. Chen ZY, Wang YX, Lin Y, Zhang JS, Yang F, Zhou 
QL, et al. Advance of molecular imaging technology 
and targeted imaging agent in imaging and therapy. 
Biomed Res Int. 2014;2014:819324.

 33. Russell J, Tian J, Kinuya S, Shen B, Li XF. Molecular 
imaging for personalized medicine. Biomed Res Int. 
2016;2016:5170159.

 34. Willmann JK, van Bruggen N, Dinkelborg LM, 
Gambhir SS.  Molecular imaging in drug develop-
ment. Nat Rev Drug Discov. 2008;7(7):591–607.

 35. Jimenez-Bonilla JF, Quirce R, Martinez-Rodriguez 
I, De Arcocha-Torres M, Carril JM, Banzo I.  The 
role of PET/CT molecular imaging in the diag-
nosis of recurrence and surveillance of patients 
treated for non-small cell lung cancer. Diagnostics. 
2016;6(4):36.

 36. Jimenez-Bonilla JF, Quirce R, Martinez-Rodriguez 
I, Banzo I, Rubio-Vassallo AS, Del Castillo-Matos 
R, et al. Diagnosis of recurrence and assessment of 
post-recurrence survival in patients with extracranial 
non-small cell lung cancer evaluated by 18F-FDG 
PET/CT. Lung Cancer. 2013;81(1):71–6.

 37. Puaux AL, Ong LC, Jin Y, Teh I, Hong M, Chow PK, 
et al. A comparison of imaging techniques to moni-
tor tumor growth and cancer progression in living 
animals. Int J Mol Imag. 2011;2011:321538.

 38. Sadikot RT, Blackwell TS. Bioluminescence imag-
ing. Proc Am Thorac Soc. 2005;2(6):537–40. 11-2

 39. Becker W.  Fluorescence lifetime imaging-
-techniques and applications. J Microsc. 
2012;247(2):119–36.

 40. Gupta N, Price PM, Aboagye EO. PET for in vivo 
pharmacokinetic and pharmacodynamic measure-
ments. Eur J Cancer. 2002;38(16):2094–107.

 41. Chouinard JA, Rousseau JA, Beaudoin JF, Vermette 
P, Lecomte R. Positron emission tomography detec-
tion of human endothelial cell and fibroblast mono-
layers: effect of pretreatment and cell density on 
18FDG uptake. Vasc Cell. 2012;4(1):5.

 42. Hagan G, Southwood M, Treacy C, Ross RM, Soon 
E, Coulson J, et al. (18)FDG PET imaging can quan-
tify increased cellular metabolism in pulmonary 
arterial hypertension: a proof-of-principle study. 
Pulm Circ. 2011;1(4):448–55.

 43. Sengupta D, Pratx G. Imaging metabolic heteroge-
neity in cancer. Mol Cancer. 2016;15:4.

 44. Almuhaideb A, Papathanasiou N, Bomanji J. 18F- 
FDG PET/CT imaging in oncology. Ann Saudi Med. 
2011;31(1):3–13.

 45. Hu C, Liu CP, Cheng JS, Chiu YL, Chan HP, Peng 
NJ. Application of whole-body FDG-PET for can-
cer screening in a cohort of hospital employees. 
Medicine. 2016;95(44):e5131.

 46. Plaxton NA, Brandon DC, Corey AS, Harrison CE, 
Karagulle Kendi AT, Halkar RK, et al. Characteristics 
and limitations of FDG PET/CT for imaging of 
squamous cell carcinoma of the head and neck: 
a comprehensive review of anatomy, metastatic 
pathways, and image findings. Am J Roentgenol. 
2015;205(5):W519–31.

 47. Freedenberg MI, Badawi RD, Tarantal AF, Cherry 
SR.  Performance and limitations of positron emis-
sion tomography (PET) scanners for imaging very 
low activity sources. Phys Med. 2014;30(1):104–10.

 48. Pinilla I, Rodriguez-Vigil B, Gomez-Leon N, 
Integrated FDG. PET/CT: utility and applications in 
clinical oncology. Clin Med Oncol. 2008;2:181–98.

 49. Bar-Shalom R, Yefremov N, Guralnik L, Gaitini D, 
Frenkel A, Kuten A, et al. Clinical performance of 
PET/CT in evaluation of cancer: additional value for 

31 Cancer Molecular and Functional Imaging



736

diagnostic imaging and patient management. J Nucl 
Med. 2003;44(8):1200–9.

 50. von Schulthess GK, Steinert HC, Hany TF, Integrated 
PET. CT: current applications and future directions. 
Radiology. 2006;238(2):405–22.

 51. Park JS, Yim JJ, Kang WJ, Chung JK, Yoo CG, Kim 
YW, et  al. Detection of primary sites in unknown 
primary tumors using FDG-PET or FDG-PET/
CT. BMC Res Notes. 2011;4:56.

 52. Mirpour S, Mhlanga JC, Logeswaran P, Russo G, 
Mercier G, Subramaniam RM.  The role of PET/
CT in the management of cervical cancer. Am J 
Roentgenol. 2013;201(2):W192–205.

 53. Nedergaard MK, Michaelsen SR, Perryman L, Erler 
J, Poulsen HS, Stockhausen MT, et al. Comparison 
of (18)F-FET and (18)F-FLT small animal PET for 
the assessment of anti-VEGF treatment response 
in an orthotopic model of glioblastoma. Nucl Med 
Biol. 2016;43(3):198–205.

 54. Borbely K, Wintermark M, Martos J, Fedorcsak I, 
Bognar L, Kasler M. The pre-requisite of a second- 
generation glioma PET biomarker. J Neurol Sci. 
2010;298(1–2):11–6.

 55. Deryugina EI, Quigley JP.  Tumor angiogenesis: 
MMP-mediated induction of intravasation- and 
metastasis-sustaining neovasculature. Matrix Biol. 
2015;44–46:94–112.

 56. Hillen F, Griffioen AW.  Tumour vasculariza-
tion: sprouting angiogenesis and beyond. Cancer 
Metastasis Rev. 2007;26(3–4):489–502.

 57. Lee SH, Jeong D, Han YS, Baek MJ.  Pivotal 
role of vascular endothelial growth factor path-
way in tumor angiogenesis. Ann Surg Treat Res. 
2015;89(1):1–8.

 58. Shibuya M.  Vascular Endothelial Growth Factor 
(Vegf) and Its Receptor (VEGFR) signaling in angio-
genesis: a crucial target for anti- and pro-angiogenic 
therapies. Genes Cancer. 2011;2(12):1097–105.

 59. Niu G, Chen X. Vascular endothelial growth factor 
as an anti-angiogenic target for cancer therapy. Curr 
Drug Targets. 2010;11(8):1000–17.

 60. Jeltsch M, Leppanen VM, Saharinen P, Alitalo 
K. Receptor tyrosine kinase-mediated angiogenesis. 
Cold Spring Harb Perspect Biol. 2013;5(9).

 61. Narayanan S, Srinivas S.  Incorporating VEGF- 
targeted therapy in advanced urothelial cancer. Ther 
Adv Med Oncol. 2017;9(1):33–45.

 62. Hoff BA, Bhojani MS, Rudge J, Chenevert TL, 
Meyer CR, Galban S, et  al. DCE and DW-MRI 
monitoring of vascular disruption following VEGF- 
trap treatment of a rat glioma model. NMR Biomed. 
2012;25(7):935–42.

 63. Padhani AR, Miles KA.  Multiparametric imag-
ing of tumor response to therapy. Radiology. 
2010;256(2):348–64.

 64. Michiels C. Physiological and pathological responses 
to hypoxia. Am J Pathol. 2004;164(6):1875–82.

 65. Walsh JC, Lebedev A, Aten E, Madsen K, Marciano 
L, Kolb HC.  The clinical importance of assessing 
tumor hypoxia: relationship of tumor hypoxia to 

prognosis and therapeutic opportunities. Antioxid 
Redox Signal. 2014;21(10):1516–54.

 66. Muz B, de la Puente P, Azab F, Azab AK.  The 
role of hypoxia in cancer progression, angiogen-
esis, metastasis, and resistance to therapy. Hypoxia. 
2015;3:83–92.

 67. Hockel M, Vaupel P. Tumor hypoxia: definitions and 
current clinical, biologic, and molecular aspects. J 
Natl Cancer Inst. 2001;93(4):266–76.

 68. Lopci E, Grassi I, Chiti A, Nanni C, Cicoria G, 
Toschi L, et al. PET radiopharmaceuticals for imag-
ing of tumor hypoxia: a review of the evidence. Am 
J Nucl Med Mol Imaging. 2014;4(4):365–84.

 69. Kelada OJ, Carlson DJ. Molecular imaging of tumor 
hypoxia with positron emission tomography. Radiat 
Res. 2014;181(4):335–49.

 70. Rice SL, Roney CA, Daumar P, Lewis JS. The next 
generation of positron emission tomography radio-
pharmaceuticals in oncology. Semin Nucl Med. 
2011;41(4):265–82.

 71. Fleming IN, Manavaki R, Blower PJ, West C, 
Williams KJ, Harris AL, et  al. Imaging tumour 
hypoxia with positron emission tomography. Br J 
Cancer. 2015;112(2):238–50.

 72. Signore A, Glaudemans AW.  The molecular imag-
ing approach to image infections and inflammation 
by nuclear medicine techniques. Ann Nucl Med. 
2011;25(10):681–700.

 73. Yamashita H, Kubota K, Mimori A. Clinical value 
of whole-body PET/CT in patients with active rheu-
matic diseases. Arthritis Res Ther. 2014;16(5):423.

 74. Basu S, Chryssikos T, Moghadam-Kia S, Zhuang 
H, Torigian DA, Alavi A.  Positron emission 
tomography as a diagnostic tool in infection: pres-
ent role and future possibilities. Semin Nucl Med. 
2009;39(1):36–51.

 75. Balink H, Bennink RJ, van Eck-Smit BL, Verberne 
HJ.  The role of 18F-FDG PET/CT in large-vessel 
vasculitis: appropriateness of current classification 
criteria? Biomed Res Int. 2014;2014:687608.

 76. Foley J, Mullan D, Mohan H, Schmidt K. Abdominal 
aortitis on PET CT: a case report and review of the 
literature. Int J Surg Case Rep. 2015;10:104–6.

 77. Glaudemans AW, de Vries EF, Galli F, Dierckx RA, 
Slart RH, Signore A. The use of (18)F-FDG-PET/CT 
for diagnosis and treatment monitoring of inflam-
matory and infectious diseases. Clin Dev Immunol. 
2013;2013:623036.

 78. Lee TY, Kim MH, Park DH, Seo DW, Lee SK, Kim 
JS, et al. Utility of 18F-FDG PET/CT for differentia-
tion of autoimmune pancreatitis with atypical pan-
creatic imaging findings from pancreatic cancer. Am 
J Roentgenol. 2009;193(2):343–8.

 79. Perlman SB, Hall BS, Reichelderfer M.  PET/CT 
imaging of inflammatory bowel disease. Semin Nucl 
Med. 2013;43(6):420–6.

 80. Karantanis D, Bogsrud TV, Wiseman GA, Mullan BP, 
Subramaniam RM, Nathan MA, et al. Clinical sig-
nificance of diffusely increased 18F-FDG uptake in 
the thyroid gland. J Nucl Med. 2007;48(6):896–901.

F. Najmi Varzaneh and B. Baradaran Noveiry



737

 81. Pichler BJ, Kolb A, Nagele T, Schlemmer HP. PET/
MRI: paving the way for the next generation of clini-
cal multimodality imaging applications. J Nucl Med. 
2010;51(3):333–6.

 82. Riola-Parada C, Garcia-Canamaque L, Perez- 
Duenas V, Garcerant-Tafur M, Carreras-Delgado 
JL, Simultaneous PET.  MRI vs. PET/CT in 
oncology. A systematic review. Revista Espanola 
De Medicina Nuclear E Imagen Molecular. 
2016;35(5):306–12.

 83. Jiang L, Tu Y, Shi H.  PET probes beyond (18)
F-FDG. J Biomed Res. 2014;28(6):435–46.

 84. Peck M, Pollack HA, Friesen A, Muzi M, Shoner 
SC, Shankland EG, et al. Applications of PET imag-
ing with the proliferation marker [18F]-FLT.  Q J 
Nucl Med Mol Imaging. 2015;59(1):95–104.

 85. Laing RE, Nair-Gill E, Witte ON, Radu 
CG.  Visualizing cancer and immune cell function 
with metabolic positron emission tomography. Curr 
Opin Genet Dev. 2010;20(1):100–5.

 86. Chen W, Cloughesy T, Kamdar N, Satyamurthy N, 
Bergsneider M, Liau L, et al. Imaging proliferation 
in brain tumors with 18F-FLT PET: comparison with 
18F-FDG. J Nucl Med. 2005;46(6):945–52.

 87. Juergens RA, Zukotynski KA, Singnurkar A, Snider 
DP, Valliant JF, Gulenchyn KY. Imaging biomarkers 
in immunotherapy. Biomark Cancer. 2016;8(Suppl 
2):1–13.

 88. Lucas R, Lopes Dias J, Cunha TM. Added value of 
diffusion-weighted MRI in detection of cervical can-
cer recurrence: comparison with morphologic and 
dynamic contrast-enhanced MRI sequences. Diagn 
Interv Radiol. 2015;21(5):368–75.

 89. Mazaheri Y, Akin O, Hricak H. Dynamic contrast- 
enhanced magnetic resonance imaging of prostate 
cancer: a review of current methods and applica-
tions. World J Radiol. 2017;9(12):416–25.

 90. Harry VN, Semple SI, Parkin DE, Gilbert FJ. Use of 
new imaging techniques to predict tumour response 
to therapy. Lancet Oncol. 2010;11(1):92–102.

 91. Chan CWH, Law BMH, WKW S, Chow KM, MMY 
W.  Novel strategies on personalized medicine for 
breast cancer treatment: an update. Int J Mol Sci. 
2017;18(11):2423.

 92. Luker KE, Smith MC, Luker GD, Gammon ST, 
Piwnica-Worms H, Piwnica-Worms D.  Kinetics 
of regulated protein-protein interactions revealed 
with firefly luciferase complementation imaging in 
cells and living animals. Proc Natl Acad Sci U S A. 
2004;101(33):12288–93.

 93. Thompson SM, Callstrom MR, Knudsen BE, 
Anderson JL, Sutor SL, Butters KA, et al. Molecular 
bioluminescence imaging as a noninvasive tool 
for monitoring tumor growth and therapeutic 
response to MRI-guided laser ablation in a rat 
model of hepatocellular carcinoma. Investig Radiol. 
2013;48(6):413–21.

 94. Youn H, Hong KJ.  In vivo noninvasive molecular 
imaging for immune cell tracking in small animals. 
Immune Netw. 2012;12(6):223–9.

 95. Vantaggiato C, Dell’Omo G, Ramachandran 
B, Manni I, Radaelli E, Scanziani E, et  al. 
Bioluminescence imaging of estrogen receptor 
activity during breast cancer progression. Am J Nucl 
Med Mol Imaging. 2016;6(1):32–41.

 96. Kim KI, Chung HK, Park JH, Lee YJ, Kang 
JH. Alpha-fetoprotein-targeted reporter gene expres-
sion imaging in hepatocellular carcinoma. World J 
Gastroenterol. 2016;22(27):6127–34.

 97. Gingrich JR, Barrios RJ, Kattan MW, Nahm 
HS, Finegold MJ, Greenberg NM.  Androgen- 
independent prostate cancer progression in the 
TRAMP model. Cancer Res. 1997;57(21):4687–91.

 98. Lyons SK, Lim E, Clermont AO, Dusich J, Zhu 
L, Campbell KD, et  al. Noninvasive biolumi-
nescence imaging of normal and spontaneously 
transformed prostate tissue in mice. Cancer Res. 
2006;66(9):4701–7.

 99. Yamaoka N, Kawasaki Y, Xu Y, Yamamoto H, Terada 
N, Okamura H, et al. Establishment of in vivo fluo-
rescence imaging in mouse models of malignant 
mesothelioma. Int J Oncol. 2010;37(2):273–9.

 100. Pham W, Xie J, Gore JC. Tracking the migration of 
dendritic cells by in vivo optical imaging. Neoplasia. 
2007;9(12):1130–7.

 101. Crane LM, Themelis G, Pleijhuis RG, Harlaar NJ, 
Sarantopoulos A, Arts HJ, et  al. Intraoperative 
multispectral fluorescence imaging for the 
detection of the sentinel lymph node in cervi-
cal cancer: a novel concept. Mol Imaging Biol. 
2011;13(5):1043–9.

 102. Wang KK. Detection and staging of esophageal can-
cers. Curr Opin Gastroenterol. 2004;20(4):381–5.

 103. Hoogstins CE, Weixler B, Boogerd LS, Hoppener 
DJ, Prevoo HA, Sier CF, et  al. In search for opti-
mal targets for intraoperative fluorescence imag-
ing of peritoneal metastasis from colorectal cancer. 
Biomark cancer. 2017;9:1179299X17728254.

 104. Nishizawa K, Nishiyama H, Oishi S, Tanahara N, 
Kotani H, Mikami Y, et al. Fluorescent imaging of 
high-grade bladder cancer using a specific antago-
nist for chemokine receptor CXCR4. Int J Cancer. 
2010;127(5):1180–7.

 105. Farkona S, Diamandis EP, Blasutig IM.  Cancer 
immunotherapy: the beginning of the end of cancer? 
BMC Med. 2016;14:73.

 106. Carotta S. Targeting NK cells for anticancer immu-
notherapy: clinical and preclinical approaches. Front 
Immunol. 2016;7:152.

 107. Verbik D, Joshi S.  Immune cells and cytokines  – 
their role in cancer-immunotherapy (review). Int J 
Oncol. 1995;7(2):205–23.

 108. Gangadaran P, Ahn BC. Molecular imaging: a useful 
tool for the development of natural killer cell-based 
immunotherapies. Front Immunol. 2017;8:1090.

 109. Alsaab HO, Sau S, Alzhrani R, Tatiparti K, Bhise K, 
Kashaw SK, et al. PD-1 and PD-L1 checkpoint sig-
naling inhibition for cancer immunotherapy: mecha-
nism, combinations, and clinical outcome. Front 
Pharmacol. 2017;8:561.

31 Cancer Molecular and Functional Imaging



738

 110. Riella LV, Paterson AM, Sharpe AH, Chandraker 
A.  Role of the PD-1 pathway in the immune 
response. Am J Transplant. 2012;12(10):2575–87.

 111. Black M, Barsoum IB, Truesdell P, Cotechini 
T, Macdonald-Goodfellow SK, Petroff M, et  al. 
Activation of the PD-1/PD-L1 immune check-
point confers tumor cell chemoresistance asso-
ciated with increased metastasis. Oncotarget. 
2016;7(9):10557–67.

 112. Hamanishi J, Konishi I.  Targeting the PD-1/
PD-L1 immune checkpoint signal  – a new treat-
ment strategy for cancer. Gan To Kagaku Ryoho. 
2014;41(9):1071–6.

 113. Walunas TL, Lenschow DJ, Bakker CY, Linsley PS, 
Freeman GJ, Green JM, et al. CTLA-4 can function 
as a negative regulator of T cell activation. Immunity. 
1994;1(5):405–13.

 114. Grosso JF, Jure-Kunkel MN.  CTLA-4 blockade in 
tumor models: an overview of preclinical and trans-
lational research. Cancer Immun. 2013;13:5.

 115. Ehlerding EB, England CG, McNeel DG, Cai 
W. Molecular imaging of immunotherapy targets in 
cancer. J Nucl Med. 2016;57(10):1487–92.

 116. Khalil DN, Smith EL, Brentjens RJ, Wolchok 
JD. The future of cancer treatment: immunomodu-
lation, CARs and combination immunotherapy. Nat 
Rev Clin Oncol. 2016;13(5):273–90.

 117. Spranger S, Spaapen RM, Zha Y, Williams J, Meng 
Y, Ha TT, et  al. Up-regulation of PD-L1, IDO, 
and T(regs) in the melanoma tumor microenviron-
ment is driven by CD8(+) T cells. Sci Transl Med. 
2013;5(200):200ra116.

 118. Thompson RH, Gillett MD, Cheville JC, Lohse CM, 
Dong H, Webster WS, et al. Costimulatory molecule 
B7-H1 in primary and metastatic clear cell renal cell 
carcinoma. Cancer. 2005;104(10):2084–91.

 119. Velcheti V, Schalper KA, Carvajal DE, Anagnostou 
VK, Syrigos KN, Sznol M, et al. Programmed death 
ligand-1 expression in non-small cell lung cancer. 
Lab Investig. 2014;94(1):107–16.

 120. He J, Hu Y, Hu M, Li B.  Development of PD-1/
PD-L1 pathway in tumor immune microenviron-
ment and treatment for non-small cell lung cancer. 
Sci Rep. 2015;5:13110.

 121. Lee HT, Lee JY, Lim H, Lee SH, Moon YJ, Pyo HJ, 
et al. Molecular mechanism of PD-1/PD-L1 block-
ade via anti-PD-L1 antibodies atezolizumab and 
durvalumab. Sci Rep. 2017;7(1):5532.

 122. Gulley JL, Berzofsky JA, Butler MO, Cesano A, 
Fox BA, Gnjatic S, et al. Immunotherapy biomark-

ers 2016: overcoming the barriers. J Immunother 
Cancer. 2017;5(1):29.

 123. Madore J, Vilain RE, Menzies AM, Kakavand H, 
Wilmott JS, Hyman J, et  al. PD-L1 expression in 
melanoma shows marked heterogeneity within 
and between patients: implications for anti-PD-1/
PD-L1 clinical trials. Pigment Cell Melanoma Res. 
2015;28(3):245–53.

 124. Maute RL, Gordon SR, Mayer AT, McCracken MN, 
Natarajan A, Ring NG, et  al. Engineering high- 
affinity PD-1 variants for optimized immunotherapy 
and immuno-PET imaging. Proc Natl Acad Sci U S 
A. 2015;112(47):E6506–14.

 125. Chatterjee S, Lesniak WG, Gabrielson M, Lisok 
A, Wharram B, Sysa-Shah P, et  al. A human-
ized antibody for imaging immune checkpoint 
ligand PD-L1 expression in tumors. Oncotarget. 
2016;7(9):10215–27.

 126. Kudo M.  Immuno-oncology in hepatocellular car-
cinoma: 2017 update. Oncology. 2017;93(Suppl 
1):147–59.

 127. Raufi A, Tirona MT. Prospect of the use of check-
point inhibitors in hepatocellular cancer treatments. 
Cancer Manag Res. 2017;9:19–27.

 128. Ribas A, Kefford R, Marshall MA, Punt CJ, Haanen 
JB, Marmol M, et al. Phase III randomized clinical 
trial comparing tremelimumab with standard-of-care 
chemotherapy in patients with advanced melanoma. 
J Clin Oncol. 2013;31(5):616–22.

 129. Antonia S, Goldberg SB, Balmanoukian A, Chaft JE, 
Sanborn RE, Gupta A, et al. Safety and antitumour 
activity of durvalumab plus tremelimumab in non- 
small cell lung cancer: a multicentre, phase 1b study. 
Lancet Oncol. 2016;17(3):299–308.

 130. Ribas A, Benz MR, Allen-Auerbach MS, Radu C, 
Chmielowski B, Seja E, et  al. Imaging of CTLA4 
blockade-induced cell replication with (18)F-FLT 
PET in patients with advanced melanoma treated 
with tremelimumab. J Nucl Med. 2010;51(3):340–6.

 131. Ehlerding EB, England CG, Majewski RL, Valdovinos 
HF, Jiang D, Liu G, et al. ImmunoPET imaging of 
CTLA-4 expression in mouse models of non-small 
cell lung cancer. Mol Pharm. 2017;14(5):1782–9.

 132. Kudo M.  Immune checkpoint blockade in hepa-
tocellular carcinoma: 2017 update. Liver Cancer. 
2016;6(1):1–12.

 133. Kamta J, Chaar M, Ande A, Altomare DA, Ait- 
Oudhia S.  Advancing cancer therapy with present 
and emerging immuno-oncology approaches. Front 
Oncol. 2017;7:64.

F. Najmi Varzaneh and B. Baradaran Noveiry



739© Springer Nature Switzerland AG 2020 
N. Rezaei (ed.), Cancer Immunology, https://doi.org/10.1007/978-3-030-30845-2_32

Cancer Imaging with Radiolabeled 
Monoclonal Antibodies

Sara Harsini and Nima Rezaei

Contents
32.1  Introduction  740

32.2  Historical Perspective  741

32.3  Radioimmunodetection in the New Era of Personalized  
and Precision Medicine  742

32.4  The Antibody Revolution: Story of the Magic Bullet  742

32.5  Theranostics  745

32.6  Diagnostic Radioisotopes  745

32.7  Limitations of Radioimmunoconjugate Compounds  746

32.8  Adverse Reactions  747

32.9  Imaging Techniques  747
32.9.1  Revolutionary Road: From SPECT to PET  747
32.9.2  Immuno-PET  748

32.10  Monoclonal Antibodies: Clinical Utility  749
32.10.1  Program Death-1 (PD-1) and Program Death Ligand-1 (PD-L1)  749
32.10.2  Prostate-Specific Membrane Antigen (PSMA)  751
32.10.3  Vascular Endothelial Growth Factor (VEGF)  751

S. Harsini (*) 
Department of Molecular Oncology, BC Cancer 
Research Centre, Vancouver, BC, Canada 

Association of Nuclear Medicine and Molecular 
Imaging (ANMMI), Universal Scientific Education 
and Research Network (USERN), Tehran, Iran 

Research Center for Nuclear Medicine, Dr. Shariati 
Hospital, Tehran University of Medical Sciences, 
Tehran, Iran 

32

N. Rezaei 
Research Center for Immunodeficiencies,  
Children’s Medical Center, Pediatrics Center  
of Excellence, Tehran University of Medical 
Sciences, Tehran, Iran

Department of Immunology, School of Medicine, 
Tehran University of Medical Sciences, Tehran, Iran 

Network of Immunity in Infection, Malignancy  
and Autoimmunity (NIIMA), Universal Scientific 
Education and Research Network (USERN),  
Tehran, Iran

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-30845-2_32&domain=pdf


740

32.10.4  Cluster of Differentiation 20 (CD20)  751
32.10.5  Epidermal Growth Factor Receptor 2 (HER2)  752
32.10.6  Epidermal Growth Factor Receptor (EGFR)  753

32.11  Future Perspectives and Concluding Remarks  754

 References  754

32.1  Introduction

Cancer is a major public health issue and one of 
the leading causes of mortality, morbidity, and 
decreased quality of life worldwide. According to 
WHO estimates for 2011, cancer causes more 
deaths than all coronary heart disease or all stroke 
[1]. The ongoing global demographic and epide-
miologic transitions signal an ever-increasing 
cancer burden over the next decades, specifically 
in low- and middle-resource countries, with over 
20 million new cancer cases expected annually as 
early as 2025 [2, 3]. It is widely acknowledged 
that early and accurate detection of cancer could 
set the stage for successful treatment. Greater 
public awareness and increased use of screening 
tests have played a significant role in the detec-
tion of cancer in early stages. There is a need to 
reach precise answers to questions regarding the 
tumor location, size, spread to lymph nodes, and 
involvement of critical anatomical structures, so 
as to combat cancerous cells through modern 
clinical cancer therapeutic approaches. Such 
questions are being answered, at ever-increasing 
spatial resolution, through the application of tra-
ditional anatomical imaging methods such as 
computed tomography (CT), magnetic resonance 
imaging (MRI), and ultrasound (US). Although 
these methods still represent the mainstay of clin-
ical imaging, it has become clear that the acquisi-
tion of molecular and physiological information 
by nuclear magnetic resonance and optical imag-
ing technologies could vastly enhance our ability 
to fight cancer [4–6]. As molecular imaging 
allows the integration of the molecular and physi-
ological information specific to each patient with 
anatomical information obtained by conventional 
imaging methods, it is acknowledged to play a 
central role in the transformation of the way in 
which cancer is clinically managed, with the 

hope to detect molecular or physiological altera-
tions that signal the presence of cancer at a cur-
able stage and to evaluate and adjust treatment 
protocols in real time in the forthcoming years. 
Among the aforementioned molecular imaging 
techniques, radioimmunodetection (RID), also 
known as radioimmunoscintigraphy, a diagnostic 
procedure allowing in  vivo imaging of tumors 
using radiolabeled antibodies and standard 
gamma scintillation cameras, has been a topic of 
intensive research during the past five decades. A 
large array of antibodies directed against many 
human tumor antigens have been developed and 
labeled with a variety of radioisotopes in the 
abovementioned era and these investigations 
have led to many problems in the early years, 
most of which were related to the unpredictable 
nature of polyclonal antibodies as well as the 
variations in different serum preparations [7, 8]. 
However, the introduction of well-characterized 
tumoral antigens and the development of hybrid-
oma technology for the production of specific 
monoclonal antibodies (mAbs) renewed interest 
and expectations in the field of tumor imaging. 
And all these resulted in the capability of most 
nuclear medicine departments to image cancer 
patients with radiolabeled monoclonal antibodies 
so as to identify the metastatic spread of specific 
cancers, staging of cancer in patients before sur-
gery, and follow-up of patients at high risk for 
recurrence [9].

In this chapter, a glance at the basic compo-
nents of RID systems as well as some of the clini-
cal experience and future directions of tumor 
imaging with radiolabeled monoclonal antibod-
ies in cancer patients has been made. Then the 
past and current limitations of RID are discussed. 
At the end, the clinical utility of RID has been 
discussed. Much has also been written about the 
role of monoclonal antibodies as radiotherapeutic 
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agents in the treatment of cancer. However, this 
area is beyond the scope of this chapter.

32.2  Historical Perspective

In the development of a RID system, following 
the selection of an appropriate antigen, an anti-
body against the antigen is prepared and labeled 
with an isotope, and eventually injected into 
patients with the hope of targeting tumors with 
high specificity. The beginning of cancer RID 
dates back to 1948, when Pressman et al. labeled 
antibodies against normal rat organs [10] and 
then rat tumors in 1953 [11] for localization after 
intravenous injection. This tumor targeting in rat 
models with radiolabeled polyclonal antibodies 
was later established by Bale et al. [12]. Later, 
radiolabeled antibodies targeting fibrin or fibrin-
ogen were evaluated for tumor targeting [13, 
14], but showed unpromising results to localize 
various tumors studied in animals or humans 
[13, 15–17]. However, administering large doses 
of radio-iodinated antibodies to human fibrino-
gen, short-term remissions were obtained in a 
few selected patients with cancer [15, 17]. 
Thereafter, Belitsky et  al. [18] reported tumor 
imaging using radiolabeled antibodies to an 
undefined renal cancer antigen. Investigations 
performed during the abovementioned 20-year 
time span resulted in an important development, 
which was the use of paired radioiodine labeling 
of different immunoglobulin preparations in 
order to show specific localization of the anti-
body of interest [19].

The next era in RID began following two 
major accomplishments, including the develop-
ment of specific antibodies against defined 
cancer- associated antigens such as human chori-
onic gonadotropin (hCG) and carcinoembryonic 
antigen (CEA), and the use of human tumor 
xenograft models to evaluate the targeting of 
these antibodies [20–23], which finally led to the 
improved targeting of the polyclonal antibodies 
by affinity purification, so as to increase their 
immunoreactivity [23]. Iodine-125 (125I) and 131I 
were the exclusive radiotracers, used for antibody 
labeling in those ages.

The transition from polyclonal antibody 
preparations labeled predominantly with 131I to 
“tailored designed” monoclonal antibodies 
labeled with diverse radionuclides, including 
131I, 123I, indium-111 (111In), and techne-
tium-99 m (99mTc), has revolutionized the radio-
labeled antibody preparations during the past 
40  years. This revolution, in turn, owes to the 
discovery and eventual purification of tumor-
associated antigens, such as CEA, alpha-feto-
protein (AFP), hCG, and prostate- specific 
membrane-bound antigen (PSMA), which cul-
minated in the improvement in antibody pro-
duction, in a way that either animals or in vitro 
cell preparations could be immunized with puri-
fied and concentrated tumor-associated antigen 
preparations rather than with tumor extracts. 
Several studies have demonstrated the value of 
monoclonal antibodies as targeting agents over 
the polyclonal antibody preparations. Some 
prominent studies in this line have been con-
ducted by Mach et al. [24], who firstly published 
an important paper using 131I-labeled anti-CEA 
polyclonal antibody with the resultant imaging 
of 40% of known antigen- positive lesion in 
patients with colon cancer. However, the same 
group [25] later reported improved results (sen-
sitivity of 73%), using an anti-CEA monoclonal 
antibody preparation, and concluded the clinical 
promise of RID with specific monoclonal anti-
bodies. Therefore, this improvement in antibody 
production dramatically enhanced the specific-
ity of antibodies and the outcome in clinical 
trials.

Much of the improvement in the quality of 
RID studies during the past 40  years can be 
attributed to the progress in our understanding 
and choice of tumor-associated antigens, the 
manufacture of more specific monoclonal anti-
bodies, the selection of radionuclides, the 
changes in radiolabeling chemistry, as well as 
the advances in imaging techniques, such as the 
addition of single-photon emission computer-
ized tomography (SPECT), positron-emission 
tomography (PET), use of dual-isotope technol-
ogy, and image fusion. A brief discussion of 
these factors, contributing to RID improvement, 
follows.
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32.3  Radioimmunodetection 
in the New Era 
of Personalized 
and Precision Medicine

Discovery of genomic alterations driving cancer 
cell proliferation and survival has been a major 
actor in increasing our understanding of cancer 
cell biology and in significant improvement in 
the development of diagnostic techniques for 
early tumor detection and treatment response 
evaluation in recent years. One of the major chal-
lenges in anticancer drug development is the 
identification of molecular predictive biomarkers 
to guide patient selection. Therefore, in spite of 
the prominent progress achieved to date, contin-
ued research is warranted to improve patient out-
comes through establishment of novel strategies 
to combine molecular diagnostic and therapeutic 
components while reducing toxicity.

Molecular imaging, a discipline allowing 
characterization of cellular process directly in 
living subjects and merging knowledge from 
various sources, including imaging, cell biol-
ogy, and pharmacology, to improve cancer diag-
nosis and treatment, has become a powerful tool 
in the development of personalized cancer 
detection and treatment over the last decade 
[26]. Using noninvasive techniques, molecular 
imaging enables in vivo definition of the molec-
ular features of cancer cells and allows for the 
characterization and measurement of cell func-
tions [27]. Depending on the clinical applica-
tion, contrast agent, and tumor location, 
different molecular imaging modalities may be 
used [28], comprising positron-emission tomog-
raphy (PET), utilizing positron-emitting radio-
active tracers and a tomographic scanner 
creating a 3D image, following the detection of 
the radiotracer signal [29], as well as the single-
photon emission computerized tomography 
(SPECT), which requires a gamma-emitting 
radioisotope and a tomographic imaging system 
for signal detection, both of which provide met-
abolic and functional information. Identification 
of the molecular features of cancer in  vivo 
allows clinical application of molecular imaging 
in the early cancer detection, staging, noninva-

sive evaluation of the tumor phenotype, patient 
stratification, follow-up, treatment guidance, 
response evaluation, early detection of resis-
tance to therapeutic agents, surgery guidance, 
and drug delivery monitoring [29–33]. 
Furthermore, delivery of a therapeutic radionu-
clide carried by a molecular imaging tracer 
directly to tumor cells enables the extension to 
targeted radiotherapy in the case of SPECT and 
PET [34, 35]. The relatively low spatial resolu-
tion of these molecular imaging modalities is 
often compensated by CT, or more recently MRI 
co-registration for precise anatomical localiza-
tion with improved resolution [36, 37].

The increased understanding of molecular 
alterations driving tumor progression has led to 
the development of novel theranostic probes 
characterized by two components, a targeting 
moiety (such as antibody), identifying a specific 
cancer cell or the tumor microenvironment target, 
and a signaling reporter (such as a radionuclide) 
that could be detected by SPECT or PET, result-
ing in the integration of imaging and therapeutic 
functionalities [30]. Despite the promising 
advantages of molecular imaging probes, there 
are still several unmet bench-to-bedside chal-
lenges, which need to be resolved [38, 39].

32.4  The Antibody Revolution: 
Story of the Magic Bullet

Radiolabeled antibodies have been developed for 
imaging and therapeutic purposes for more than 
30  years. Following the Ehrlich description of 
specific cytotoxic agents against cancer tissue 
[40], the feasibility of this approach has been a 
topic of intensive research. However, the real 
starting point was the introduction of the hybrid-
oma technique [41], which made isolation of 
large quantities of antibodies with predefined 
specificity possible. This procedure was first 
described by Kohler and Milstein in 1975, who 
developed a laboratory technology to produce an 
in  vitro immortal cell line of hybridoma cells 
capable of producing antibodies of predeter-
mined specificity in large quantities [41]. The 
process is as follows: After the injection of a 
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carefully selected tumor-associated antigen into a 
mouse, the mouse responds through the produc-
tion of abundant antibodies against the antigenic 
material in spleen B lymphocytes. Afterwards, B 
lymphocytes are extracted and positioned in sep-
arate culture media, after the splenectomy. As the 
myeloma cell genes could make the hybridoma 
cells capable of growing indefinitely in vitro, B 
lymphocytes are then mixed with mutated non- 
immunoglobulin- secreting myeloma cells and 
chemically merged, forming hybridoma cells, so 
as to evade their short-term survival in tissue cul-
ture medium. As each lymphocyte contains cer-
tain genes coding for specific monoclonal 
antibodies, they could produce a single type of 
antibody. However, these genes can be isolated, 
purified, and tested for desired immunoreactivity 
and specificity. Consequently, the hybridoma cell 
secretes a single antibody and stays in culture 
systems for a long period. Additionally, multiple 
clones of cells can be produced from single anti-
gen injection and those cells making the desired 
antibody are cultured [42]. Developments in 
recombinant DNA technology circumvented the 
limitations of the first generations of mAbs of 
murine origin for clinical use due to their immu-
nogenicity, through the production of chimeric 
(c-mAb), humanized (h-mAb), and complete 
human mAbs [43].

Real progress on developing diagnostic strate-
gies using monoclonal antibodies has been made 
with the identification of the tumor-associated 
antigens (TAA) identified for a series of human 
tumor types, which could be either aberrantly 
expressed antigens, differentiation antigens 
expressed during organogenesis, or expressed 
elsewhere in nonrelated normal tissues [44–47]. 
Identification of different genomic mutations in 
oncogenes or tumor-suppressor genes responsi-
ble for cancer growth, proliferation, and metasta-
sis has been a milestone in molecular 
characterization of tumors and subsequent devel-
opment of agents targeting molecular alterations 
in cancer pathways in the last decade [48].

The use of anticancer mAbs that can be linked 
to radionuclides to allow in vivo imaging of the 
target enabling diagnosis, staging, and molecular 
characterization of tumors is known as a promis-

ing approach and has been examined in several 
preclinical studies and clinical trials [49]. 
Molecular imaging techniques offer the opportu-
nity to reveal target expression on tumoral lesions 
throughout the body and to depict the temporal 
alterations in target expression through imaging 
at different times, and in this way to overcome 
certain limitations of other conventional in vitro 
techniques commonly used to assess receptor/
antigen expression on tumor tissue, including 
enzyme-linked immunosorbent assay (ELISA) 
and flow cytometry on blood cells for hemato-
logical malignancies or immunohistochemistry 
(IHC) for solid tumors, as these methods require 
invasive biopsy and are unable to evaluate the 
changes in target expression between a primary 
lesion and sites of metastasis in an individual or 
in the same lesion over time, or to assess inter- 
tumor heterogeneity as well as intra-tumor het-
erogeneity in a lesion due to the sampling 
approach.

It is well known that the monoclonal antibody 
selected for RID should yield the highest tumor- 
to- background ratio at the earliest time after 
injection. However, the heterogeneous expres-
sion of antigens between different tumor sites, 
varying degrees of TAA expression in the cells of 
the same tumor, and temporal modulation of their 
expression lead to suboptimal tumor targeting 
with monoclonal antibodies through incomplete 
cell targeting. In addition, other parameters such 
as the size of the tumor mass, antigen density, 
tumor physiology, fate of antigen-antibody 
immune complex, presence of circulating anti-
gen, monoclonal antibody format, monoclonal 
antibody dose, route of administration, and 
monoclonal antibody circulatory half-life have 
been postulated to affect tumor targeting with 
monoclonal antibodies [50].

Using the previously mentioned hybridoma 
technology, a wide spectrum of monoclonal anti-
bodies against TAAs have been developed, and 
are being currently investigated in various clini-
cal trials so as to have an estimate of the safety 
and efficacy of the recently produced 
radionuclide- labeled monoclonal antibodies. 
Alteration of the basic structure of these mono-
clonal antibodies culminates in the modification 
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of the behavior and imaging characteristics of the 
complex. Together with intact mAb molecules 
(with the molecular weight of 150  kDa), mAb 
fragments and engineered variants, including 
fragment for antigen-binding unit (Fab), F(ab’)2, 
F(ab’), single chain Fv (scFv), and covalent 
dimers scFv2, diabodies, and minibodies (with 
molecular weights ranging from 25 to 100 kDa), 
are being clinically implicated [43]. Radionuclide 
labeling of such small variable fragment of the 
monoclonal antibody molecule, which is the 
product of intact immunoglobulin G molecule 
chemical dissection with proteolytic enzymes 
such as pepsin or papain, results in brisk penetra-
tion to the target by quick leave of the vascular 
space and entrance to the tumor, less immuno-
genic properties than the intact antibody due to 
the lack of the Fc portion of the parent molecule, 
and rapid visualization of the tumor. However, 
the short residence time of this fragment in tis-
sues makes it suboptimal for the detection of cer-
tain solid tumors. On the other hand, certain 
features of the intact immunoglobulin G, includ-
ing slower clearance from vascular space due to 
the large size, less tumoral penetration, long 
serum and tissue residence time, and long time 
required between injection and imaging for an 
optimal target-to-background ratio, make them 
different from Fabs. The long-lasting binding of 
the whole immunoglobulins to tumor cells ren-
ders these agents ideal for the detection of vari-
ous tumors. The aforementioned characteristics 
of the whole immunoglobulins, such as the long- 
lasting binding of the whole immunoglobulins to 
tumor cells and the resultant optimal tumor-to- 
nontumor ratios, in general, render these agents 
ideal for the therapeutic purpose, while the opti-
mal format for diagnosis is still under investiga-
tion. New strategies, such as the use of 
pretargeting approaches, which separates the tar-
geting antibody from the subsequent delivery of 
an imaging or therapeutic agent that binds to the 
tumor-localized antibody, have evolved to over-
come some discussed obstacles [51].

Labeling of monoclonal antibodies with 
γ-emitting radionuclides and subsequent imaging 
with a single-photon emission computerized 
tomography (SPECT) camera have been carried 

out for diagnostic purposes thus far. Currently, 
four technetium-99  m (99mTc)- or indium-111 
(111In)-labeled murine mAbs (m-mAbs) have the 
FDA approval for cancer imaging [52], all of 
which had been mainly applicable in the staging 
of suspected recurrent or metastatic disease. The 
list of these radiolabeled mAbs is as follows: 
arcitumomab for colorectal cancer imaging 
(CEAScan™; Immunomedics, Morris Plains, 
NJ; 99mTc-labeled F(ab’) to carcinoembryonic 
antigen [CEA]), capromab pendetide for prostate 
cancer imaging (ProstaScint™; Cytogen; 
111In-labeled IgG to prostate-specific membrane 
antigen), satumomab pendetide for imaging ovar-
ian and colorectal cancer (OncoScint™; Cytogen, 
Princeton, NJ; 111In-labeled IgG binding to the 
tumor-associated glycoprotein 72 antigen), and 
nofetumomab merpentan for small-cell lung can-
cer imaging (Verluma™; Boehringer Ingelheim, 
Ingelheim, Germany; 99mTc-labeled Fab to epi-
thelial cell adhesion molecule). The clinical 
impact of these agents has not been impressive 
thus far. Among the four aforementioned agents, 
only ProstaScint remains commercially avail-
able, while the others are obsolete. This perspec-
tive might change with the use of some novel 
mAb formats directed against better targets, 
which are also suitable for therapy, in combina-
tion with cameras with improved characteristics.

To sum up, following Eisen observation of 
proteins being labeled with 131I without alteration 
in their immunological specificity in 1950 [53], 
radiolabeling of antibodies was pioneered. 
Several other radionuclides (discussed under the 
next subheadings in detail), useful in both tumor 
imaging and therapeutic approaches, have been 
investigated since then. A multitude of 
 radionuclides has been vectorized by monoclonal 
antibody derivatives to diagnose cancer since the 
initial establishment of radioimmunoconjugates 
and their subsequent use in clinical practice. 
Recent improvements in the production of mono-
clonal antibodies with higher specificity and 
greater binding affinity have been the conse-
quence of several recent trials. Notwithstanding 
the fact that radioimmunoconjugates have exhib-
ited promising efficacy, there is no doubt that 
these compounds still have limitations. However, 
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these stumbling blocks can partially be overcome 
by advancement in their usage optimization, 
highlighting future opportunities in radioimmu-
noconjugate imaging.

32.5  Theranostics

A treatment approach, based on radiolabeling 
compounds of interest, in which a single agent is 
used for both diagnostic and therapeutic purposes, 
is called theranostics. Using imaging methods 
such as SPECT or PET, this strategy is capable of 
assessing drug target expression and the actual 
presence of the drug at the tumor site in vivo in 
cancer patients. Among theranostic strategies, 
those using monoclonal antibodies (mAbs) and 
antibody-related therapeutic, including antibody-
drug conjugates (ADCs), engineered antibody 
structures (minibodies, diabodies, and nanobod-
ies), bispecific antibodies (bispecific T-cell engag-
ers [BiTEs]), and radiolabeled antibodies for 
radioimmunotherapy, belonging to ever-expand-
ing effective anticancer therapeutic agents, are of 
great interest. These agents, specifically designed 
against targets on the tumor cell membrane and 
immune cells together with targets in the microen-
vironment, and being easily radiolabeled, show 
promising characteristics for theranostic 
approaches. The mAbs could be administered 
either as noncurative agents, capable of lengthen-
ing disease-free survival [54–56], or as curative 
factors, increasing overall survival in cancer 
patients. The examples of the latter group consist 
of trastuzumab (antihuman epidermal growth fac-
tor receptor 2 (HER2) antibody) and ipilimumab 
(anti- cytotoxic T-lymphocyte antigen 4 (CTLA-4) 
antibody), which enhance the overall survival 
breast cancer and melanoma patients, respectively 
[57, 58].

The other focus of interest regarding ther-
anostic approach can be its ability to provide 
information on the tumor target heterogeneity 
and successful drug delivery to tumor lesions, 
both of which could not be fully evaluated before 
the introduction of these novel approaches. It is 
widely accepted that not all individuals in a cer-
tain patient population using a drug with proven 

clinical benefit will have the same outcome; this 
variability is partly related to the heterogeneity 
in tumor target expression, tumor vasculariza-
tion, or presence of an immunosuppressive 
tumor microenvironment. Furthermore, biopsy 
of a single tumor lesion was frequently required 
to make treatment decisions in both routine prac-
tice and drug development and the blood-based 
pharmacokinetic analyses were the only avail-
able method to determine dosing schedules, 
prior to the advent of theranostic approaches. As 
a result, molecular antibody imaging could set 
the stage for patient enrichment, drug develop-
ment, and clinical decision-making. However, 
such therapeutic approaches are beyond the 
scope of this chapter.

32.6  Diagnostic Radioisotopes

Monoclonal antibodies and antibody-related 
therapeutics can be efficiently labeled with a 
wide spectrum of radionuclides, including 
indium-111 (111In), iodine-123 (123I), iodine-124 
(124I), iodine-131 (131I), lutetium-177 (177Lu), 
technetium-99 m (99mTc), copper-64 (64Cu), gal-
lium- 68 (68Ga), yttrium-86 (86Y), and zirconium-
 89 (89Zr), which are those most commonly used 
for cancer molecular imaging with mAbs and 
antibody-related therapeutics (Table 32.1). Using 
various labeling methods, these radiolabeled 
agents can therefore be administered in both 
murine and humans experiments [59].

As the radioactivity needs to be detected for a 
proper period of time for the mAbs or the 
antibody- related drugs to get to the specific cel-
lular target while minimizing the duration of 
exposure to harmful radiation, an essential step to 
choose an appropriate radionuclide to label 
monoclonal antibodies with is matching of the 
physical half-life of the radionuclide and the 
serum half-life of the mAb, ranging from 30 min 
to 30 days (depending on the size and structure of 
mAb, the IgG subtype from which the mAb is 
derived, and whether the mAb is fully human, 
humanized murine, or chimeric). As stated in the 
preceding sections, the serum half-life is shorter 
for mAb fragments than for an intact mAb, 
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because of the molecular weight, which is often 
below the renal clearance threshold of approxi-
mately 70 kDa in mAb fragments [60].

Linking mAbs to metal-based radionuclides, 
such as 68Ga, 86Y, 64Cu, 89Zr, 111In, and 177Lu, war-
rants the use of a chelator, depending on the clini-
cal applicability, the most stable chemical link, 
and the radionuclide itself.

The other significant factor to note while 
selecting a radionuclide is whether the mAb 
internalizes following binding to the target (such 
as what happens to radiometal-labeled drugs in 
the metabolizing process, during which the 
metal-based radionuclide is trapped intracellu-
larly in lysosomes), culminating in the higher 
absolute uptake of the radiotracer and resultant 
higher tumor-to-blood ratios [61]. 89Zr is an 
example of positron-emitter radionuclide with 
competent characteristics for stable antibody 
labeling, which has been widely used in recent 
years. These characteristics include a physical 
half-life of 78.4 h generally matching the serum 
half-life of most mAbs in vivo. Its physical half- 
life is also compatible with the residualization 
time, resulting in increased tumor-to-background 
ratios [62].

Most radiolabeled intact antibodies have a 
relatively long effective half-life of between 14 
and 21  days, as stated above. These mAbs are 
distributed throughout the body and accumulate 
in both the tumor and other normal tissues 
expressing the target, with subsequent increasing 
tumor-to-background ratios due to the binding of 
the radiotracer to tumoral targets, residualization, 
and clearance of the nonbound tracer from the 

circulation over time. Target location, target 
expression levels, target saturation, internaliza-
tion of the mAb, perfusion, and vascularization 
are among the factors influencing tumor accumu-
lation of the radiolabeled mAb [60].

It is required to specify the optimal protein 
dose and time point to reach the proper tumor-to- 
background ratio prior to imaging study. Specific 
activity, expressed in MBq/mg, is a certain amount 
of radioactivity per milligram of the linked mAb, 
which is generally limited to 750–1000 MBq/mg 
for most mAbs. When the allowed safely adminis-
tered protein dose is relatively low, reaching a suf-
ficient radioactive dose for successful imaging is 
challenging, and this makes both the imaging and 
theranostic approaches arduous [63].

32.7  Limitations 
of Radioimmunoconjugate 
Compounds

The need for a reliable supply chain of radionu-
clide is a significant limitation in the administra-
tion of radioimmunoconjugates, which itself has 
multiple obstacles comprising the cost and avail-
ability of isotope production, specific activity, 
radionuclide purity, and chemical yield of the 
chemical purification process, and the radiolabel-
ing yield, radiochemical purity, and final activity 
of the immunoconjugate radiolabeling process. All 
these points warrant specific verifications within 
the supply chain to obtain a reliable source to glob-
ally supply clinical facilities on a global scale.

Table 32.1 Characteristics of radionuclide used in radioimmunoconjugate-associated cancer imaging and therapy

Technique Radio-isotope Half-life Application
SPECT 99mTc 6.0 h Diagnostic

123I 13.2 h Diagnostic
131I 192.5 h Diagnostic/therapeutic
111In 67.3 h Diagnostic
177Lu 159.5 h Therapeutic

PET 64Cu 12.7 h Diagnostic
68Ga 67.7 min Diagnostic
86Y 14.7 h Therapeutic
89Zr 78.4 h Diagnostic
124I 100.3 h Diagnostic
18F 109.7 min Diagnostic
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Notwithstanding the fact that various tech-
niques have been evolved in order to enhance the 
affinity and specificity of monoclonal antibody 
derivatives, limited tissue accessibility to the 
radioimmunoconjugate compound could, in turn, 
restrict the antibody-antigen binding. This limita-
tion arises from both the morphologically abnor-
mal and a highly structurally disorganized tumor 
neovasculature, which could exhibit anomalies 
such as blood flow inversion or arteriovenous 
shunting [64, 65], as well as the high interstitial 
pressure with a low passive diffusion rate, which 
causes large-sized macromolecules, such as 
monoclonal antibodies, to take longer to diffuse 
into the surrounding tissues [66]. The former 
phenomenon results from the appearance of mor-
phologically abnormal tumor neovasculature as a 
result of the quick formation of new blood vessel 
networks during tumorigenesis so as to maintain 
the metabolic demands of the tumor. And the lat-
ter could be due to the slower pace of neolym-
phogenesis than neoangiogenesis during tumor 
growth. Both these phenomena are estimated to 
hinder monoclonal antibody penetration in solid 
tumors. A multitude of methods, comprising the 
alteration of monoclonal antibodies’ global elec-
trostatic charge through chemical modification 
[67–69], along with the prior use of vasoactive 
compounds, such as interleukin-2, to improve 
tumors targeting via opening of the vascular bar-
riers [70, 71], have been examined previously, in 
order to optimize tumor penetration. However, as 
the complete coverage of tumors by full-length 
antibodies and their binding to antigen-positive 
regions while clearing from antigen-negative 
regions in tumor-bearing experimental models 
have been demonstrated by the autoradiography 
studies, it has been postulated that the poor pen-
etration of monoclonal antibodies in tumors has 
been partly overestimated [72–74].

Another limitation in the use of diagnostic 
radioimmunoconjugates to be acknowledged is 
the reduced contrast and the efficacy of the tech-
nique, which is partly affected by the choice of 
the radioisotope. The main purpose is to obtain a 
high contrast between tumor and the surrounding 
healthy tissues. In addition, certain healthy tis-
sues, such as liver, spleen, and lung, all of which 

are classically metastatic loci, are known to be 
sites for immunoconjugate metabolism and thus 
resulting in the reduced contrast.

32.8  Adverse Reactions

Interestingly, tracer uptake in normal tissues can 
partly describe observed side effects. Depending 
on the amount of the administered antibody or 
the immune phenotype of the patient, rare adverse 
reactions, encompassing a group of minor side 
effects, including rashes, hypotension, fever, and 
dyspnea, may appear in less than 4% of circum-
stances [75]. The development of immunity, 
caused by the formation of human antimurine 
antibodies (HAMA), human anti-chimeric anti-
bodies (HACA), or human antihuman antibodies 
(HAHA), is variable, as the greater the amount of 
protein injected, the higher the frequency of 
HAMA, HACA, and HAHA development, 
increasing the risk of possible allergic reactions 
in repeated RID studies. This relationship is 
reported to be the same for monovalent antibody 
fragments in patients [76]. Furthermore, the pos-
sibility of the interference of the presence of cir-
culating HAMA, HACA, or HAHA with the 
immunoassay results of certain tumor markers in 
the blood specimens of cancer patients should be 
kept in mind, as these antibodies may contribute 
to falsely elevated laboratory values in cancer 
patients for up to 6 months after the injection of 
labeled monoclonal antibodies.

32.9  Imaging Techniques

32.9.1  Revolutionary Road: 
From SPECT to PET

Since the 1990s, before PET technology became 
broadly available, mAbs have been coupled with 
gamma-emitting radionuclides, such as 99mTc, 
111In, or 131I, and imaged with planar or single- 
photon emission computerized tomography 
(SPECT) cameras. SPECT images, obtained in 
regions of known or suspected lesions, have 
offered an improved contrast of the lesion in the 
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section of interest, differentiating it from the 
overlapping structures lying near the target, visu-
alized in a planar view. At the same time, other 
anatomical imaging techniques, such as com-
puted tomography (CT) and magnetic resonance 
imaging (MRI), could be applied to the same 
body region and eventually superimposed to the 
SPECT images of the same region by means of 
an appropriate computer software program, and 
finally result in the generation of fused images, 
containing both the anatomical and functional 
details of the region of interest.

Although informative, SPECT camera images 
suffered from limited sensitivity and low spatial 
resolution. More importantly, a need for reliable 
quantitative measurements was a rationale for the 
implication of PET as a powerful method for 
mAb imaging, with greater sensitivity, improved 
spatial resolution, and signal-to-noise ratios, as 
well as the capability to perform accurate quanti-
fication [77].

32.9.2  Immuno-PET

Immuno-PET is based on the coincidental recog-
nition of a mAb labeled with a positron-emitting 
radionuclide. The basic description of the under-
lying mechanism of such technology is as fol-
lows: Based on the initial positron energy and the 
density of the surrounding matters, the emitted 
positron travels a distance of a few millimeters, 
loses its kinetic energy, and finally combines with 
an electron, leading to the so-called annihilation 
process, and yields two photons, each with an 
energy of 511  keV emitted simultaneously in 
opposite directions. Provided that these two emit-
ted photons are registered by detectors, which are 
placed around the body of the patient, on opposite 
sides of the body within a 5–15 ns time interval, it 
is then assumed that an annihilation event has 
taken place somewhere along the line between the 
two detectors. Thus, the location of the radiola-
beled mAb can be identified by means of the cal-
culation of the crossing of all lines. In this way, 
detection of the annihilation photon pairs with a 
PET camera results in the identification of PET 
conjugate distribution in a patient [78].

Immuno-PET has been sentenced to several 
technical advances to further improve its sensi-
tivity and resolution through accomplishments 
achieved by recent investigations. Additionally, 
combination of PET with computed tomography 
(CT) or magnetic resonance imaging (MRI) 
makes simultaneous registration of both biologic 
function and anatomy possible and facilitates 
accurate interpretation of PET images and 
quantification.

Positron emitters have to fulfill several 
requirements, such as appropriate decay charac-
teristics for optimal resolution and quantitative 
accuracy, easy and cost-effective production, 
capability of efficient and stable coupling to 
mAbs, and compatibility of their physical half- 
life (t1/2) with the time required for a mAb or 
mAb fragment to achieve optimal tumor-to- 
nontumor ratios, to be appropriate for immuno- 
PET.  At the same time, maintenance of the 
antibody’s in  vivo binding and biodistribution 
characteristics is mandatory.

Keeping such considerations in mind, certain 
positron emitters, including gallium-68 (68Ga; 
t1/2, 67.7 min), fluorine-18 (18F; t1/2, 109.7 min), 
copper-64 (64Cu; t1/2, 12.7 h), yttrium-86 (86Y; t1/2, 
14.7 h), bromine-76 (76Br; t1/2, 16.2 h), zirconium-
 89 (89Zr; t1/2, 78.4  h), and iodine-124 (124I; t1/2, 
100.3 h), have been the focus of intensive research 
recently; and among them, 89Zr and 124I, having 
long half-lives which allow both easier transpor-
tation and imaging at late time points for obtain-
ing maximum information, have been shown to 
be suitable in combination with intact mAbs, 
while very short-lived 68Ga and 18F can only be 
administered in combination with mAb frag-
ments or in pretargeting technique, the approach 
in which antibodies capable of both binding anti-
gens and radiolabeled small molecular weight 
ligands are administered and injection of the 
radioactive ligand takes place following the bind-
ing and clearance of the antibody, in order to bind 
the pre-localized antibody. Such techniques pro-
vide enhanced tumor-to-background ratios [51, 
79]. Besides, it should be noted that long half-life 
of radiotracers causes greater radiation burden to 
patients. Radionuclides such as 76Br and 124I posi-
tron emitters can either be directly coupled to a 
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mAb or conjugated indirectly through a linker, 
using radiohalogens and radiometals [61].

Another important consideration to be taken 
into account while selecting a positron emitter 
for immuno-PET applications is whether the 
mAb becomes internalized following attachment 
to the target antigen, which results in rapid clear-
ance of radioimmunoconjugates such as 76Br- and 
124I-labeled mAbs from the target cells, and there-
fore less tumor contrast on PET images and the 
resultant inability to reflect the actual mAb distri-
bution [61]. Our understanding of the abovemen-
tioned issues will open avenues to the routine 
clinical application of immuno-PET.

The field of PET molecular imaging, providing 
reproducible noninvasive whole-body biomarkers 
mapping, is rapidly progressing toward clinical 
use today. Moreover, this modality characterized 
by the improved image quality, the safety, as well 
as the potential for proper estimation of the anti-
genic expression level represents a promising tool 
for personalized medicine. Some of the recent 
advances in immuno-PET come next.

32.10  Monoclonal Antibodies: 
Clinical Utility

As stated in previous sections, among the most 
relevant applications of radiolabeled mAbs [80], 
noninvasive in vivo detection of molecular altera-
tions and target expression also known as in vivo 
immunohistochemistry [81–83], evaluation of 
intra- and interindividual variability in tumor 
uptake and normal tissue accumulation and elimi-
nation, analysis of tumor heterogeneity in mAb 
uptake by tomographic imaging of the lesion that 
may be caused by either the expression of the tar-
get receptor/antigen or the variability in blood 
flow, delineation of molecular response to a spe-
cific targeted therapy [84], identification of resis-
tance to targeted therapies due to changes in target 
expression [85], and assessment of therapeutic 
index via estimating the uptake of the mAbs in 
tumor and normal tissues could be named [86].

Recombinant engineering techniques have 
resulted in further accomplishments in the diag-
nostic application of radiolabeled mAbs through 

both the better recognition of cancer biology, 
which leads to appropriate target selection, and 
the improvement of the tumor:blood and 
tumor:normal tissue ratios [87]. Certain radiola-
beled mAbs targeting tumor antigens have been 
investigated in both preclinical models and clini-
cal studies and their specificity for imaging has 
been clearly delineated; however, further clinical 
trials are required to understand the exact diag-
nostic, prognostic, and therapeutic roles of these 
mAbs. A wide spectrum of promising targets are 
currently being assessed in clinical trials at vari-
ous stages with the hope of finding ideal antigens 
which are intended to be readily accessible, 
highly overexpressed, and expressed only within 
the desired target tissue, and with minimal shed-
ding or secretion from the cell surface, circula-
tion in the blood, and residence in the interstitial 
compartment. Among the mAbs, those targeting 
well-studied molecular patterns, including pro-
gram death-1 (PD-1), program death ligand-1 
(PD-L1), prostate-specific membrane antigen 
(PSMA), CD20, epidermal growth factor  receptor 
2 (HER2), and epidermal growth factor receptor 
(EGFR), are discussed below (Table 32.2).

32.10.1  Program Death-1 (PD-1) 
and Program Death 
Ligand-1 (PD-L1)

T-cells are pivotal actors in the anticancer 
immune response. These immune cells express 
coinhibitory receptors capable of downregulating 
the immune response [109], one of which is pro-
grammed death 1 (PD-1) having two ligands, 
namely, programmed death ligand-1 (PD-L1) 
and PD-L2, of which PD-L1 is expressed to a 
greater extent. Interaction of PD-1 and PD-L1 
transduces an inhibitory signal to the T-cell, lead-
ing to the impediment of T-cell proliferation, 
decreased levels of effector cytokines, and poten-
tially exhaustion, making tumor cells capable of 
escaping immune recognition and attack [110–
112], and in this way favors cancer growth and 
progression [113]. PD-L1 is overexpressed in dif-
ferent tumors, comprising ovarian cancer, non- 
small lung cancer, melanoma, breast cancer, 
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gastric cancer, renal cell cancer, and hematologic 
malignancy, and both PD-1 and its ligand, PD-L1, 
have been considered to be associated with poor 
outcome of cancer patients [114].

Despite the promising results of anti-PD-1 or 
anti-PD-L1 mAb application in cancer therapy 
[115–119], not all the patients respond to these 
immune-checkpoint inhibitors. PD-L1 expres-
sion, routinely assessed with IHC on archival tis-
sue, has been investigated as a potential biomarker 
of response but divulged no definitive correlation 
between PD-L1 expression and response. IHC 
method warrants a new tumor biopsy at the time 
of progression [120, 121]. Certain obstacles 
caused by immunohistochemical analysis of 
PD-L1 expression in tumor biopsies, which 
include sampling errors and, thus, misinterpreta-
tion due to intratumoral and interlesional hetero-

geneity, could be successfully handled using 
molecular in vivo imaging with radiolabeled anti- 
PD- L1 antibodies, which makes the measurement 
of PD-L1 expression prior to the commencement 
of therapy, of both the whole tumor lesions and 
their metastases, possible. As a consequence, 
molecular imaging could help us with more accu-
rate detection of PD-L1 expression and accessi-
bility and longitudinal monitoring of PD-L1 
expression during disease progression and treat-
ment, and in this way PD-1 and PD-L1 can poten-
tially be used as a biomarker to select patients for 
PD-1/PDL1-targeted therapy.

SPECT imaging with 111In-labeled PD-L1.3.1 
mAb in mice bearing human breast cancer xeno-
grafts was found to recognize PD-L1 overexpres-
sion levels [88]. Additionally, investigation of 
PD-L1 expression in cell lines and in mice bear-

Table 32.2 Prominent radiolabeled monoclonal antibodies used for cancer molecular imaging

Target
Radiolabeled monoclonal 
antibody Malignancy Activity

Level of 
study References

PD-L1 111In-PD-L1 Breast Evaluation of target expression Preclinical [88, 89]
PSMA 111In-J591 Prostate Estimation of 177Lu-J591 activity Clinical [90]
VEGF 89Zr-bevacizumab Renal cell 

carcinoma
Identification of everolimus 
activity

Clinical [91]

Breast Evaluation of target expression Clinical [92]
111In-bevacizumab Melanoma Evaluation of target expression 

and treatment response
Clinical [93]

Ovary Evaluation of target expression Preclinical [94]
CD20 131I-tositumomab (Bexxar) Non-Hodgkin’s 

lymphoma
Evaluation of target expression, 
toxicity assessment

FDA 
approved

[95]

111In/90Y-ibritumomab 
tiuxetan (Zevalin)

Non-Hodgkin’s 
lymphoma

Evaluation of target expression, 
toxicity assessment

FDA 
approved

[96]

HER2 111DTPA-pertuzumab Breast Identification of trastuzumab 
activity

Preclinical [84]

89Zr-trastuzumab Gastric Evaluation of target expression 
and afatinib activity

Preclinical [97]

Breast Evaluation of target expression 
and drug activity

Clinical [98–100]

64Cu-trastuzumab Breast Assessment of target expression 
and HSP90 inhibitor activity

Clinical [101, 102]

111In-trastuzumab Breast Assessment of target expression 
and trastuzumab activity

Clinical [103, 104]

EGFR 89Zr-panitumumab Colon Evaluation of target expression Preclinical [105]
89Zr-cetuximab Colon Assessment of cetuximab 

activity
Clinical [106]

Lung, head and 
neck

Estimation of target expression 
and cetuximab activity

Clinical [107, 108]

PSMA prostate-specific membrane antigen, HSP90 heat-shock protein 90, DTPA diethylenetriamine pentaacetic acid, 
VEGF vascular endothelial growth factor, HER2 epidermal growth factor receptor 2, EGFR epidermal growth factor 
receptor
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ing triple-negative breast cancer and non-small 
cell lung cancer xenografts [89], using an analog 
of anti PD-L1 mAb, atezolizumab, conjugated 
with 111In together with a near-infrared dye, 
found 111In-PD-L1-mAb and NIR-PD-L1-mAb 
to be capable of deciphering different levels of 
PD-L1 expression in tumor xenografts, and justi-
fied the feasibility of in vivo PD-L1 evaluation by 
imaging.

32.10.2  Prostate-Specific 
Membrane Antigen (PSMA)

Prostate-specific membrane antigen (PSMA), a 
transmembrane protein widely present in prostate 
cancer cells and specifically in castration- 
resistant tumors [122], is a cell membrane protein 
expressed in all stages of prostate cancer and is 
known to be correlated with higher tumor stages, 
preoperative prostate-specific antigen (PSA) lev-
els, Gleason scores, and a higher risk of biochem-
ical recurrence [123–125]. This marker has been 
characterized in other solid tumors such as 
colorectal cancer, renal cancer, and glioblastoma 
[126, 127]. PSMA has been established as a 
unique biomarker particularly expressed by 
tumor-associated neovasculature but not pro-
duced by normal vessels [128].

Monoclonal antibodies have been evolved 
against PSMA [122, 129]. 111In-labeled capro-
mab pendetide, marketed as ProstaScint, is an 
FDA-approved antibody directed against an 
intracellular epitope of PSMA for the detection 
of nodal metastases in patients with prostate can-
cer; however, this epitope is regarded as a subop-
timal target for antibody imaging [130]. J591 is a 
mAb binding an epitope on the extracellular 
domain of PSMA [131], which has been adminis-
tered in the form of 111In-J591 for in vivo assess-
ment of PSMA expression via SPECT imaging, 
and has been proven as a predictive biomarker of 
PSA response following radioimmunotherapy 
with 177Lu-J591 [90]. This mAB has been applied 
for PET imaging following being labeled with 
89Zr or 124I and for radioimmunotherapeutic 
approaches after being 90Y and 177Lu labeled 
[132, 133].

32.10.3  Vascular Endothelial 
Growth Factor (VEGF)

VEGF-A, usually referred to as VEGF, is the 
most prominent tumor angiogenesis mediator, 
with the gene comprising nine exons and eight 
introns mapped to chromosome 6p21.3 [134, 
135]. Signal-sequence cleavage culminates in the 
development of six isoforms of 121, 145, 165, 
183, 189, and 206 amino acid length, respec-
tively, among which the VEGF165 is the most 
frequent isoform that has a significant portion 
bound to heparin sulfate proteoglycans on the 
cell surface and in the extracellular matrix after 
being secreted [136]. VEGF signals after binding 
to the VEGF receptor 2 (VEGFR-2) [137].

A humanized type of the anti-VEGF-A mono-
clonal antibody (mAb) A.4.6.1., bevacizumab, 
directed against a common epitope which is 
encoded by exon 4, that is commonly present in 
all VEGF-isoforms, is capable of the impediment 
of the interaction with VEGFR-1 and VEGFR-2 
[138]. Noninvasive VEGF imaging using radiola-
beled bevacizumab (89Zr-bevacizumab and 
111In-bevacizumab) was first described by 
Nagengast et al. in nude mice with human ovar-
ian tumor xenografts [94]. Meanwhile, an inves-
tigation carried out by Stollman et  al. [139] in 
order to discover any possible association 
between VEGF-A expression in patients with 
colorectal liver metastases and level of 
111In-bevacizumab tumor accumulation did not 
reveal any clear-cut correlation between the 
VEGF-A expression and the level of antibody 
accumulation. Such finding could be partly attrib-
uted to the inability to visualize the soluble 
VEGF121 isoform and the elevated vascular per-
meability in tumors [140].

32.10.4  Cluster of Differentiation  
20 (CD20)

CD20, a surface antigen expressed by B-cell 
hematological malignancies, has been the target 
of a chimeric mAb, rituximab, which has shown 
to be highly active in non-Hodgkin’s lymphoma 
[141]. Keeping in mind the significant radiosen-
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sitivity of non-Hodgkin’s lymphoma, two radio-
labeled murine mAbs against CD20, namely, 
90Y-ibritumomab tiuxetan (Zevalin) and 
131I-tositumomab (Bexxar), have been developed 
alongside rituximab and have been evaluated for 
cancer radioimmunotherapy (RIT) since then. 
Using 111In-labeled mAbs, tumors can be imaged 
and according to the imaging results, which dem-
onstrate the tumor uptake and the extent of nor-
mal organ localization such as spleen uptake, 
patients can be selected for RIT; such an approach 
is regarded as radiotheranostics and was applied 
early in the introduction of 90Y-ibritumomab tiux-
etan (Zevalin), although imaging is no longer 
routinely performed due to the safety and dosing 
issues [86].

32.10.5  Epidermal Growth Factor 
Receptor 2 (HER2)

Human epidermal growth factor receptor 2 
(HER2) is overexpressed in a multitude of 
malignancies, comprising breast, ovary, pros-
tate, bladder, gastric, and lung cancers, among 
which its diagnostic role is most vastly studied 
in breast cancer. The role of HER2 as a thera-
peutic target has been proven in patients with 
breast and gastric cancers [142, 143]. HER2 
overexpression is found in 15–25% of patients 
with breast cancer and is known to be associated 
with the more aggressive clinical course. A 
spectrum of anti- HER2 drugs has shown encour-
aging results in patient outcomes in both 
advanced and early disease settings [144]. 
Hence, the assessment of HER2 as an important 
target in the management of breast cancer is a 
crucial step in the diagnostic workup and the 
selection of optimal treatments in both  early-stage 
and metastatic settings. Immunohistochemistry 
(IHC) (usually with an antibody recognizing the 
intracellular domain of the receptor [145]) or 
fluorescence in situ hybridization (FISH) is the 
method commonly used in the clinical practice to 
identify HER2 status mostly from the primary 
tumor and when feasible [146] repeated at the 
time of progression to recognize any possible dis-
cordance between the primary tumor and metas-

tasis [147]. However, there are some issues of 
concern with regard to these clinically available 
methods that need to be resolved; such issues 
include the limited number of metastases that 
can be easily accessed for a biopsy and the het-
erogeneity of the disease, particularly in the 
metastatic setting. Table  32.3 depicts multiple 
anti-HER2 probes developed for both SPECT 
and PET as noninvasive approaches for evaluat-
ing whole-body HER2 expression patterns, 
among which some have encouraging results in 
the clinical practice.

Several studies have assessed the applicabil-
ity of trastuzumab, a humanized IgG1 mAb tar-
geting epidermal growth factor receptor 2 
(HER2), radiolabeled with 89Zr, 111In, or 64Cu as 
a diagnostic tool to define in vivo HER2 expres-
sion in primary and metastatic breast cancer 
[101, 151], and has shown significant activity in 
patients with HER2-positive breast cancer [153]. 
SPECT imaging with 111In-trastuzumab has 
shown promising results in tumor HER2 expres-
sion detection in mouse tumor xenograft studies 
as well as HER2-positive breast cancer human 
studies [103, 104]. PET imaging with positron-
emitter 89Zr-labeled trastuzumab has shown 
good spatial resolution and high and specific 
tumor uptake in animal models [98]. It has been 
postulated that reduction of downstream path-
way activation implicated in cancer cell growth 
and proliferation by means of HER2 downregu-
lation could be the possible mechanisms through 
which trastuzumab acts as a therapeutic agent 
[154].

Pertuzumab, a mAb that binds HER2 at an epi-
tope other than the one trastuzumab attaches to, 
inhibits dimerization between HER2 and other 
epidermal growth factor family receptors, and can 
be used in its radiolabeled form to image tumoral 
HER2 expression alterations following treatment 
with trastuzumab, since these two affect different 
binding sites of HER2; such studies have revealed 
HER2 downregulation after continued trastu-
zumab treatment. Indeed, 111In-labeled pertu-
zumab SPECT imaging has demonstrated 
promising results in the assessment of HER2 
expression in mural breast cancer xenografts [84]. 
Uptake of 111In-labeled pertuzumab has been indi-
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cated in HER2-positive breast cancer liver metas-
tases, as well. As depicted in Table 32.3, the study 
performed by Ulaner et  al. [98] has suggested 
89Zr-labeled trastuzumab to be able to detect 
HER2-positive metastatic lesions and select 
patients who may benefit from trastuzumab treat-
ment in whom the primary tumor was found to be 
negative for overexpression of HER2 following 
conventional investigations, such as IHC and 
FISH; and these are all first steps to confirm the 
role of imaging with radiolabeled trastuzumab in 
defining spatial and temporal tumor heterogeneity 
in HER2 expression in breast cancer patients and 
to help us identify more patients who would ben-
efit from HER2-targeted therapy providing an 
opportunity to personalize cancer treatment.

32.10.6  Epidermal Growth  
Factor Receptor (EGFR)

Epidermal growth factor receptor (EGFR), a 
member of the erbB family of tyrosine kinase 
receptors [155], is a 170 kDa cell surface protein 
composed of an intracellular domain with ade-
nosine triphosphatase-dependent tyrosine kinase 
activity, a hydrophobic transmembrane domain, 
and an extracellular ligand-binding domain 
[156], which is overexpressed in different tumors, 
comprising lung, colon, breast, head and neck, 
pancreatic, and brain, and is associated with a 
multitude of mechanisms responsible for tumor 
growth and progression, such as autonomous cell 
growth, inhibition of apoptosis, angiogenic 

Table 32.3 Monoclonal antibody-derived probes to assess HER2 overexpression in patients with breast cancer

Probe Dose Study population Findings References
111In- or 68Ga-labeled 
ABY-002

80–90 mg, activity 
ranging from 110 to 
267 MBq

N = 3 (advanced 
stage)

High rate of detection of known 
lesion on 18F-FDG PET

[148]

111In-ABY-025 100 mg, mean activity 
of 142.6 MBq; range, 
131–154 MBq

N = 7 (advanced 
stage, including 5 
HER2-positive and 2 
HER2-negative 
tumors)

Visualization of HER2-positive 
metastases, comprising both the 
liver and brain metastases

[149]

111In-trastuzumab 
with variable 
amounts of 
trastuzumab

185 MBq N = 10 (advanced 
stage)

Anticipation of cardiotoxicity 
and response to trastuzumab

[150]

111In-trastuzumab 100–150 MBq N = 15 (advanced 
stage)

Low tumor detection rate [103]

89Zr-trastuzumab 37 MBq + either 10 or 
50 mg of trastuzumab

N = 14 (advanced 
stage)

Showing metastasis in liver, 
bone, lungs, and brain; excellent 
tumor uptake

[151]

64Cu-trastuzumab 130 MBq N = 6 (early and 
advanced stages)

Showing primary tumors and 
brain metastasis; suboptimal 
visualization of liver lesions

[101]

64Cu-trastuzumab 364–512 MBq, 5 mg 
of trastuzumab 
preceded by 45 mg 
trastuzumab infusion

N = 8 (advanced 
stage)

Identification of lesions similar 
to 18F-FDG PET; however, some 
lesions were only visualized on 
64Cu-trastuzumab PET

[152]

89Zr-trastuzumab 185 MB ± 10% N = 9 (advanced 
stage, pathologically 
confirmed HER2 
negative)

Detection of unsuspected 
HER2-positive metastases in 
patients with HER2-negative 
primary breast cancer

[98]

89Zr-trastuzumab 37 MBq (±10%) 
89Zr-trastuzumab and 
50 mg cold 
trastuzumab

N = 56 (advanced 
stage)

Prediction of response to the 
antibody-drug 
immunoconjugate, trastuzumab- 
emtansine (TDM1) in patients 
with HER2-positive metastatic 
breast cancer

[99]
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potential, invasion, and metastases [157, 158]. 
The binding of EGF to its ligand results in the 
downstream activation of RAS/RAF/MAPK and 
PI3K/AKT cascades [159].

Different anti-EGFR mAbs, including cetux-
imab or panitumumab, have shown activity in 
different types of solid tumors and have been 
approved for clinical use, while some are cur-
rently under clinical evaluation. Cetuximab is an 
immunoglobulin G1 mouse–human chimeric 
monoclonal antibody that binds with high affinity 
to EGFR [160], inhibits the EGFR signal trans-
duction pathway, and causes disruption of cell 
cycle progression and G1-phase cell cycle arrest 
through blockade of DNA repair mechanisms 
and survival pathways, decrease in matrix metal-
loproteinases required for metastatic invasion, 
and downregulation of angiogenesis and cellular 
adhesion [161].

It has been recently indicated that in spite of 
selection based on KRAS and NRAS mutational 
status, which is known to be predictive of resis-
tance to anti-EGFR therapies [162], only 50% of 
patients with colorectal cancer treated with 
cetuximab achieved a benefit [163], the finding 
which leads to the hypothesis that the uptake of 
such anti-EGFR mAbs in cancer cells may antici-
pate its activity. Demonstration of tumor uptake 
of the radiolabeled mAb by PET imaging of 
advanced colorectal cancer patients with 
89Zr-labeled cetuximab following cetuximab 
infusion has been shown to be able to predict 
cetuximab activity [106]. Furthermore, another 
study has proposed the overexpression of EGFR 
as an actor in trastuzumab resistance in HER2- 
positive breast cancer patients [164]. The overex-
pression of this marker in triple-negative breast 
cancer cells (estrogen and progesterone receptor 
negative and HER2 negative) has also been asso-
ciated with poor prognosis [165].

32.11  Future Perspectives 
and Concluding Remarks

Radiolabeled mAbs have successfully been used 
in the timely diagnosis of malignancies for many 
years, with encouraging clinical results. The cur-

rent advances in the utilization of novel radionu-
clides for both diagnostic and therapeutic purposes 
have prompted the optimization of the radioim-
munoconjugates and make this an appealing 
method for early detection and management of 
different cancers. Radiolabeled mAbs, as novel 
molecular imaging probes, have shown to be 
promising agents in preclinical models to enable 
in  vivo molecular characterization of tumors to 
guide diagnosis and to favor response monitoring 
and early resistance detection. Furthermore, a 
shift in the paradigm from classical tumoral anti-
gen targeting toward tumor microenvironment 
targeting has been achieved through the improve-
ment in  radioimmunoconjugate methodology. In 
vivo visualization of specific targets and pathways 
using molecular imaging techniques at the pre-
clinical stage and in clinical trials has accelerated 
the development of new personalized cancer ther-
apies. Hence, by means of the current advances in 
the theranostic application, using radiolabeled 
mAbs, personalized medicine, which has long 
been one of the main goals of cancer research thus 
far, has become a reality in the arsenal of cancer 
treatment and this results in the effectiveness of 
treatment and minimizes normal tissue toxicity.

Future work should focus on the integration of 
molecular imaging techniques using radiolabeled 
mAbs to address key questions in the preclinical 
and clinical evaluation of novel targeted agents 
with special regard to the imaging of expression 
and inhibition of drug targets and early assess-
ment of the tumor response to treatment. Agents 
allowing precise measurement of tumor targets 
on a whole-body image upon administration of a 
functional agent, which are therefore expected to 
provide image-guided therapy, are required to 
adequately assess clinical endpoints, and in this 
way guidance on more efficient alternative treat-
ment strategies could be possible.
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33.1  Introduction

Cancer immunotherapy seeks to elicit or aug-
ment the antitumor immune response in a cancer 
patient in order to enlist the help of the patient’s 
own immune system for long-lasting tumor con-
trol. In this context, active cancer immunother-
apy refers to the use of cytokines, 
immunomodulatory monoclonal antibodies (e.g., 
blocking antibodies (Abs) for CTLA-4, PD-L1, 
and PD-1, but also agonistic Abs for CD40, 
CD137, OX40, …), cell-based products (e.g., 
adoptive transfer of tumor-infiltrating lympho-
cytes-TILs-or of engineered T-cells such as 
CAR-T-cells), or experimental vaccines based on 
various antigen (Ag) formats. When evaluating 
immunotherapies, particularly in the experimen-
tal setting, it is essential to monitor the immune 
response elicited by the treatment. 
Immunomonitoring delivers evidence of immu-
nogenicity; guides the choice and dose of anti-
gens; assesses the effects of adjuvants, immune 
modulators, and therapy combinations; and has 
the potential to reveal early biomarkers of clini-
cal efficacy. In this respect, immunomonitoring is 
helpful for rational clinical development and sup-
plements clinical efficacy parameters such as 
disease-free period or survival, which are often 
available only at later clinical trial stages.

In view of their role in the anticancer immune 
response, the quantity and quality of tumor- 
antigen- specific effector CD4+ and CD8+ T-cells 
are of particular interest. In addition, the role of 
immune-regulatory cells, e.g., regulatory T-cells 
(Tregs), myeloid-derived suppressor cells 
(MDSCs), or certain subsets of monocytes/mac-
rophages that can suppress effector immune 
responses, is increasingly recognized, not only 
within the tumor microenvironment but also in its 
macro-environment, the lymph nodes, spleen, 
and blood [1–4]. Informative analysis requires 
multiple markers for the accurate identification 
and quantification of phenotypic and functional 
cell subsets that are typically found at relatively 
low frequencies in the peripheral blood. These 
characteristics call for an assay that is multi- 
parametric, robust, and sensitive enough to char-
acterize rare individual cells.

The canonical multiparameter assay for the 
characterization of single cells in solution is 
polychromatic flow cytometry; it is ubiquitously 
used for immune monitoring, both in preclinical 
tumor immunology and in cancer immunother-
apy trials. While the first fluorescence-based flow 
cytometer dates to 1968, the past several years 
have brought major advances in cytometer tech-
nology, reagents, and range of applications. 
Minimal standards for assays and cytometer 
quality assurance, as well as for data reporting, 
are being adopted, along with automated analysis 
techniques, which are becoming essential for the 
analysis and visualization of high-throughput 
multiparameter flow data. Much has also been 
learned about the challenges facing the use of 
increasingly complex flow cytometry assays in 
clinical trials, and what needs to be done to har-
monize the assays across laboratories. This chap-
ter describes the main flow cytometry methods 
being applied in cancer immunotherapy, with an 
emphasis on recent progress in the field, chal-
lenges associated with quality control, its prom-
ise to reveal biomarkers of clinical efficacy, and 
further developments that are likely to be rapidly 
implemented in routine cancer immunology.

33.2  Main Flow Cytometry Assays 
in Cancer Immunotherapy

Together with immunohistochemistry, immuno-
phenotyping by flow cytometry is probably the 
most commonly used assay to investigate cells in 
cancer immunology. Flow cytometry distin-
guishes human immune cells via a combination 
of physical properties and fluorescent markers 
such as labeled monoclonal antibodies (mAbs) 
against cell-associated molecules that are 
expressed at the cell membrane or intracellularly. 
Physical properties measured by the cytometer 
are forward-scattered light (FSC) which is 
roughly proportional to the cell size, and side- 
scattered light (SSC) which reflects the granular-
ity of the cells. Markers recognized by fluorescent 
mAbs are mostly categorized in clusters of dif-
ferentiation (CD). To date, the human cell differ-
entiation molecule organization [5] has indexed 
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more than 370 CD markers [6]. “Basic” CD 
markers are CD3, CD4, and CD8 for T-cell sub-
sets; CD19 or CD20 for B-cells, CD14 for mono-
cytes; CD11c for subsets of dendritic cells; CD56 
for natural killer (NK) cells; and CD15 for granu-
locytes. In most cases, and for obvious reasons, 
enumeration of the number and frequencies of 
immune cell types is performed on blood sam-
ples (either whole blood or PBMCs), which can 
be easily obtained from patients at regular inter-
vals. More difficult to obtain but very informative 
is the tumor tissue, of which single-cell suspen-
sions can be prepared for analysis of infiltrated 
immune cells. Indeed, the phenotype of TILs is 
often very different from that of autologous 
PBMCs, and many cell subsets can only be iden-
tified and characterized within the tumor micro-
environment [7, 8]. Further markers can be added 
to identify endothelial cells (CD31), fibroblasts 
(ER-TR7, vimentin), epithelial cells (EpCAM, 
i.e., CD326), and particular tumor cells (e.g., 
CAIX for renal cell carcinoma).

Altogether, cell subpopulations are defined by 
combination, rather than single, markers, which 
is not surprising considering the complexity and 
plasticity of human immune cell subsets. As an 
example, a consensus was recently reached by a 
group of international experts for characterizing 
Tregs with a minimal set of seven nonoverlap-
ping markers that can be used as a basic Ab panel 
for Treg monitoring [9]. Polychromatic cell sur-
face flow cytometry is also useful to characterize 
the activation status, differentiation status, and 
clonality of T lymphocytes. Commonly used 
markers for this purpose include CD25, CD69, 
CD137, and CD154, CD27, CD28, CD45RA/
RO. Currently, and along the clinical success of 
checkpoint blockade Abs, the characterization of 
T-cell co-receptors (e.g., PD-1, Tim-3, VISTA, 
LAG3, and CD40, CD137, OX40 for inhibiting 
and activating receptors, respectively) has 
become a major focus of clinical research [10, 
11]. For checking the clonality of the T-cell 
receptors (TCR), Vβ usage can be determined 
with specific mAbs. Note that flow cytometry can 
only deliver limited information on TCR usage; 
hence sequencing is needed for a more detailed 
picture on CDR3 regions. A combination of 

mAbs against activation markers and chemokine 
receptors (i.e., CCR7 = CD197) can be used to 
identify naïve effector memory, central memory, 
terminally differentiated effector memory 
(TEMRA), and memory T-cells with stem cell- 
like features [12–16]. These differentiation stages 
are associated with changes in functional and 
proliferative properties [17] and their distribution 
is altered in the elderly [18, 19]; hence, this infor-
mation is relevant for adoptive transfer therapy, 
checkpoint blockade, or vaccination in aging 
cancer patients.

A major interest in immunotherapy is to char-
acterize tumor-antigen-specific T-cells. 
Accumulating data indicates that T-cells from 
patients responding to checkpoint blockade 
 recognize tumor-specific neoantigens; as these 
neoantigens are generally derived from patient-
individual mutations, analysis of T-cell specifici-
ties in treated patients currently requires a 
complex and work-intensive workflow [20–22]. 
In anticancer vaccination with defined Ags, 
 monitoring is easier since the antigens are known.

The most direct characterization of antigen 
specificity is via the use of HLA-peptide 
 multimers, which bind directly to the cognate 
TCRs. First described more than 20  years ago 
[23], the HLA-class I multimer assay currently 
serves as a versatile tool for enumerating and 
characterizing CD8+ T-cell responses, and stain-
ing protocols are broadly available [24–26]. The 
detection limit of a conventional HLA-multimer 
test reaches approximately 0.02% of the CD8+ 
repertoire; combinatorial staining which uses two 
fluorochromes per specificity allows increasing 
the number of T-cell specificities investigated in 
one sample (e.g., up to 27 specificities can be 
monitored simultaneously with only 8 fluoro-
chromes) [27, 28]; this is advantageous when a 
limited number of cells is available, for example 
in the case of precious patient’s material. 
Moreover, the detection threshold has been 
reported to be increased of approx. ten-fold as 
compared to single- color multimer staining. 
Coupled to the production of HLA-monomers by 
the UV exchange technology, this high-through-
put method represents an important technical 
achievement for the T-cell immunology field, and 
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has started to deliver precious information by dis-
secting the antitumor T-cell repertoire in patients, 
including that directed at neoantigens [21, 29, 
30]. Recently, the number of specificities that can 
be tested in one sample was enlarged to >1000 by 
DNA barcoding of the peptide-MHC multimers 
[31].

HLA-multimers are widely used to monitor 
T-cell responses, especially in the context of 
peptide- based vaccination approaches [29, 32–
34]. They can easily be combined with mAb 
 panels to assess the phenotype and differentiation 
status of antigen-specific CD8+ T-cells [11, 35]. 
Also, the simple combinatorial staining approach 
could easily be implemented for monitoring vac-
cination trials, for example when applying cock-
tails of antigenic peptides for which many 
specificities need to be tested in a single PBMC 
sample. Limitations of HLA-multimers are that 
(1) both the precise T-cell epitope (i.e., the exact 
amino acid sequence of the peptide recognized 
by the TCR) and its HLA-restriction (i.e., the 
HLA-allelic product which binds and presents 
the peptide to the TCR) must be predicted in 
advance and (2) the assay does not deliver func-
tional information. To date, there also remains a 
lack of general availability of class II multimers 
for CD4+ T-cell detection [36].

Intracellular cytokine staining (ICS) is the 
most common functional assay used for monitor-
ing antigen-specific T-cells. It is the flow cyto-
metric method of choice when HLA-multimers 
are not available, if the exact T-cell epitope and/
or HLA restriction is unknown, and for routine 
assessment of CD4+ T-cell responses. ICS enables 
detection of multiple effector functions of both 
CD4+ and CD8+ T-cell subsets [37–39], including 
polyfunctional T-cells that have been associated 
with protection against pathogens [40, 41]. A few 
groups have described polyfunctional T-cells 
after cancer vaccination in patients, but whether 
these cells are associated with beneficial and 
long-lasting antitumor T-cell responses remains 
an open question [7, 42]. Intracellular cytokine 
staining is an intrinsically complex assay, which 
relies on optimal conditions during cell thawing, 
culture, antigenic stimulation, and of course cell 
staining. Optimized mAb combinations, proto-

cols, and standardization approaches have been 
published [43–45].

With the development of new tools, reagents, 
and fluorochromes, many aspects that used to be 
studied with conventional methods can now be 
addressed with flow cytometry. This is the case 
for cytotoxicity, proliferation, or cell signaling 
(traditionally detected with radioactive sub-
stances). For assessment of killing activity, target 
cells (including controls) are differentially 
labeled using fluorescent dyes (e.g., Paul Karl 
Horan-PKH-or 6-carboxyfluorescein diacetate 
succinimidyl ester-CFSE) and incubated with the 
effector T-cells to be tested; killing is then mea-
sured by counting the remaining target cells. 
Apart from the obvious safety aspects over radio-
activity-based assays advantages of addressing 
cytotoxicity by flow cytometry-based methods 
are that (1) the effector cells can be phenotyped, 
(2) several targets can be tested in the same tube, 
(3) the effector-target incubation time can be sig-
nificantly prolonged (up to 24 h) compared to a 
classical 51Cr release assay, and (4) the assay is 
sensitive and effective, even when low numbers 
of effectors are available [46–48]. Other 
approaches to indirectly determine the cytotoxic 
capacity of T (or NK) cells are the use of a mAb 
directed against CD107a (LAMP-1), which 
becomes extracellularly detectable after cyto-
toxic granules have fused with the cellular mem-
brane (degranulation), and the measurement of 
granzyme B and/or perforin loss, or the caspase 
activity in the target cells [49, 50].

For measuring proliferation by flow  cytometry, 
effector cells can be first labeled with fluorescent 
dyes (CFSE or other tracking dyes such as 
CellTrace™ reagents) and cultured for several 
days in the presence of relevant stimuli. Since the 
dyes are diluted from the mother to the daughter 
cells, the number of cell divisions is visible in the 
number of fluorescent peaks detected [51]. The 
frequency of proliferating cells can also be 
assessed directly by Ab staining of the 
proliferation- associated nucleus protein Ki-67, 
expressed at all phases of the cell cycle except the 
resting G0 stage [52, 53]. Early signaling which 
takes place in effector cells upon activation 
can  be detected by measuring Ca influx or 
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 phosphorylation of components of the signal 
transduction cascade [54, 55].

These measurements have not been used in 
large-scale vaccine studies so far, probably 
because they are time consuming and require 
careful optimization and technical expertise to 
achieve reproducible results.

Finally, cell-free cytokine analysis can also be 
performed by flow cytometry with multiplex 
beads, a method that has been recently adapted to 
meet GCLP standards [56–59]. The method is 
based on the use of beads of known sizes that 
have been pre-labeled with different fluorescent 
intensities and coated with Abs against the differ-
ent cytokines of interest. Simultaneous quantifi-
cation of several soluble factors in one sample 
(i.e., culture supernatant, serum, or plasma) can 
be done by comparison to standard curves pro-
vided by the manufacturer, for example, to evalu-
ate Th1/Th2 profiles [38]. The assay is as sensitive 
as ELISA, with detection limits in the range of 
20  pg/ml for most cytokines and can be even 
more sensitive when an enhanced sensitivity sys-
tem is used (below 1 pg/ml).

All these examples clearly show that flow 
cytometry is a versatile tool for investigations of 
the phenotype, frequency, and functional proper-
ties of immune cell subsets. Furthermore, assays 
can often be combined for multi-parametric 
probing of cell properties, which is advantageous 
as precious patient samples are spared. However, 
the need for both robustness and sensitivity to 
detect tumor-antigen-specific T-cells and/or rare 
cell subsets poses specific challenges for the use 
of these complex tools in clinical research appli-
cations. These are addressed in the following 
sections.

33.3  Ab Panel Development 
and Quality Assurance

Current state-of-the-art polychromatic flow 
cytometry involves multistep, multi-reagent 
assays followed by sample acquisition on sophis-
ticated instruments that are able to capture up to 
20 parameters per cell at a rate of tens of thou-
sands of cells per second. Obtaining reproducible 

results from such a complex procedure requires 
well-trained staff, stringent quality management, 
and detailed standard protocols and operating 
procedures (SOPs) for panel development, 
cytometer calibration, reagent qualification, sam-
ple preparation, use of appropriate technical and 
biological controls, and careful data analysis.

We start with the factors important to con-
sider when developing a mAb staining panel. 
Target molecules can have vastly different 
expression levels. While lineage markers such as 
CD45, CD3, or CD8 are expressed at very high 
copy numbers per cell, some important markers 
such as transcription factors (e.g., FOXP3 for 
CD4+ Tregs) or chemokine receptors (e.g., CCR5 
on CD4+ Th1 cells) are often present at much 
lower levels. In addition, the available probes 
(such as mAb clones or HLA-peptide multimers) 
can have variable avidities for their respective 
targets. Probes are labeled with different chemi-
cal classes of fluorescent dyes that must be 
matched to the instrument—considering factors 
such as the availability of a high-power laser line 
with a wavelength close to the maximum absorp-
tion of the fluorescent dye—and with a detector 
(photomultiplier plus filters/mirrors) that has a 
high sensitivity in the spectral emission range of 
the given dye. Complicating matters, cellular 
 autofluorescence (i.e., fluorescence due to cellu-
lar molecules such as NADPH even in the 
absence of all dyes) further limits the sensitivity 
that can be achieved with a given fluorescent 
probe, laser, and detector. In practical terms, 
autofluorescence of lymphocytes is usually lim-
ited to a distinct range of emission and absorp-
tion wavelengths [60, 61]. In general, the degree 
of autofluorescence determines the limit of 
detection of direct staining, which in earlier 
reports was of 3000 molecules for a standard 
flow cytometer [62]. Consideration of all these 
factors leads to the following recommendation 
for detecting cellular markers expressed at very 
low levels: use a high- affinity Ab conjugated to a 
fluorescent dye with high quantum yield with 
emission spectral range far away from cellular 
autofluorescence, and for which the cytometer 
has an appropriately matched high-power laser 
line and detector.
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For polychromatic flow cytometry, additional 
constraints are set by the phenomena of optical 
spillover and spreading. In flow cytometry, cells 
are analyzed in a near-physiological aqueous 
solution to preserve the structural properties of 
biomolecules. Due to the spectral absorption of 
water and air, the useful spectral space is limited 
to the range from near UV (ca. 200 nm) to near 
IR (ca. 1000 nm). In addition, in aqueous solu-
tions, both the absorption and emission of fluoro-
chromes show relatively broad spectral lines. 
Together, this means that the number of fluoro-
chromes that can be analyzed at the same time is 
ultimately limited.

As a further consequence, spectra of fluores-
cent dyes routinely overlap (“spillover”) [63], 
requiring software deconvolution of true and 
observed signals (i.e., compensation). However, 
compensation cannot correct other errors caused 
by measurement, binning, and photon noise, and 
these errors accumulate to give an irreversible 
effect termed as “spreading error” or “spillover 
spreading” [64]. Spreading error will cause the 
presence of one bright fluorochrome to reduce 
sensitivity for spectrally-close fluorochromes 
present on the same cell. Use of a high-power 
laser close to the absorption maximum can reduce 
errors in photon counting, and narrow band-pass 
filters can reduce spillover; both these measures 
will reduce spreading error. Finally, probe com-
binations should be designed so that overlapping 
fluorochromes are chosen for labeling markers, 
which are expected to be expressed on different 
cells.

In practice, panel development usually starts 
with the definition of a “wish list” of cellular tar-
gets, followed by the prioritization of these cel-
lular targets, characterization of their expression 
levels, and checking for the availability of probes 
and conjugated dyes appropriate for the cytom-
eter to be used. Guidance documents [65], free 
tools from Ab manufacturers (spectraviewers or 
Guide Panel Solution from BD), and helpful 
software (Chromocyte [66], FluoroFinder [67], 
or FlowJo Panel Wizard [68]) are available. A 
practical limitation can be the lack of commer-
cially available fluorochrome conjugates for 
individual antibody clones. Indirect staining 

with secondary reagents (such as the biotin-
streptavidin system) is possible, but not conve-
nient for routine multicolor applications. A 
better alternative is the use of new methods and 
kits commercially available for the self-conjuga-
tion of small amounts of Ab to fluorescent dyes 
[69, 70].

Based on the discussion above, the corner-
stones of Ab panel development guidance are the 
assignment of “bright” probes for “dim” targets 
and strategies to avoid spreading error and auto-
fluorescence in channels relevant for “dim” tar-
gets. It is also possible to change the optical 
pathway of the flow cytometer to optimize the 
instrument (e.g., choice of filters) according to the 
requirements of individual mAb panels. As the 
number of potential artefact interactions between 
dyes and/or Ab clones rapidly increases with the 
number of parameters in the panel and as a large 
number of critical parameters should be opti-
mized (e.g., Ab concentration), the development 
of large (≥8 colors) panels and especially those 
involving separate staining steps for intracellular 
and extracellular targets can be an expensive itera-
tive process requiring several man-months of 
dedicated work. Hence, the flow community is 
encouraged to share rigorously calibrated and 
optimized polychromatic panels via the 
“Optimized Multicolor Immunofluorescence 
Panels” (OMIPs) project [71]. For phenotyping of 
(malignant) leukocytes in fresh whole blood, the 
EuroFlow consortium has also developed poly-
chromatic Ab panels and procedures for 8–12-
color staining whereby the T-, B-, and myeloid 
cell subsets can be defined [72, 73].

Quality assurance (QA) of a flow cytometry 
assay starts with the optimization, calibration, 
and standardization of the cytometer itself, and 
we refer the reader to the technical report by the 
Roederer group for details [74] or to specialized 
books. These optimization steps must not be 
neglected, especially with new instruments, as 
they may identify faulty parts that need replace-
ment, such as a photomultiplier tube (PMT) with 
reduced sensitivity or suboptimal filters, and are 
important to optimize general instrument param-
eters. Conveniently, some (but not all) of these 
steps have been incorporated in vendor software 

C. Gouttefangeas et al.



767

packages, such as the cytometer setup and track-
ing (CS&T) application within BD FACSDiva 
that uses a proprietary mixture of calibration 
beads. In addition, unstained and single-stained 
beads are used to determine the spillover matrix 
for compensation. For long-term immunomoni-
toring, it is essential to maintain accurate records 
of daily monitoring checks to track  reproducibility 
and stability.

For cell staining, reagent (e.g., mAbs) quality 
can be an issue, especially if the assay is per-
formed repeatedly over time. Often, reagents 
used are classified as “research use only” (RUO) 
and can show considerable batch-to-batch varia-
tion in important properties, such as concentra-
tion of antibody-dye conjugate, concentration of 
free dye, and even in the spectral properties of the 
dye (as in the case of tandem dyes) [75]. In addi-
tion, the shelf life designated by vendors is not 
always based on quantitative specifications. As a 
result, individual reagent batches have to be pre-
tested and pre-titrated, and optimally tests should 
be repeated even during the designated shelf life 
of a reagent. As batch sizes available from ven-
dors are often limited, this can result in the 
requirement of reagent bridging (demonstration 
of the comparability of reagent batches) during 
the course of a study, leading to complex logistic 
and tracking processes. Reagent quality control 
(QC) may be facilitated by the preparation of 
mixtures of lyophilized reagents (“lyoplates”) 
[76–78] that can increase reagent stability and 
reduce pipetting error.

Appropriate use of technical and biological 
controls is also vital for assay interpretation. 
Isotype and “fluorescence minus one” (FMO) 
controls can help with setting gate boundaries at 
the analysis stage, by defining the “negative” 
region. However, isotypes are not always optimal 
controls, even if provided from the same manu-
facturers; moreover, for some reagents like HLA- 
multimers, no perfect control exists, since each 
single peptide-HLA multimer is a unique reagent. 
In addition, Ab panels must be established on 
cells treated similarly to those which will be 
monitored afterwards; for example, activated 
cells not only are bigger than nonactivated cells, 
but also generally express different amounts of a 

variety of molecules. When working with TILs, it 
is important to verify that isolation protocols, 
which often include enzymatic digestion, do not 
modify epitope exposure [79]. Pretested, ali-
quoted, cryopreserved samples with pre- 
screened, predictable properties (such as being 
positive or negative for individual markers in the 
mAb panel) can serve as valuable biological con-
trols, which can be added regularly to assay runs 
in order to track the variations between reagent 
batches or in assay performance between opera-
tors and over time.

As flow cytometry-based methods become 
incorporated into clinical trials, the need for a 
stable and unlimited source of control cell speci-
mens that contain a defined number of functional 
antigen-specific T-cells as a control becomes 
paramount. Cell samples containing a known 
number of T-cells specific for a defined Ag would 
allow easy assessment of the quality and accu-
racy of reagents and assays, and provide standard 
controls for comparison of results across labora-
tories or time. Conventional sources for reference 
cell samples are either (1) based on leukapheresis 
or buffy-coat material from healthy donors-which 
are restricted to reactivity against immunogenic 
viral Ags, expensive, and available in limited 
amount-or (2) dependent on the ability to gener-
ate and propagate T-cell lines/clones on a repeti-
tive basis, which is a burdensome task. The 
Cancer Immunotherapy (CIMT) Immunoguiding 
Program (CIP) group has recently established a 
process for the generation of TCR-engineered 
reference samples (TERS) that can be used in 
T-cell assays. In a first proof-of-principle study, 
we showed that retrovirally TCR-transduced 
T-cells spiked at defined numbers in autologous 
PBMC could be used as standard samples. The 
T-cells could be accurately detected at all dilu-
tions in a linear fashion, down to frequencies of 
at least 0.02%, and the feasibility of TERS was 
confirmed in a small-scale interlaboratory testing 
[80]. Subsequently, we established, optimized, 
and standardized the production of TERS 
obtained by transfection of modified and stabi-
lized TCR-RNA. Such a platform offers a simple, 
virus-free, and scalable process for the personal-
ized manufacturing of TERS that are stable over 
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time. Moreover, the analysis of the TERS is simi-
lar to that of the tested cell samples in that the 
same gating strategy (and even the same gates) 
could be used. TERS can be tested across multi-
ple assay platforms and can sensitively detect 
assay variation resulting from common sources 
of error [81]. The kit-based production of TERS 
has been established [82] and the first kits are 
commercially available (www.jpt.com).

A final, critical aspect of quality management 
is the careful documentation of each procedure 
performed, as well as provision of detailed proto-
cols and/or standard operating procedures (SOPs) 
for each stage including data analysis. Technical 
staff needs to be well trained and need to perform 
the analyses on a regular basis to keep up the per-
formance. Participation in proficiency panels will 
also help improve and control laboratory stan-
dards over time.

33.4  Standardization, Validation, 
and Harmonization via 
Proficiency Programs

While HLA-multimers and ICS are commonly 
used for monitoring experimental immunothera-
pies, there are still notable obstacles to the 
advancement of these assays as robust biomark-
ers for clinical trials [83, 84]. First, there is no 
gold standard protocol for any of these assays. 
Second, correlations between in  vitro immuno-
monitoring results and patient clinical benefits 
are increasingly reported [85–93], but not 
 systematically observed. The reality is that assays 
performed at different institutions are not equal; 
this results in difficulties in comparing the effi-
cacy of various immunotherapy approaches for 
the same disease type, let alone between different 
diseases, and this in turn hampers progress in the 
field.

The first approach for addressing these 
 problems in individual laboratories is to imple-
ment a strict step-by-step assay establishment, 
optimization, standardization, and validation pro-
cess. The use of validated assays to monitor clini-
cal trials is now mandatory in the USA and in 
Europe, in line with Good Clinical Laboratory 

Practice. Validation does not necessarily improve 
performance, but indicates the strengths, weak-
nesses, operational range, and repeatability of 
assays. Validation guidelines have been published 
for ICS and HLA-multimer staining [94–96].

Once assays are validated in expert labs, 
immune monitoring may be centralized at a dedi-
cated core facility, including for multicentric 
studies (for specific challenges, see Sect. 33.6). 
An attractive alternative to this strategy, espe-
cially at the early clinical development stage, is 
assay harmonization. The pros and cons of assay 
harmonization vs. inter-center standardization 
have been discussed in detail elsewhere [97, 98].

Assay harmonization is based on the partici-
pation of single laboratories in iterative testing 
exercises called proficiency panels. For example, 
pretested PBMC samples, synthetic peptides, 
and/or HLA-peptide multimers are shipped from 
a central lab to all panel participants who then 
use their own reagents, protocols, and analysis 
strategies for detecting antigen-specific T-cells. 
Participants then report their data, which are cen-
trally analyzed, allowing comparison of individ-
ual assay variables and performance to detect 
T-cells. Thus, parameters involved in assay per-
formance may be successively identified, cor-
rected, and confirmed to exert an impact on 
subsequent panels (i.e., multistep approach). 
Finally,  benchmarks and guidelines are formu-
lated and disseminated to the community. 
Participating laboratories benefit by being able to 
measure their own performance in comparison to 
peer laboratories, and regularly taking part in 
proficiency panels over time can also be seen as a 
quality control of assay performance for individ-
ual labs. Additionally, the working group can 
guide laboratories to improve performance if 
needed while providing an exchange platform for 
assays and their application.

Proficiency panels can in principle be applied 
for any T-cell assay, including those based on 
flow cytometry [99–101]. In 2005, two consortia, 
the European Cancer Immunotherapy (CIMT) 
Immunoguiding Program (CIP) and the Cancer 
Immunotherapy Consortium of the Cancer 
Research Institute in the USA (CIC/CRI), 
launched a large program of proficiency panels, 
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and synergistically pioneered the concept of 
assay harmonization [98, 102]. From 2005 to 
2017, the CIP [103] has organized 21 small- to 
large-scale proficiency panels, dedicated to the 
measurement of antigen-specific CD8+ T-cells 
(HLA-multimers, ELISPOT, and ICS) and of 
other immune cell subsets relevant for immuno-
therapy (NK cells, MDSCs). Of note, with the 
increasing data on circulating myeloid subsets 
associated with the efficacy of immunotherapies 
[1–3], it will become important to rely on not 
only phenotypic markers but also functional mea-
surement, similar to what is done for T-cells.

Proficiency panels have taught us that there 
are large variations in the performance of cell 
assays among the flow community. While the 
majority of labs do detect antigen-specific T-cells 
present at quite high frequencies in PBMC sam-
ples (approx. >0.2% of CD8+ cells), the detection 
rate drastically decreases for low-frequency 
effectors (<0.05% of CD8+ cells). This is very 
relevant for cancer immunotherapy, as tumor- 
specific T-cells are expected to be present at low 
frequencies in the blood, even after patient vac-
cination. Another lesson is that comparable per-
formance is achievable with different 
laboratory-specific protocols and reagents, and 
that full interlaboratory standardization is not 
necessary for good results. Surprisingly, we also 
found that operator experience in a method does 
not necessarily predict performance, underlining 
the utility of a regular quality control of 
 established methods. Finally, adoption of simple 
measures can lead to significant improvement in 
assay performance. For example, staining and 
acquiring larger numbers of CD8+ cells increase 
the ability to detect low-frequency HLA- 
multimer- positive cells, and inclusion of a cell- 
resting phase improves sensitivity in the IFN-γ 
ELISPOT assay. In contrast, a high background 
production of the cytokine IFN-γ both in ICS and 
ELISPOT is clearly associated with decreased 
performance [104, 105].

Over several proficiency panel iterations, it 
also became clear that all steps of the assays, 
starting from cell handling (freezing/thawing/
resting), assay conditions (reagents and protocols 
for mAb and HLA-multimer stainings, condi-

tions of antigenic stimulation in ICS), and acqui-
sition of the cells including instrument settings 
down to the data analysis, can benefit from har-
monization for achieving comparable results 
between laboratories. Both CIC and CIP have 
observed in independent panels conducted for 
ICS [105, 106], HLA-multimer staining [97, 
107], or MDSC detection [108] that suboptimal 
gating strategies strongly influence the ultimate 
results, i.e., the detection and deduced frequen-
cies of the cells of interest. We also showed that 
analysis (gating) performed by a unique user sub-
stantially decreased the variation in the frequen-
cies of specific cells as compared to those 
reported by single labs analyzing their own data 
or the same data [106, 109]. This is not a surprise, 
since manual gating is subjective and highly 
dependent on the experience of the experimenter 
and tradition in the lab. Further work is therefore 
needed with a focus on both data acquisition and 
analysis, including on automated analysis strate-
gies that can reduce the subjectivity inherent in 
gating as described in Sect. 33.7.

33.5  Structured Reporting 
of Immune Assay 
Experiments

An increasing number of minimal information 
projects have emerged in the last years to provide 
guidance for structured reporting of biological 
assays. The first minimal information (MI)  project 
that set the scene was the Minimal Information 
About Microarray Experiments (MIAME) 
 published in 2001 [110]. It is now an established 
and mandatory standard for publishing microar-
ray data for a growing list of highly recognized 
journals [111]. More than 40 such guidelines have 
emerged, asking for minimal information on 
reported results for next-generation sequencing 
(MIRING) [112], in situ hybridization, immuno-
histochemistry experiments (MISFISHIE) [113], 
cellular assays (MIACA) [114], and flow 
 cytometry experiments (MIFlowCyt) [115]. 
Information on the majority of these MI projects 
can be found in a central portal for minimal infor-
mation on biological and biomedical investiga-
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tions (MIBBI) [116]. These guidelines aim at 
achieving two major goals: first, to annotate data 
to such extent that they give transparent evidence 
on the quality, reliability, and possible error 
sources of reported results, and second to use the 
reporting standard to systematically feed public 
databases [117].

Structured reporting guidelines have also been 
provided for immune assay experiments. As out-
lined before, the continuous conduct of profi-
ciency panels over several years led to the 
identification of steps in the assay that critically 
impact the results, namely (1) the sample, (2) the 
assay, (3) the data acquisition, (4) the data analy-
sis, and (5) certain characteristics of the lab envi-
ronment. In concordance with these findings, a 
flowchart of decisions that can affect the quality 
of data produced in clinical trials in which immu-
nological parameters are monitored by flow 
cytometry was given in a landmark publication 
[118]. Although the variables critically affecting 
the quality of the results are—for most of them—
well known, only very few scientific publications 
provide sufficient information on these aspects in 
their materials and methods sections. This lack of 
transparency is one of the major reasons prevent-
ing meaningful comparison of published results 
generated across institutions. In contrast, study 
results reported with transparent information on 
the essential variables of assay conduct explicitly 
indicate awareness of the investigator to control 
critical variables and can be much better inter-
preted and reproduced.

To reduce the discrepancy between available 
knowledge on immune assay conduct and lack of 
critical information in scientific publications, a 
group of T-cell immunologists from the cancer 
immunology, infectious diseases, autoimmunity, 
and transplantation fields initiated the Minimal 
Information About T-cell Assays (MIATA) 
 project [119]. The group conducted an intensive 
vetting process with two public-consultation 
periods, two open consensus workshops, and 
 several webinars [120]. The process towards 
reaching a broadly acceptable guideline on the 
minimum information that should be provided 
for T-cell assays [121] can be found at the proj-
ect’s web page [122]. With the MIATA consensus 

guidelines becoming available, the implementa-
tion of more structured reporting for T-cell (and 
more recently for NK-cell) immune monitoring 
has begun. So far, eight peer-reviewed journals 
endorse the MIATA guidelines and assign the 
“MIATA label.” The label indicates that authors 
of accepted manuscripts take great care about 
reporting on and control of variables that matter 
for T-cell assays. MIATA-compliant manuscripts 
are listed on the MIATA homepage leading to 
greater exposure of the published work, which 
may increase interest and citations over time. The 
authors therefore recommend considering struc-
tured reporting of results from T-cell assays 
whenever possible, especially in the context of 
clinical trials [123].

33.6  Organization of Immune 
Monitoring in Multicenter 
Trials

Clinical trials will often require the recruitment of 
patients at multiple sites in order to reduce the 
overall duration and costs. Two general strategies 
emerge on how analytical assays can be  performed 
across different sites [124]: in the distributed anal-
ysis paradigm, each site analyzes its locally 
derived samples. On the contrast, in the central 
lab paradigm, all samples are transported to a 
single site for analysis. In either case, flow cytom-
etry poses additional challenges due to the fragil-
ity of the sample and the complexity of the assay.

For distributed analysis, the assay and instru-
mentation at different sites must be comparable. 
This can be achieved via full interlaboratory stan-
dardization, as is already routinely performed in 
clinical flow cytometry with in  vitro diagnostic 
(IVD)-certified reagents and instruments [125]. 
Due to the high development costs, the number of 
clinical flow cytometry products for IVD on the 
market is limited and focuses on the clinically 
most relevant tasks as, e.g., the quantification of 
CD4+ T-cells in blood. In many cases, these 
applications lack the technical capabilities of 
modern polychromatic flow cytometry. Full-scale 
interlaboratory standardization (with demon-
strated low interlaboratory variation) of research 
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assays with RUO-grade reagents and customized 
flow cytometric instrumentation such as the 
Euroflow initiative for monitoring hematological 
malignancies is feasible, but requires great efforts 
[72]. An alternative to full interlaboratory stan-
dardization discussed in Sect. 33.4 is harmoniza-
tion, which can be achieved via regular 
participation in proficiency panels and/or testing 
exercises involving all labs from a certain 
consortium.

For highly complex flow cytometric assays 
within clinical trials, having all samples analyzed 
by the same central laboratory eliminates the 
need for full-scale interlaboratory standardiza-
tion of participating institutes, and may be less 
demanding. However, maintaining sample qual-
ity becomes a critical issue with this strategy. The 
initial sample material for flow cytometry con-
tains living cells (in most cases derived from 
blood with the addition of anticoagulants). In 
most cases, cells (PBMCs) have to be isolated 
from this sample material before the start of the 
flow cytometric assay. Cells are usually more 
fragile compared to biomolecules or small mole-
cules. Several studies have been performed to 
determine how long blood can be stored or trans-
ported before peripheral blood mononuclear cell 
(PBMC) isolation (mostly using density gradient 
centrifugation), and how stable isolated cells are 
before the assay is started [43, 126, 127]. For 
simple phenotyping (e.g., CD4+ T-cell counting), 
a 48-h delay before centralized analysis is accept-
able, while the most demanding applications 
(such as some functional T-cell assays) require 
isolation of the cells within 8 h of venipuncture, 
followed by immediate analysis or cryopreserva-
tion of the cells [128]. Shipment to a central lab 
followed by processing of blood samples within 
8 h is not feasible in international multicenter tri-
als. Therefore, a mixed model may be chosen 
[53], whereby cells are isolated and cryopre-
served from peripheral blood at individual labs 
close to the patient, and then shipped in the fro-
zen state to the central lab where it is stored fro-
zen before analysis. All stages of isolation, 
cryopreservation, and transport conditions should 
be fully standardized in this model. Standardized 
labeling of samples that allow the unambiguous 

assignment of a sample to a trial, site, patient, and 
visit is also critical. These procedures have to be 
clearly defined in the clinical trial protocol and 
are usually further detailed in the clinical trial 
laboratory manual.

As an example, demonstrating feasibility of 
this approach, an international, multicentric 
immunotherapy trial was conducted, including 
T-cell immunomonitoring, in which more than 40 
clinical sites were trained in blood sampling, 
labeling, and shipping, with labels and collection 
tubes provided by a central laboratory. Local 
PBMC isolation laboratories were centrally sup-
plied with pretested kits containing all critical 
reagents required for isolation and cryopreserva-
tion of PBMCs. All laboratory technicians were 
trained and qualified on central SOPs describing 
in detail the PBMC isolation and cryoconserva-
tion processes. Where required, the fresh blood 
was transported from the clinical sites to the 
PBMC isolating labs using temperature- 
controlled shipments. The isolated frozen PBMCs 
were shipped to the central lab in validated dry 
ice containers. Patient visits involving a PBMC 
sampling were carefully coordinated in advance 
among the clinical sites, the PBMC isolating 
 laboratories, and the logistic service providers to 
ensure that the blood could be processed within 
8 h after venipuncture of a patient. This process 
led to a successful logistic chain for 361/362 
(99.7%) PBMC samples and an overall 
 evaluability rate of 64/68 (94%) patients for 
T-cell immunomonitoring [53], and has been 
adopted for further studies [129].

33.7  Automated Analysis of Flow 
Data

As discussed in Sects. 33.4 and 33.5, the standard 
approach for analyzing flow cytometry data is by 
the visual identification of cell subsets of interest 
on histograms or two-dimensional scatter plots. 
With multiparameter data, gating consists of first 
choosing a gating strategy, i.e., a sequence of 2D 
dot plots that is designed to allow identification 
of the cells of interest. For example, a possible 
gating strategy for identifying HLA-multimer- 
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positive CD8+ T-cells might be FSC-H/FSC-W 
(singlets), FSC-A/SSC-A (lymphocytes), CD3/
viability dye (viable T lymphocytes), CD4/CD8 
(basic T lymphocyte subsets), and CD8/multi-
mer. In each dot plot, cells of interest are included, 
and other events excluded by the use of elliptical 
or polygonal gates, or sometimes by splitting the 
dot plot into quadrants. The exact location and 
shape of these gates may be based on experience, 
or by comparison with negative (e.g., isotype, 
FMO, or unstimulated control in ICS) and posi-
tive (reference sample or T-cell clone, or superan-
tigen stimulation) controls. After a gating strategy 
has been set, it is typically applied in common to 
all flow cytometry samples in the batch being 
analyzed. Some researchers will also adjust gates 
for individual samples to take individual 
 variability into account. In general, there is no 
consensus or accepted standard gating strategy, 
and individual laboratories may apply different 
gating strategies to identify the same target cell 
subset. Notably, proficiency panels have made it 
very clear that the subjectivity of gating forms a 
significant source of assay variability between 
laboratories in the absence of a harmonization 
program [105, 130] (see also Sect. 33.4).

With the ever-growing dimensionality of flow 
and mass cytometry data, it is increasingly likely 
that manual gating strategies will miss novel cell 
subsets, due to the inefficiency of exploring high- 
dimensional space on 2D plots. Boolean gating is 
an attempt to exhaustively enumerate every 
potential cell subset by evaluating all the Boolean 
combinations of individual markers partitioned 
into positive/negative categories. For example, 
the Boolean gates in an ICS assay with IFN, TNF, 
and IL2 would be the eight combinations IFN−/
TNF−/IL2−, IFN−/TNF−/IL2+, IFN−/TNF+/
IL2−, IFN−/TNF+/IL2+, IFN+/TNF−/IL2−, 
IFN+/TNF−/IL2+, IFN+/TNF+/IL2−, and 
IFN+/TNF+/IL2+. However, the number of 
Boolean gates grows exponentially with the num-
ber of markers, and many of these gates are 
empty or uninformative, making this a low-yield 
strategy. To increase the objectivity of flow 
cytometry analysis and cope with more complex 
data sets, automated unsupervised learning 
 methods in which cell subsets are directly quanti-

fied by machine algorithms have been proposed 
[109, 131–134]. In broad terms, these algorithms 
have to first partition all the events in a data sam-
ple into disjoint subsets, based on properties of 
each individual event and its relationship to other 
events, then assign these subsets to biologically 
meaningful categories (e.g., HLA-multimer- 
binding CD8+ lymphocytes). In the context of 
cancer immunology, a specific challenge for 
automated approaches is the high sensitivity 
required, since antigen-specific responses (e.g., 
HLA-multimer positivity or cytokine-producing 
cells) may be relevant at relatively low frequen-
cies of 0.01–0.1% [135]. Data from multiple 
laboratories significantly increases the challenges 
for automated analysis, since the algorithms have 
to also account for the variability across laborato-
ries and deal with issues such as inconsistent 
sample annotation. For managing multicenter 
data, specialized cytometry data upload and man-
agement applications are helpful to ensure meta-
data consistency and as a platform for data 
sharing [136, 137].

A typical automated analysis preprocessing 
pipeline starts with the extraction of the essential 
matrix of information stored in a flow cytometer 
standard (FCS) file, where each row represents 
an event and each column represents a detector 
channel, either scatter or fluorescent intensity. 
Preprocessing algorithms may apply compensa-
tion, or specific transformations to regularize the 
data distribution (e.g., bi-exponential transforma-
tion). Specific channels may be explicitly 
excluded from analysis if they are not likely to be 
informative for the cell subset targets of interest. 
Often, a quality control filter is also applied at 
this stage, and data sets with inconsistent annota-
tion, too few events, anomalous event distribu-
tions, or signatures may be flagged for manual 
evaluation [138].

The core of most automated analysis is the 
unsupervised partitioning of events into cell sub-
sets. There are a variety of approaches that can be 
taken to partition or cluster events [133]. One 
popular approach is the use of statistical mixture 
models, either identifying cell subsets with indi-
vidual mixture components (which are typically 
multivariate Gaussian, student T, or skewed 
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 versions of these distributions) or using features 
of the estimated density to assign events to cell 
subsets [139–141]. Such probabilistic approaches 
provide a declarative framework to model domain 
knowledge, and support formal statistical infer-
ences for structure learning, classification, and 
prediction. The underlying statistical model for 
the domain knowledge can also be naturally 
extended in different contexts, for example, to 
incorporate specific assay details for combinato-
rial multimer encoding [142] or to incorporate 
multilevel effects via hierarchical modeling 
[143]. The power of probabilistic models comes 
at a price, in that these models tend to be much 
more computationally demanding than non- 
probabilistic approaches [144–147], and the run- 
time for analysis of high-volume, 
high-dimensional data sets may be prohibitive. 
However, recent developments in the use of 
highly parallel graphical processing units [148] 
have accelerated run-times by orders of magni-
tude, making the probabilistic approaches a via-
ble approach for many applications in cancer 
immunology.

The essential step in post-processing is the 
alignment of cell subset clusters across multiple 
data samples, since comparative analysis of 
equivalent cell subsets is a necessary requirement 
of flow cytometry analysis in clinical research. 
Perhaps the most straightforward approach is to 
align each data sample with respect to either a 
reference or a consensus clustering via an optimi-
zation routine that minimizes some distance 
between pairs of clusters (e.g., Euclidean dis-
tance between cluster centroids). Other possible 
approaches skirt the problem entirely by enforc-
ing a common clustering across all data samples, 
or partition the clusters from fitting all data sam-
ples into “superclusters”—all clusters in the 
supercluster are then assigned to the same cell 
subset. The final step of assigning meaningful 
cell subset labels to the aligned clusters is typi-
cally done manually, although there have been 
recent efforts to develop heuristics that can auto-
matically label clusters by establishing a concor-
dance between cluster features and cell phenotype 
characteristics in the Cell Ontology. Innovations 
in the visualization of high-dimensional cytome-

try data have also greatly increased our ability to 
interpret the results of automated analysis 
[149–151].

The detection of antigen-specific T-cells poses 
a specific challenge for automated algorithms 
because of the extremely low frequency of these 
cell subsets in many patient samples—for exam-
ple, as few as 0.01–0.1% of the CD8+ T lympho-
cyte population may be specific for a particular 
tumor Ag and bind the relevant HLA-multimer. 
Two nonexclusive approaches for improving the 
ability of automated algorithms to improve the 
limit of detection are biased subsampling to 
enrich the sample for rare events [150, 152] or 
increasing of the complexity of the statistical 
model [143]. The development of algorithms that 
can accurately and robustly identify rare cell 
 populations is a driving motivator for much cur-
rent research in automated flow analysis, and we 
expect rapid advances in this area. Illustrative 
examples comparing manual and automated 
analysis of antigen-specific cells for HLA-
multimer and ICS assays are shown in Fig. 33.1.

Visualization of data has become a critical 
aspect of high-dimensional flow analysis, and 
algorithms that can generate informative 
 two- dimensional plots are increasingly used for 
both flow and mass cytometry data sets. 
Traditional dimension reduction techniques such 
as principal components analysis (PCA) or multi-
dimensional scaling (MDS) for visualizing rely 
on linear transformations, and often fail to capture 
the nonlinear manifold structure of cell subset 
clusters in cytometry data. Recent innovations in 
nonlinear dimension reduction have proven to be 
much more capable of capturing meaningful bio-
logical properties and of generating interpretable 
visualizations. SPADE (SPanning-tree progres-
sion Analysis of Density-normalized Events) was 
an early pioneer in visualization of single-cell 
data, and allows direct visualization of potential 
lineage relationships between different cell sub-
sets by embedding density-sampled clusters onto 
a minimal spanning tree (MST) [150]. Similar to 
SPADE, FlowSOM visualization also generates 
MST plots, but uses self-organizing maps, an 
unsupervised artificial neural network (ANN) for 
dimensionality reduction [153]. Perhaps the most 
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Fig. 33.1 (a) Manual and automated identification of 
antigen-specific MHC class I multimer-positive CD8+ T 
lymphocytes among PBMCs of a HLA-A2+ healthy 
donor. Top panel shows the manual gating strategy to 
identify CD8+ T-cells specific for three HLA-A∗0201-
restricted epitopes derived from the EBV, influenza, and 
CMV viruses using peptide-MHC tetramers. From left to 
right, the plots show gates to exclude artefact due to flow 
stream bubbles or clumps (count/time), find singlets 
(FSC-A/FSC-H), exclude non-viable cells (FSC-A/Aqua 
LiveDead), identify lymphocytes (FSC-A/SSC-A), iden-
tify CD8+ T-cells (CD8/CD19), and quantify CD8+ T-cells 
binding to EBV BRFL1 peptide-MHC tetramers (CD8/
PE), influenza matrix peptide-MHC tetramers (CD8/
APC), and CMV pp65 peptide-MHC tetramers 
(QDot605). Bottom panel shows the corresponding 
peptide- MHC-binding CD8+ T-cells identified using an 
automated analysis approach that fitted a Dirichlet Process 

Gaussian Mixture Model with 256 components to the data 
[143]. Essentially identical frequencies of peptide-MHC 
tetramer-positive cells are found with manual and auto-
mated analysis. (b) Manual and automated analysis of 
antigen-specific T-cells among PBMCs of a second HLA- 
A2+ healthy donor tested in an intracellular staining (ICS) 
assay after incubation with a synthetic peptide corre-
sponding to an HLA-A∗0201-restricted epitope of pp65 
CMV.  Manual analysis finds cells positive for IFN and 
TNF, and a few events positive for IL-2. Without further 
gating, it is not possible to tell if the IFN- and TNF- 
positive events come from two separate or a single bifunc-
tional population. Automated analysis reveals that there is 
indeed a single-cell population positive for IFN and TNF, 
with no evidence for an IL-2-positive population. Again, 
the frequencies of antigen-specific events identified by 
expert gating and automated analysis are almost 
equivalent
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influential visualizing technique is t-Stochastic 
Neighbor Embedding (t-SNE) for dimensionality 
reduction [154], which is particularly effective at 
revealing local structure and minimizing crowd-
ing of individual cells, and hence at enhancing the 
visualization of cell subset clusters. Two t-SNE-
based software packages for visualizing cytome-
try data on t-SNE plots pseudo-colored by marker 
intensities are viSNE [151] and HSNE 
(Hierarchical Stochastic Neighbor Embedding) 
[155]. Several of these visualization methods 
have also been implemented in cytometry analy-
sis packages such as FlowJo [156], FCS Express 
[157], and cytosplore [158].

There have also been notable recent advances 
in the automated data-driven discovery of bio-
markers and signatures from cytometry data sets. 
Citrus (cluster identification, characterization, 
and regression) is based on a pipeline that per-
forms regularized regression on clustered data to 
identify cell subsets correlated with outcome. 
Notably, Citrus can be applied for identifying 
meaningful signature differences between data 
sets where two or more sample groups have been 
defined [159, 160]. A more specialized tool to 
identify functional cell subsets in ICS assays is 
COMPASS (Combinatorial Polyfunctionality 
Analysis of Single Cells), which uses a Bayesian 
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hierarchical framework to identify antigen- 
specific cells and directly addresses the limita-
tions of Boolean gating [161]. Most recently 
there have been exciting developments in the 
application of deep learning algorithms to iden-
tify “interesting” features of cytometry data sets, 
taking advantage of the explosive growth of deep 
learning technology and algorithms [162]. As 
with other machine learning applications, these 
deep learning approaches are attractive as they 
are scalable, require minimal input data prepro-
cessing, can be flexibly combined with outcome 
or confounding variable data, and typically out-
perform “shallow” algorithms with large data 
sets.

Finally, we note that most of these automated 
analysis tools are developed under open-source 
licenses, and so free to use without restriction. 
Some packages require a modicum of program-
ming ability to use effectively (for example, R or 
Python scripting skills) and others are available 
online, but in general these algorithms are prob-
ably not easily used by the average flow operator 
in a clinical research laboratory. In the coming 
years, we expect that these automated analysis 
tools will become increasinlgy accessible to 
immunologists as developers of these tools con-
tinue to improve their ease of use; the most suc-
cessful algorithms will be incorporated into 
commercial software analysis packages; and 
more workshops will be organized to train people 
in the use and potential pitfalls of these exciting 
new technologies.

33.8  Perspectives and New 
Technologies

Flow cytometry is playing an instrumental role 
in our comprehension of the immune system 
and of its interplay with human tumors. A fun-
damental advance in recent years is an increase 
in the number of parameters that can be simulta-
neously assessed on single cells. Access to more 
reagents and fluorochromes including tandem 
conjugates, semiconductor nanocrystals (quan-
tum dots or eFluors), and organic polymers 
(brilliant violet family) [163–165], together 

with the wide availability of sophisticated flow 
cytometers, is making polychromatic analysis a 
routine method. Currently, the combination of 
15–20 different fluorochromes represents the 
upper feasibility limit in expert laboratories 
[166], but new dyes and next-generation cytom-
eters such as the FACSymphony (BD 
Biosciences), Aurora (Cytek Biosciences), ZE5 
(BioRad), and Spectral Cell Analyzer (Sony) are 
already in use and might soon increase this 
limit. This, together with the development of 
unsupervised, automated analysis programs, is 
likely to broaden further the applications of flow 
cytometry. However, spectral overlap ultimately 
limits the number of fluorochromes in a single 
Ab panel. Mass cytometry (CyTOF, i.e., Helios 
and Hyperion) uses stable heavy metal ions 
tagged to Abs (or, e.g., HLA- multimers) in place 
of fluorochromes. These isotope labels are 
detected by time-of-flight mass spectrometry 
after vaporization of the cell. Although isotope 
labels generally produce a signal of low inten-
sity, they have a lower background and virtually 
no spillover, making the simultaneous measure-
ment of a much larger number of markers 
feasible.

Mass spectrometry has been reported to be 
qualitatively and quantitatively equivalent to flow 
cytometry, with the simultaneous analysis of 
more than 40 parameters [167, 168]. Hence, it is 
especially adapted for comprehensive studies of 
immune cell subsets in various donor/patient 
populations [53, 160, 169–172]. This new 
technology is currently available in a few highly 
expert laboratories and has the current following 
limitations as compared to traditional flow 
cytometry: lower label sensitivity, substantial cell 
loss, very low acquisition rate, and impossibility 
to sort living cells. Nevertheless, the method has 
started to reveal the complexity of immune cells 
and will become an indispensable technique in 
cancer immunology and immunotherapy, 
especially at the research phase or in biomarker 
discovery programs. As it was initiated for flow 
cytometry some years ago, the first standardized 
protocols and interlaboratory comparisons are 
coming [173, 174].
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33.9  Conclusion

Flow cytometry is the prototypical multiparame-
ter single-cell assay, with applications in cancer 
immunotherapy ranging from epitope screening 
to immune monitoring of clinical studies. Due to 
its ability to characterize complex immune phe-
notypes and flexibility in measuring multiple 
immune functions such as Ag binding, expres-
sion of activation and inhibitory markers, cyto-
kine production, cytotoxicity, and proliferation, 
flow cytometry is indispensable in cancer immu-
nology research. However, because of the com-
plexity of the assay and the fragility of the cell 
sample, it is challenging to establish and main-
tain robustness, sensitivity, and reproducibility of 
the results, especially across multiple laborato-
ries. Factors to consider when using flow 
 cytometry in clinical research include under-
standing the range of flow-based assays available 
and introducing best practices for the reagent, 
sample, staining procedure, instrumentation, and 
data analysis, as well as regular performance 
controls especially participation in proficiency 
testing programs. The development of such 
expertise and measures is demanding, but more 
important than ever due to the increasing com-
plexity of flow-based assays. Automated analysis 
with unsupervised and supervised leaning 
approaches has now been demonstrated to equal 
or improve the performance of human operators 
in multiple studies, and we predict that their use 
in clinical research will eventually be accepted as 
standard practice.
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proteasome inhibitors (see Proteasome)
Ptc, 316
survivin, 316
TRAIL, 317–319
TRAIL-R1 and TRAIL-R2 genes,  

314, 316
tumor resistance, 314

extrinsic apoptosis, 309–312
intrinsic apoptosis, 309, 311, 313–315

Apoptosis-inducing factor (AIF), 313
Apoptotic bodies, 308
Arginine, 539
Artemis deficiency, 557
Artificial Neural Network (ANN), 609
Asthma, 590
Ataxia-telangiectasia, 557
Atezolizumab, 751
Atopic dermatitis, 587, 590, 592
Atopy, 586
Atypical fibroxanthoma, 654
Autofluorescence, 765, 766
Autoimmune lymphoproliferative syndrome  

(ALPS), 566
Autoimmune polyendocrinopathy with candidiasis 

 and ectodermal dystrophy (APECED),  
566, 567

Average Relative Binding (ARB), 609
5-Azacitidine, 500

B
B cells

Bregs, 55–57
CD40-B cells, 48–50
CTL-mediated tumor immunity, 54
DTH responses, 55
effects, 55
IL-10, 55, 56
phenotypic characterization, 57
pro-tumorigenic roles, 54
resting B cells, 54
roles, 58
TIL-Bs, 53, 54
TLRs, 55
tumor killer cells, 50–53

Basal cell carcinoma (BCC), 647
Basal cell cocktail, 672
Basaloid squamous cell carcinoma (BSCC), 654, 657
Bax and Bak activation, 311
B-cell antigen receptor (BCR), 548
B-cell lymphoma, 551, 555
B-cell lymphoma 2 (Bcl-2), 309
B-cell receptor pathway inhibitors (BCRi), 321
Bcl-2 family, 311
Bcl-2 family proteins

anti-apoptotic proteins, 316, 319, 320
antisense

Bcl-2 mRNA, 320
oblimersen sodium, 322

BH3 mimetics, 320
gossypol, 320
navitoclax, 321
obatoclax, 320, 321
venetoclax, 321

CLL, 316
DLBCL, 316
homology, 319
Myc/Bcl-2 co-expression, 316
overexpression, 316
pro-apoptotic proteins, 319
pro-survival proteins, 319

Bcl-2 protein, 316
BCL-6, 483
Bead-based assays, 638–640
Bevacizumab, 254
Bioactive compounds, 540
Biological systems, 600
Bioluminescence imaging (BLI), 732
Biotin-conjugated Abs, 627
Biphasic malignant salivary gland tumors, 659
Bistability, 619
Bisulfite-based strategies, 501, 502
Bloom syndrome, 557
Bone marrow-derived MSCs, 250
Bone-marrow derived macrophages (BMDMs), 271
Boolean/logic model, 619
Bortezomib, 281, 323–325
Bowen carcinoma, 561
Bowen disease, 649, 650
Brain tumors classification, 679
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Branched chain amino acids, 539
BRCA1, 484, 495
Break-apart probes, 720, 721
Breast cancer, 672, 674
Breast proliferative lesion, 674
Bronchoalveolar lavage (BALs), 183
Bruton’s tyrosine kinase (BTK), 548
Burkitt’s lymphoma, 553, 554

C
Ca2+ signaling, 180
Cachexia, 534, 538, 539
Calcium, 536
Calcium release-activated channels (CRACs), 109
Caldesmon, 676
Calponin, 676
Canakinumab, 280
Canale-Smith syndrome, 177
Cancer

diagnostic approaches, 5
environmental factors, 4
factors, 2
genetic factors, 4
host immunosurveillance, 4, 5
immune system reaction to, 3, 4
immunity, 2, 3
impaired immune response, 3
patient survival, 2
treatment

immunotherapy, 5, 6
therapeutic approaches, 5
tumor switches, 6, 7

Cancer chronotherapy, 616
Cancer immunoediting, 690, 692

equilibrium phase, 296, 297
immune elimination phase, 302

adaptive immune response, 292
antitumor immune response, 292, 294–296
spontaneous regression, 292
timeline of events, 295

immune escape, 297–299
immunotherapeutic strategies, 301, 302
mice experiments, 292, 294
process with three Es, 292, 293
tumor antigens, 299–302
tumor microenvironment during, 300, 301
tumor-specific effector cells, 301

Cancer metastasis, 495, 498
Cancer Molecular and Functional Imaging Program, 730
Cancer-associated inflammatory responses, 264
Cancer-immune spectrum, 692
Cancer multi-scale models, 601, 602, 614, 615
Cancer-related inflammation (CRI), 31, 591
Canonical multi-parameter assay, 762
Capromab pendetide, 744
Capture Ab, 632, 633
Carcinogenesis, 588, 690

adaptive immunity
CD4+ T-lymphocytes, 407

CTLs CD8+ T-cells, 408
prognostic value, 408–410
TILs, 408
T-lymphocyte activation, 408
T-regs, 408

gliomas and glioblastoma, 404
hypoxic conditions, 404
immune infiltration, 404–406
innate immunity

prognostic value, 408–410
TAMs, 406, 407
TANs, 407

non-linear process, 404
spatial and temporal scales, 403

Carcinogens, 588
Carfilzomib, 325, 326
CARMIL2 deficiency, see RLTPR deficiency
Cartilage hair hypoplasia, 557
Caspase-3, 310, 311
Caspase-6, 310
Caspase-7, 310, 311
Caspase-mediated cleavage, 310
Cathepsin G, 281
CBA assay, 639
CCL5/CCR5 activation, 246
CD27 deficiency, 564
CD4+CD25+Foxp3+ cells, 410
CD4+T cell, 405
CD40-activated B (CD40-B) cells, 48–50
CD44, 668
CD56, 662
CD68+ TAMs, 408
CD70 deficiency, 564
CD8+ cytotoxic lymphocytes (CTLs), 293
CD8+ T-lymphocytes, 406
CD8+T cell, 405
CD95, death receptor

germinal mutations, 177, 178
mRNA to protein, 174
structure/function, 174–176
type I/II cells, 175
type I/II signaling pathways, 176

CD95-mediated signaling
Ca2+ signaling, 180
CD95 internalization, 179–180
lipid rafts, 178
necroptosis, 180
posttranslational modifications, 178–179

CD95/CD95L signaling pathway
initiator caspases, 172
intrinsic pathway, 172
non-apoptotic signaling pathways, 172
TNF receptor family

CD95 (see CD95, death receptor)
CD95-mediated signaling (see CD95-mediated 

signaling)
inflammatory/oncogenic cytokine,  

181–183
TNF/TNFR, 173–174
TNFR1 signaling pathways, 172–173
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CDK4, 677
Cell death

apoptosis (see Apoptosis)
cancer growth and progression, 308
defective genes, 308
malfunction, 308
programmed cell death, 308
regulated cell death, 308
signaling pathways, 308

Cell-free cytokine analysis, 765
Cellular and humoral immunity, immunodeficiencies 

affecting
Chromosome 22q11.2 deletion syndrome, 555
Coronin-1A deficiency, 549, 550
dedicator of cytokinesis 8 (DOCK8) deficiency,  

552, 553
DNA repair defects, 555, 556
MCM4 deficiency, 554
MST1 deficiency, 550
purine nucleoside phosphorylase (PNP) deficiency, 

550, 551
RHOH deficiency, 553, 554
STAT3 deficiency, 554, 555
Wiskott–Aldrich syndrome (WAS), 551, 552

Cellular senescence, 514
Central memory T-cells (TCM), 108
Centromere probes, 712
Cervical cancer, 605–607
Cervix adenocarcinomas, 669
Cetuximab, 754
c-FLIP isoforms, 309
CGI hypermethylation, 494
Chemokines and chemokine receptor (CK/CKR)

angiogenesis, 249
cancer, 237
cancer treatment strategies, 253, 254
CCL2, 251
CCL5, 251, 252
CCR2, 252
CCR5, 252
cell biology control, 239
cellular recruitment,modulation of, 236
chemoattractant cytokines, 236
circulating expression, 253
CXCL8, 252
CXCL12, 252
CX3C, 253
definition, 238
extravasation process, 238
fibrosis and extracellular matrix remodeling, 249, 250
immune cell behavior

Ag presentation to T lymphocytes, 243, 244
T lymphocyte migration, 244, 245
T-cell antitumor immune response, 242

innate immune cells, 245–247
interstitial migration, 238
neoplastic cells, 237
oncogenes, 237, 240
polymorphisms, 250, 251
stromal cells, 237

subfamilies, 238
tumor cell behavior

cellular senescence, 241
metastasis, 240, 241
neoplastic transformation, 239, 240
tumor cell survival, 242
tumor proliferation, 242

tumor-induced tolerance, 247, 248
tumor microenvironment, 237
tumor suppressor genes, 237

Chimeric antigen receptor (CAR) T-cell therapy, 404
Chimeric /“humanized” Abs, 627
Cholangiocarcinoma, 481, 662
Chondrocyte markers, 677
Chondrosarcoma, 677
Chordoma, 686
Chromophobe carcinoma (CC), 667
Chromosome 22q11.2 deletion syndrome, 555
Chromosome painting, 722
Chronic lymphocytic leukemia (CLL), 125, 126, 316
Chronic myeloid leukemia (CML), 633
Circularly permuted TRAIL (CPT), 317, 318
CK20, 668
C-kit (CD117), 656
Classic Hodgkin lymphoma (CHL), 682
Clear cell sarcoma, 679
Clear renal cell carcinoma (CRCC), 666
ClustalX software, 607
Cluster of differentiation 20 (CD20), 751, 752
Colangiocarcinoma, 663
Cold abscesses, 554
Cold protein, 631
Colon adenocarcinoma, 665, 693
Colon cancers, 535, 660, 664
Colorectal adenocarcinoma (AC), 664
Common variable immunodeficiency (CVID), 547, 548
Comparative genomic hybridization (CGH), 723
Complement-dependent cytotoxicity (CDC), 589
Conatumumab, 318, 319
Coronin-1A deficiency, 549, 550
CpG dinucleotides, 492
CpG oligodeoxynucleotide (CpG-ODN) motifs, 153
C-reactive protein (CRP), 534
Cross-talk, 619
Cryoconservation, 771
Cryopreservation, 771
CSF-1 receptor (CSF-1R), 33
CTP synthase 1 (CTPS1) deficiency, 565
C-type lectin and lectin-like receptors (CLRs), 16, 18
C-type lectin receptors (CLRs), 153, 154
CXC chemokine receptors, 246
CXCL12/CXCR4, 241
CXCR2, 35
Cyclooxygenase-2 (COX-2), 94
Cysteine-rich domains (CRDs), 172
Cyt c, 311, 314
Cytokeratin (CK), 647, 673
Cytokine network

host-derived immune cell populations, 207
IL-10, 222–224
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IL-12
clinical studies, 211–212
linking innate and adaptive antitumor immunity, 

208, 209
tumor microenvironment, 211

IL-17
antitumor immunity, 220
proinflammatory cytokine, 218
tumor microenvironment, 218, 219
tumor promotion, 219–220

IL-23
heterodimeric protein, 220
tumor promotion and inhibition, 221

IL-27
advantages of, 213–214
antitumor immune responses, 212, 213
tumor microenvironment, 213

IL-35, 221
spontaneous and chemically-induced tumors, 206
TGF-β

adaptive immune tolerance, 216, 217
angiogenesis and treg promotion, 217
clinical trials, 217–218
function of, 214, 215
innate immune tolerance, 214–216

Cytokines
chronic inflammation, 435
IFN-γ, 463, 464
IL-1α, 436
IL-1β, 437–440
IL-1Ra, 440
IL-4, 441–443
IL-6, 442–445
IL-8, 445–447
IL-10, 448–453
IL-12, 453, 454
immune cell differentiation and proliferation, 435
immunosurveillance, 436
interleukin-1 superfamily, 436
levels, 436
LTA, 454–456
polymorphisms, 436
TGF-β, 464–466
TNF-α, 454–463

Cytometric bead array (CBA), 639, 640
Cytosine methylation, 492
Cytotoxic T lymphocytes (CTLs),  

3, 48, 153, 327, 426, 617
Cytotoxic T-lymphocyte-associated antigen 4  

(CTLA-4), 118, 217, 733, 734

D
Damage-associated molecular patterns (DAMPs),  

15, 264
Data-driven mathematical modeling, 615, 618
Data-driven modeling approach, 612
Decitabine, 500
Dedicator of cytokinesis 8 (DOCK8) deficiency,  

552, 553

Delayed-type hypersensitivity (DTH) responses, 55
Deleted in colorectal cancer (DCC), 309, 310
Dendritic cell, monocyte, and lymphocyte (DCML) 

deficiency, 560
Dendritic cells (DCs), 13, 14, 405, 517, 518

immunotherapy, 525
Dermatofibrosarcoma protuberance, 652
Dermatofibrosarcoma protuberans, 653
Desmin, 675
Desmoplastic small round cell tumor (DSRCT), 679, 688
Desmoplastic trichoepithelioma (DTE), 649, 651
Desmoplastic/spindle cell variant of melanomas, 651
Detection Abs, 632, 633, 639
Detergent-resistant microdomains (DRMs), 178
Deubiquitinases (DUBs), 323
Diffuse large B-cell lymphoma (DLBCL), 316, 462, 683
Diphtheria toxin receptor (DTR), 152
Direct Ab, 640
Direct array, 640
Direct ELISA, 632
DNA fragments, 431
DNA ligase IV deficiency, 557
DNA methylation

affinity-based strategies, 501
as biomarker, 498, 499
bisulfite-based strategies, 501, 502
CGI hypermethylation, 494
CpG dinucleotides, 492
cytosine methylation, 492
disruption, 494
DNMT, 492, 493
gene silencing, 493, 494
genes, 495–497
‘housekeeping’ genes, 492
hypermethylation

cancer metastasis, 495, 498
cell cycle, 495
DNA repairs, 495
O6-methylguanine-DNA methyltransferase 

(MGMT) gene, 499
retinoblastoma tumor repressor gene, 495
of SEPT9 gene, 499
as therapeutic target, 499, 500
of VIM, 499
WRN functions, 495

hypomethylation, 498
mechanisms, 494
methyl-sensitive restriction enzyme-based strategies, 

501, 503, 504
DNA methyltransferases (DNMTs), 480, 481, 492, 493
DNA probes, 713
DNA repair defects, 555, 556
DNA vaccine, 609

in silico cloning experiments of, 610, 611
DNMT inhibitors (DNMTi), 499
DNMT1, 484
DNMT1 null HCT-116 cells, 484
Double stranded probes, 713
Drosha, 480
Ductal carcinoma in situ, 674
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Duffy antigen receptor for CK (DARC), 249
Dulanermin, 317
Duncan disease, see X-linked lymphoproliferative 

disease (XLP)
DynaVacs server, 610

E
EBV-associated lymphoproliferative disease (LPD), 549
E-cadherin, 655
Ectopic expression, 482
Eczema, 587
Effector memory T-cells (TEM), 108
EGFL7, 485
Eicosapentaenoic Acid, 540
Electrochemiluminescent (ECL) reagent, 634
Electrophoretic mobility shift assay (EMSA), 424
ELR− CXC chemokines, 249
ELR+ chemokines, 249
Emberger’s syndrome, 560
Embryonal rhabdomyosarcoma, 688
Embryonic stem (ES) cells, 481
EndoG function, 313
Endometrioid adenocarcinoma, 669
Endoplasmic reticulum (ER), 38
Endoplasmic reticulum stress (ER stress)

definition, 356
unfolded/misfolded proteins, 356
UPR (see Unfolded protein response (UPR))

Endothelial markers, 676, 677
Enumeration probes, 719, 720
Enzymatic immunoassays (EIAs), 632–634
Enzyme-linked immunosorbent assay (ELISA), 632, 

634, 743
direct, 632
multi-spot, 633
sandwich, 632–634

Eosinophil cationic protein (ECP), 593
Eosinophils, 593
Ependymoblastoma, 686
Epidermal growth factor receptor (EGFR), 753, 754
Epidermodysplasia verruciformis (EV), 553, 561
Epigenetics, 492

definition, 480
epigenetic machinery, miRNAs, 480–483
regulation, 483–485

Epi-miRNAs, 481–483
Epithelial marker, 675
Epithelial mesenchymal transition (EMT), 276, 484
Epithelial tumors, 647
Epithelial-mesenchymal transition (EMT), 214, 241
Epitoolkit, 609
Epitope mapping, 609
Epstein-Barr virus (EBV) infection, 2, 548, 605
Epstein-Barr virus nuclear antigen (EBNA-4 and 

EBNA-6) proteins, 429
ErbB/PI3K signalling network, 616
Esophageal cancers, 663
Essential fatty acids, 535
Estrogen receptor protein (ER), 635

Eumesodermin, 409
Ewing sarcoma/peripheral nerve sheath tumor (ES/

PNET), 654, 678, 688
Extracellular matrix (ECM) remodeling, 250
Extracellular-regulated kinase 1 (ERK1), 219
Extracellular vesicles (EVs), 38
Extrinsic apoptosis, 309

caspase-8 activity, 309
caspases, 310
DCC receptors, 310
death receptor and dependence receptor  

pathways, 310
fodrin, 310
homodimerization, 309
ligands, 309
netrins, 309
receptors, 309
signaling pathway, 310
signaling pathway and therapeutic targets, 311, 312

EZH2, 482

F
FAAP24 deficiency, 558
Fab fragment, 627
Fas apoptotic pathway, 566
Fas ligand (FasL), 141
Fas ligand (FasL) activation, 274
Fas-associating protein with a death domain  

(FADD), 172
Fatty acid oxidation (FAO), 108
Fatty acids (FA) synthesis, 110
Feedforward loop, 619
Female and male genital tumors,  

immunohistochemistry of
breast cancer, 672, 674
ovary, 671
prostate gland, 672, 678, 679, 687
testis, 673, 679–681
uterine cervix, 669
uterine corpus, 669
vulva and vagina, 669

FGF2, 277
Fibrillary astrocytoma, 687
Fibrohistiocytic markers, 677
Flavoprotein, 313
Flow cytometry, 635–638, 743, 762–765, 776

Ab panel development, 765, 766
assay harmonization, 768
automated analysis of flow data, 771–773, 775, 776
cell-free cytokine analysis, 765
CellTraceTM reagents, 764
fluorochromes, 776
HLA-multimers, 764
immune monitoring in multi-center trials,  

770, 771
intracellular cytokine staining, 764
proficiency panels, 768, 769
quality assurance (QA), 766–768
standardization, 768
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standardization, validation and harmonization via 
proficiency programs, 768

structured reporting of immune assay experiments, 
769, 770

validation, 768
Fludeoxyglucose (FDG), 731
Fluorescence imaging (FI), 732, 733
Fluorescence in situ hybridization (FISH), 752
Fluorescence, definition of, 712
Fluorescent in situ hybridization (FISH)

advantages of, 712
in carcinoma with corresponding gene and functional 

sequence, 727
chromosome painting, 722
clinical application in cancer setting, 723

hematologic malignancies, 724, 725
solid tumors, 724–727

counterstaining, 717
hybridization, 716, 717
immunohistochemistry combined, 723
in neuroepithelial tumors with corresponding gene 

and functional sequence, 728
limitation of, 712
materials

labeling of probes, 714
probes, 712, 713
probes types, 713, 714
target samples, 712

microarray comparative genomic  
hybridization, 723

microscopy/analysis, 717
break-apart probes, 720, 721
enumeration probes, 719, 720
fusion probes, 721, 722
interphase, 717, 718
metaphase, 719, 720

multiplex FISH, 722
post hybridization, 717
pre-hybridization treatment, 715

solid tissue samples, 716
suspension samples, 715
tap/smear preparations, 715

sample preparation
smear preparation, 714, 715
solid tumors preparation, 715
suspension cells preparation, 714

in sarcomas with corresponding gene and functional 
sequence, 727

Fluorochromes, 627, 764
5-fluoro-2’-deoxycytidine (FdCyd), 500
Fluorophores, 627, 636
Fluorothymidine (FLT), 732
Focal adhesion kinase (FAK), 310
Fodrin, 310
Folate, 536
FOLFOX6 plus bevacizumab, 317
Foxp3+ cells, 410
Fructooligosaccharides, 540
Functional MRI, 732
Fusion probes, 721, 722

G
Galunisertib (LY2157299), 218
Ganitumab, 319
Gasdermin D (GSDMD), 267
Gasdermin E (GSDME), 278
Gastric adenocarcinoma, 663, 664
Gastrointestinal stromal tumor (GIST), 666, 667
Gastrointestinal tumors, immunohistochemistry of,  

660, 662
anal, 665
appendix, 665
colon, 664
esophageal cancers, 663
GIST, 666
liver, 662, 663
neuroendocrine tumors, 666
pancreas, 665
small intestine, 664
stomach cancers, 663, 664

GATA2 deficiency, 560
Gataparsen sodium (LY2181308), 327
Gene therapy, 552
Genetic polymorphisms, 420, 421
Genetically engineered mouse models  

(GEMM), 194, 424
Genome sequence analysis, 484
Genome-wide hypomethylation, 498
Genomic comparative hybridization, 727
Genotype-phenotype mapping, 613, 614
Germinoma, 688
Glial tumors, 680, 686
Glioblastoma invasion, 253
Glioblastoma multiforme (GBM), 686
Glioma, 588, 592
Glutamine, 539
Glutathione S-transferase pi 1 (GSTP1), 499
Gluten free diet, 535
GR9 murine tumor model, 198
Graft-versus-host-disease (GVDH), 182
Granulocyte-macrophage colony-stimulating  

factor (GM-CSF), 13, 21

H
Hay fever, 587
HDAC inhibitors, 484
Head and neck squamous cancer (HNSCC), 276
Head and neck tumor, immunohistochemistry of

larynx, nasopharynx and oropharynx, 654, 655
nasal cavity and paranasal sinuses, 653, 654
parathyroid glands, 656, 657
salivary glands, 655–657
thyroid glands, 656, 657

Hematologic malignancies, 724, 725
Hematopoietic cells, 237
Hematopoietic progenitor cells (HPCs), 134
Hematopoietic stem-cell transplantation  

(HSCT), 552, 559
Hematoxylin and Eosin (H&E) stain, 656
Hemophagocytic lymphohistiocytosis (HLH), 562, 563
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Hepatitis B virus (HBV) infections, 409, 605
Hepatitis C virus (HCV) infections,  

156, 157, 429, 430, 605
Hepatocellular carcinoma (HCC), 429, 605, 662, 663
HepG2 cells, 482
Hexokinase II (HKII), 109
HHV8-latent nuclear antigen-1, 652
High grade prostate intraepithelial neoplasia  

(HGPIN), 679
High-grade serous ovarian cancer (HGSOC), 495
Histone deacetylases (HDACs), 481, 482
HIV infection, 157
HLA-multimers, 764, 767–769, 773
HLA-peptide multimers, 763
HMGB1, 277
Hodgkin lymphoma (HL), 75, 221, 253, 321, 547, 555, 

563, 673, 684
Hodkin’s lymphoma, 605
Horseradish peroxidase (HRP), 627
Host immunodeficiency, 419
Hot protein, 631
HtrA2/Omi, 313, 326
Human anti-chimeric antibodies (HACA), 747
Human antihuman antibodies (HAHA), 747
Human antimurine antibodies (HAMA), 747
Human DNMT genes, 493
Human epidermal growth factor receptor 2  

(HER2), 752, 753
Human hepatocellular carcinoma (HCC), 279
Human immunodeficiency virus (HIV), 2, 172
Human leukocyte antigen (HLA)

alleles and serotypes, 430
association studies, 431–433
background, 426
environmental factors, 434
genes, 426–428
hybridization, 430
linkage disequilibrium, 434, 435
mechanisms, 428–430
MHC genetic system, 426
on T-cells/B-cells, 430
polymorphisms, 430
TAA, 428
typing

direct DNA sequencing, 430
serologic typing, 433

Human papillomaviruses (HPV), 2, 126, 605–607, 654
Human T-cell leukemia virus, 605
Hybridoma technology, 740, 742, 743
25-hydroxyvitamin D, 536
Hyper-IgE syndrome (HIES), 554
Hypermethylation

cancer metastasis, 495, 498
cell cycle, 495
DNA repairs, 495
genes, 496–497
O6-methylguanine-DNA methyltransferase (MGMT) 

gene, 499
of VIM, 499
retinoblastoma tumor repressor gene, 495
of SEPT9 gene, 499

as therapeutic target, 499, 500
of VIM, 499
WRN functions, 495

Hyperphosphorylation, 520
Hypomethylation, 498
Hypoxia, 731
Hypoxia-induced factor 1 (HIF-1), 217, 430
Hypoxia-inducible factor 1a (HIF-1a), 93
Hypoxia-inducible factors (HIFs), 246

I
90Y-ibritumomab tiuxetan (Zevalin), 752
IFN-inducible protein 10 (IP-10), 210
IFN-γ, 589
IgE, 587, 593
IL-1α, 275, 276, 280, 436
IL-1β, 274, 275, 436
IL-1Ra, 436
IL-2-inducible T-cell kinase (ITK) deficiency, 563
IL-4, 594
IL-10, 222–224
IL10+-CD68+ TAMs, 408
IL-17, 519
IL-18, 274, 275, 280, 281
ILC group 1 (ILC1), 134
Imbalanced nutrition, 534
Immune contexture, 692, 694
Immune-editing, 514
Immune dysregulation, diseases of

APECED, 566, 567
autoimmune lymphoproliferative syndrome  

(ALPS), 566
CD27 deficiency, 564
CD70 deficiency, 564
CTP synthase 1 (CTPS1) deficiency, 565
IL-2-inducible T-cell kinase (ITK) deficiency, 563
RASGRP1 deficiency, 565
RLTPR deficiency, 565
X-linked lymphoproliferative disease (XLP), 562
XMEN disease, 563, 564

Immune elimination phase
adaptive immune response, 292
antitumor immune response, 292, 294–296
spontaneous regression, 292
timeline of events, 295

Immune equilibrium phase, 296, 297, 302
Immune escape, 297–299
Immune infiltration, tumor microenvironment,  

404–406
Immune monitoring in multi-center trials, 770, 771
Immune polymorphisms, 418

down regulation, local immune system, 419
genetic polymorphisms, 420
host immunodeficiency, 419
immunoedition, 419
immunogenetics (see Immunogenetics)
posttranslation modifications, 420, 421
SNP, 420 (see Single nucleotide polymorphisms)
tolerance induction and losing immunogenicity, 419
types of, 420
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Immune-surveillance, 514
Immune system

adaptive (see Adaptive immune system)
aging (see Immunosenescence)
immune-competence against cancer, 514
immune-editing, 514
immune-surveillance, 514
innate (see Innate immune system)

Immunoblotting (IB), 629–631
Immunocytochemistry (ICC), 634, 635
Immuno-editing, 589
Immunogenetics

application in cancer, 425, 426
background, 421
cytokine network (see Cytokines)
hereditary cancers, 418, 419
HLA (see Human leukocyte antigen)
tools

bioinformatic online and offline  
tools, 424

candidate gene approach, 421
EMSA, 424
GEM models, 424
GWASs, limitations in, 422, 423
hypothesis-driven approach, 421, 422
immune traits, concordance rates, 421
methods in immunogenetic studies, 425
reporter gene assay, 424, 425
RFLPs, 421
SNPs, 421, 422

Immunoglobulin E (IgE), 586, 592
Immunoglobulin-like transcript 2 (ILT2), 430
Immunohistochemistry (IHC), 634, 635, 647

alkaline phosphatase, 646
cancer immunoediting, 690, 692
female and male genital tumors

breast cancer, 672, 674
ovary, 671
prostate gland, 672, 678, 679, 687
testis, 673, 679–681
uterine cervix, 669
uterine corpus, 669
vulva and vagina, 669

FISH, 723
of head and neck tumor

larynx, nasopharynx and oropharynx,  
654, 655

nasal cavity and paranasal sinuses,  
653, 654

parathyroid glands, 656, 657
salivary glands, 655–657
thyroid glands, 656, 657

gastrointestinal tumors, 660, 662
anal, 665
appendix, 665
colon, 664
esophageal cancers, 663
GIST, 666
liver, 662, 663
neuroendocrine tumors, 666
pancreas, 665

small intestine, 664
stomach cancers, 663, 664

immune contexture, 692
Immunologic constant of rejection, 692
Immunoscore system, 694
immunosurveillance, 690
lung tumors

adenocarcinoma, 657
classification, 657
mesotheliomas, 660
small cell carcinoma, 660

lymphoma, 673, 684
nervous system

neuroepithelial tumors, 682, 683
non-neuroepithelial tumors, 683, 686
proliferative markers, 686, 688
undifferentiated tumors, 686

pediatric tumors, 688–691
of skin tumor

epithelial tumors, 647
markers of normal skin, 647, 649
melanocytic tumors, 649, 651
mesenchymal tumors, 652, 653
prognostic markers of melanoma, 651
sebaceous tumors, 649
sweat gland tumors, 648–650
trichogenic tumors, 649

soft tissue and bone tumors, 674, 675, 684
chondrocyte markers, 677
endothelial markers, 676, 677
epithelial marker, 675
fibrohistiocytic markers, 677
lipocytic markers, 677
myogenic marker, 675, 676
nerve and Schwann cell markers, 676
osteogenic markers, 677, 678
unknown-origin soft tissue tumors,  

679, 686
vimentin, 675

urinary tract
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Interleukin-1 β (IL-1β), 437–440
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Methylcholanthrene-induced fibrosarcoma models, 593
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fluorescence imaging (FI), 732, 733
functional MRI, 732
hypoxia, 731
labeled probes, 730
MRI biomarkers, 730
PET/CT, 731
PET/MRI, 732
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Negative feedback loop, 619
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Neuroendocrine carcinoma (NEC), 656, 666, 667
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Nickel sulfide (NiS)-transformed human bronchial 
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N-myc downstream-regulated gene 3 (NDRG3), 93
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caspase-1 activation, 267
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activation, 267
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two-signal model, 267
type I IFN, 269
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Nonhematopoietic cells, 237
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Normal pancreas, immunoprofile of, 665
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Nuclear factor of κB (NF-κB), 313, 314, 534
Nucleotides, long-chain, 540
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antioxidants, 540
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antioxidants, 535
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Oligodendroglioma, 682
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Osteogenic markers, 677, 678
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Oxidative phosphorylation (OXPHOS), 109
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P16, 669
p21-activated kinase (PAK), 310
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Pancreatic cancer, 588
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Pancreatic tumors, 665, 666
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HIV infection, 157
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therapeutic trials, 162, 163
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Positron-emission tomography (PET), 730, 731, 747, 748
Positron-emission tomography/computed tomography 
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RASGRP1 deficiency, 565
RLTPR deficiency, 565
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X-linked agammaglobulinemia (XLA), 548, 549

Primary origin of metastatic carcinoma, 679–680
Primary skin apocrine carcinoma, 650
Priming, 267
Primitive neuroectodermal tumors (PNETs), 688
Primitive undifferentiated tumors, 689
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NF-κB, 323

26S proteasome, 322
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Protein kinase C (PKC), 482
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Pulmonary adenocarcinoma (PAC), 661
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Selective IgA deficiency (IgAD), 549
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Signal transducer and activator of transcription 3 
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