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This book’s initial title was “Tumor Microenvironment.” However, due to the 
current great interest in this topic, we were able to assemble more chapters 
than would fit in one book, covering tumor microenvironment biology from 
different perspectives. Therefore, the book was subdivided into several 
volumes.

This book, Tumor Microenvironment: The Role of Interleukins – Part A, 
presents contributions by expert researchers and clinicians in the multidisci-
plinary areas of medical and biological research. The chapters provide timely 
detailed overviews of recent advances in the field. This book describes major 
contributions of different interleukins in the tumor microenvironment during 
cancer development. Further insights into these mechanisms will have impor-
tant implications for our understanding of cancer initiation, development, and 
progression. The authors focus on the modern methodologies and the leading-
edge concepts in the field of cancer biology. In recent years, remarkable prog-
ress has been made in the identification and characterization of different 
components of the tumor microenvironment in several tissues using state-of-
the-art techniques. These advantages facilitated identification of key targets 
and definition of the molecular basis of cancer progression within different 
organs. Thus, the present book is an attempt to describe the most recent 
developments in the area of tumor biology which is one of the emergent hot 
topics in the field of molecular and cellular biology today. Here, we present a 
selected collection of detailed chapters on what we know so far about the 
interleukins in the tumor microenvironment in various tissues. Eight chapters 
written by experts in the field summarize the present knowledge about dis-
tinct interleukins during tumor development.

Weizhou Zhang and colleagues from the University of Florida describe 
interleukin-1 signaling in the tumor microenvironment. Jong-Hyuk Kim from 
the University of Minnesota discusses interleukin-8  in the tumor immune 
niche. Guangwei Liu and colleagues from Beijing Normal University address 
the importance of interleukin-9 and Th9 cells in tumor immunity. 
R.M. Gorczynski from the University of Toronto compiles our understanding 
of interleukin-17 signaling in the tumor microenvironment. Tracy L. Putoczki 
and colleagues from the University of Melbourne, Australia, update us with 
what we know about the emerging roles for interleukin-18 in the gastrointes-
tinal tumor microenvironment. Virginie Lafont and colleagues from the 
Institut de Recherche en Cancérologie de Montpellier summarize current 
knowledge on the interleukin-21 signaling in the tumor microenvironment. 

Preface
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Yi-Ching Wang and colleagues from the National Cheng Kung University 
focus on interleukin-33 signaling in the tumor microenvironment. Finally, 
Walter J. Storkus and colleagues from the University of Pittsburgh School of 
Medicine give an overview of interleukin-36 signaling in the tumor 
microenvironment.

It is hoped that the articles published in this book will become a source of 
reference and inspiration for future research ideas. I would like to express my 
deep gratitude to Veranika Ushakova, my wife, and Mr. Murugesan 
Tamilsevan, from Springer, who helped at every step of the execution of this 
project.

Belo Horizonte, Minas Gerais, Brazil� Alexander Birbrair
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IL-1 Signaling in Tumor 
Microenvironment

Weizhou Zhang, Nicholas Borcherding, 
and Ryan Kolb

Abstract
Interleukin 1 (IL-1) has long been known for 
its pleiotropic effects on inflammation that 
plays a complex, and sometimes contrasting, 
role in different stages of cancer development. 
As a major proinflammatory cytokine, IL-1β 
is mainly expressed by innate immune cells. 
IL-1α, however, is expressed by various cell 
types under physiological and pathological 
conditions. IL-1R1 is the main receptor for 
both ligands and is expressed by various cell 
types, including innate and adaptive immune 
cell types, epithelial cells, endothelial cells, 
adipocytes, chondrocytes, fibroblasts, etc. 
IL-1 and IL-1R1 receptor interaction leads to 
a set of common signaling pathways, mainly 
the NF-kB and MAP kinase pathways, as a 
result of complex positive and negative regu-
lations. The variety of cell types with IL-1R1 
expression dictates the role of IL-1 signaling 
at different stages of cancer, which under certain 
circumstances leads to contrasting roles in 
tumor development. Recent availability of 
IL-1R1 conditional knockout mouse model 

has made it possible to dissect the role of IL-1/
IL-1R1 signaling transduction in different cell 
types within the tumor microenvironment. 
This chapter will focus on the role of IL-1/
IL-1R1 in different cell types within the tumor 
microenvironment and discuss the potential of 
targeting this pathway in cancer therapy.

Keywords
Interleukin-1α · Interleukin-1β · IL-1R1 · 
IL-1RA · IL-1 signaling pathway · Tumor 
microenvironment · Breast cancer · Sarcoma · 
Melanoma · Colorectal cancer · 
Hepatocellular carcinoma · Mouse models · 
Pleiotropic effects · Cancer progression · 
Cancer therapy

1.1	 �Introduction

Starting with the identification of interleukin 
protein function in the early 1970s, the nomen-
clature of IL-1 was established in 1979 [1]. IL-1 
signaling transduction is well controlled and reg-
ulated via different levels of positive and negative 
regulators. There are two major agonistic IL-1 
ligands, IL-1α and IL-1β, and one antagonistic 
ligand IL-1RA (anakinra). At the receptor level, 
IL-1R1 is the major receptor mediating positive 
signaling transduction from agonistic ligands and 
is ubiquitously expressed across many cell types. 
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The IL-1 receptor accessory protein (IL-1RaP, 
also referred to as IL-1R3) facilitates the positive 
signaling via the formation of a tertiary complex 
(IL-1α or IL-1β, IL-1R1, IL-1RaP) with IL-1R1 
and accessory proteins, which recruits down-
stream signaling proteins. IL-1R2 is a decoy 
receptor that has no intracellular signaling 
domain and leads to the sequestration of agonis-
tic ligands, thus quenching downstream signaling 
activation. At the downstream effector level, the 
tertiary complex leads to activation of two major 
pathways, NF-κB and MAP kinase pathways 
(Fig.  1.1). This intracellular level of signaling 
regulation is much more complicated than the 
level of ligand-receptor interaction due to the 
interaction of a number of the downstream effec-
tor proteins, including scaffolding proteins, 
kinases, ubiquitin/de-ubiquitin enzymes, etc. The 
complex protein interactions and regulations 
often crosstalk with other signaling pathways 
such as those mediated by Toll-like receptors 
(TLRs). The detailed signaling transduction net-
works have been extensively reviewed and will not 
be discussed here [2–6]. As a negative feedback, 

IL-1 signaling activation can induce the expres-
sion of the negative regulator IL-1RA by NF-κB- 
and AP-1-dependent transcription [7, 8].

As the major agonistic ligands, IL-1α and 
IL-1β are encoded by two distinct genes with 
moderate shared homology. Both genes and pro-
teins are tightly regulated at transcriptional and 
posttranslational levels. The transcription is gen-
erally activated by NF-κB family transcription 
factors. NF-κB signaling can be activated by 
various factors, such as pathogen infection 
(pathogen-associated molecular patterns, PAMP) 
or sterile inflammation/tissue damage (danger-
associated molecular patterns, DAMP) via 
TLRs, NOD-like receptors (NLRs), or other 
cytokines/growth factors/chemokines. IL-1 sig-
naling can propagate IL-1 production via a posi-
tive feedback loop mediated by IκB kinase 
(IKK)/NF-kB activation. IL-1α and IL-1β are 
not secreted via classic endoplasmic reticulum/
Golgi pathways. IL-1α and IL-1β proteins are 
translated as pro-forms and secreted via distinct 
mechanisms.

IL-1α Biogenesis: Pro-IL-1α can be posttrans-
lationally modified by phosphorylation, myris-
toylation, and acetylation, although the functional 
significance of these modifications is yet to be 
determined. Pro-IL-1α is active and binds to 
IL-1R1 equally compared to the cleaved IL-1α. 
Several proteases including calpain, granzyme B, 
elastase, or chymase can cleave pro-IL-1α into 
the mature forms at different cleavage sites. The 
biological function of pro-IL-1α/IL-1α comes 
from different locations, including the induction 
of IL-1R1 canonical signaling transduction via 
released or membrane-bound pro-IL-1α/IL-1α or 
nuclear pro-IL-1α/IL-1α. Current theory involves 
the release of pro-IL-1α through necrosis-
mediated passive release as an “alarmin.” The 
alarmin function of IL-1α notifies adjacent 
immune cells of potential damage to tissues and 
stimulates regeneration. The release of mature or 
cleaved IL-1α is less understood, likely via a sim-
ilar mechanism as mature IL-1β release.

IL-1β Biogenesis: Even though pro-IL-1β is 
similarly translated, it has no bioactivity to induce 
IL-1R1-mediated signaling pathways in the 
pro-form. Protease-mediated cleavage, primarily 

Fig. 1.1  Essential components of IL-1 signaling 
transduction

W. Zhang et al.
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via caspase-1 (Casp-1), leads to the release of 
mature IL-1β from the cytosol to extracellular 
space, via either pyroptosis (inflammatory cell 
death) or some other not-well-defined mecha-
nism. The key enzyme Casp-1 is activated via a 
controlled mechanism during infection or sterile 
inflammation during injury, stress, and metabolic 
alterations. Innate immune cells, such as macro-
phages, can sense different molecular signatures, 
PAMPs or DAMPs, through sensing molecules in 
the NLR family, including NLRP1, NLRP3, and 
NLRC4, or pyrin family protein AIM-2. Via the 
adaptor protein apoptosis-associated speck-like 
containing CARD (ASC), the sensors, ASC, and 
pro-Casp-1 form an activating complex referred 
to as an inflammasome. Upon sensing various 
molecular signatures, the inflammasome com-
plex forms, leading to the auto-cleavage of 
Casp-1 from pro-Casp-1 into p20/p10 tetramers 
with protease activity. The protease activity of 
the tetramers results in the cleavage of pro-IL-1β 
and pro-IL-18 into their mature forms. It is criti-
cal to understand how these different inflamma-
somes are activated in a tumor microenvironment 
in order to understand the cellular sources of 
IL-1β production and the downstream events. 
Most inflammasome-relevant studies have 
focused on macrophages in tumor microenviron-
ment. Others and we have extensively reviewed 
the role of different inflammasomes in different 
cancers that will not be discussed in detail in this 
chapter [9–13]. There are other mechanisms that 
can lead to IL-1β processing and activation in 
neutrophils via neutrophil-specific proteases 
upon certain bacterial infections [14]. Neutrophil-
based IL-1ββ activation may be dependent on 
cathepsin G in lung cancer, which is critical to 
mediate cancer resistance to IKK/NF-κB inhibi-
tion [15]. There are emerging reports of the 
pathogenic role of neutrophils in cancer [16–18], 
and neutrophil-produced IL-1β likely plays an 
important role for cancer inflammation, progres-
sion, and metastasis.

The ubiquitous expression of IL-1R1 compli-
cates clear elucidation of the role of IL-1 signal-
ing due to the various, and sometimes opposing, 

roles in different effector cells. For example, 
reports have shown opposing effects of IL-1R1-
mediated signaling transduction in myeloid cells 
versus T-cells in mouse model of colon cancer 
[18]. In addition to cancer cells, the tumor micro-
environment contains most immune cell types, 
fibroblasts, endothelial cells, adipocytes, and 
tissue-specific cell types, many of which express 
IL-1R1. Therefore, the overall effect of the IL-1 
signaling pathway in certain cancer types needs 
to be carefully dissected. The chapter will focus 
on the role of IL-1 signaling transduction in vari-
ous cell types under physiological and pathologi-
cal conditions, including several types of cancer 
(Table 1.1).

1.2	 �IL-1 Signaling Pathway 
in Different Cancers

The IL-1/IL-1R1 signaling axis primarily induces 
pro-survival and pro-proliferative MAP kinase 
signaling, which generally promotes cancer pro-
gression. The pro-tumorigenic function of IL-1 
has been an accepted concept, especially in 
regard to IL-1β, based on in vitro data and in vivo 
tumorigenic models. However, there are contra-
dictory results, indicating more complex signal-
ing transduction/crosstalk between IL-1 and 
other signaling pathways. Here we will focus on 
the cancer types with strong support from geneti-
cally modified mouse models (GEM) related to 
core IL-1 signaling, including IL-1α, IL-1β, 
IL-1R1, and IL-1Ra. The inflammasome mouse 
models have been extensively discussed in out-
standing reviews [9–13]. The downstream effec-
tors are always shared with other pathways that 
may complicate experimental interpretation due 
to the signaling crosstalk. An important point of 
clarification before continuing is that most stud-
ies rely on whole-body knockout or cancer-cell-
line injection models in wild-type or 
immunocompromised mice. The cancer pheno-
types are a result of combinatory impacts of the 
IL-1 signaling on different cell types within 
tumor microenvironment.

1  IL-1 Signaling in Tumor Microenvironment
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Table 1.1  Cancer phenotypes related to IL-1 core signaling components

Molecules Major functions References
Breast cancer

IL-1β Inhibits ER-positive breast cancer cell growth but promotes an aggressive invasive 
mesenchymal phenotype

[19, 20, 
22, 23]

Promotes migration and EMT in triple-negative breast cancer cells [26, 27]
Cancer cell intrinsic expression is correlated with relapse [30]
Promotes metastasis in lobular carcinoma mouse model [17]

Macrophage-produced IL-1β promotes angiogenesis and progression under obese 
conditions

[50, 51]

Promotes an imbalance between tumor-infiltrating  macrophages and dendritic cells leading 
to decreased CD8 T-cell activation

[49]

IL-1 deficiency reduces tumorigenesis in a PyMT spontaneous breast cancer mouse model [56]

IL-1α Suppresses ER-positive breast cancer cell growth in vitro [34]
Promotes ER-positive breast cancer tumor growth in vivo [35]
Expression in ER cells is correlated with a more malignant phenotype and cancer 
progression

[36–40]

4T1 cancer cell-derived IL-1α promotes cell survival and metastasis via inductions of TSLP 
from neutrophils

[16]

Sarcoma

IL-1β Polymorphisms are associated with risk of osteosarcoma [71]
Expression in fibrosarcoma cells induces a more aggressive phenotype and increased 
angiogenesis

[72]

Promotes tumorigenesis and invasiveness in 3-MCA-induced fibrosarcoma model [75]

IL-1α Induces genes associated with survival, cell cycle, inflammation, and ECM remodeling  in 
sarcoma cell lines

[60–62]

Expression in fibrosarcoma cells induces antitumor immunity [72]
Involved in escape form immunosurveillance [76]

Liver cancer

IL-1β Polymorphisms are associated with increased risk of hepatocellular carcinoma [77–79]
Promotes tumorigenesis in DMBA plus obesity-induced liver cancer model [83]
Activation downstream of NLRP3 inflammasome activation likely plays a role in HCV-
related liver cancer

[84, 85]

Macrophage-produced IL-1β acts synergistically with EGF to induce IL-6 in macrophages, 
an important tumor-promoting cytokine in HCC

[87]

IL-1α Released from ROS-damaged hepatocytes and promotes carcinogenesis in a carcinogen-
induced liver cancer model

[80]

Melanoma

IL-1β Promotes lung metastasis and adhesion to endothelial cells [92, 93]

Macrophage-produced IL-1β signals through fibroblasts and endothelial cells to promote 
angiogenesis and the upregulation of tumor-promoting factors

[88]

Promotes invasiveness, metastasis, and angiogenesis in B16 mouse models [100, 
101]

IL-1α Promotes lung metastasis and adhesion to endothelial cells [92, 93]
Critical for oncogenic RAS-induced keratinocyte transformation [106]
Inhibits carcinoma formation when overexpressed in keratinocytes [107]

Colon cancer

IL-1β Promotes VEGF expression, EMT, invasion, and growth of human colon cancer cells [112–
115]

Polymorphisms are associated with recurrence [117]
IL-1R1 Promotes tumorigenesis and early progression in colon epithelial cells [18, 123]

Promotes tumor-elicited inflammation via IL-17 and IL-22 induction in CD4 T-cells and 
possibly IL-C3

[18]

Loss in neutrophils increases bacteria-induced inflammation and increased tumor load [18]

W. Zhang et al.
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1.2.1	 �Breast Cancer

1.2.1.1	 �Human Cancers
Early studies supported a growth-inhibitory role 
of IL-1β in estrogen receptor (ER)-positive 
MCF-7 cells, whereas IL-1β has minimal effect 
on other breast cancer cell lines without ER 
expression [19, 20]. Interestingly, the inhibitory 
function of IL-1β in MCF-7 cells is likely due to 
the crosstalk with downstream signaling mediated 
by insulin-like growth factor 1 (IGF1) and insulin 
receptor substrate 1 (IRS-1), leading to the inhibi-
tion of phosphatidylinositol 3-kinase/Akt signal-
ing pathway (PI3K/AKT) [21]. Later research 
using the same MCF-7 cells suggested that IL-1β 
promotes an aggressive phenotype of MCF-7, i.e., 
the migration/invasion and a mesenchymal phe-
notype [22, 23]. This invasive phenotype may be 
a result of the activation of Src homology (SH) 
2-containing phosphotyrosine phosphatase (Shp-
2) leading to the expression of matrix metallopro-
teinase 9 (MMP-9) [22] and the synergistic 
induction of Erk1/2 activation with epidermal 
growth factor (EGF) [24]. In a separate study 
using MCF-7 cells, IL-1β induced a kinase cas-
cade involving NF-κB-inducing kinase (NIK), 
IKKα, and the consequent activation of NF-κB in 
a reactive oxygen species (ROS)-dependent man-
ner [25], a possible parallel mechanism for IL-1β-
induced aggressive phenotype of MCF-7 cells. 
Similar promotion of a migratory phenotype by 
IL-1β was seen in triple-negative breast cancer 
cells, MDA-MB-231, where IL-1β induces the 
expression of hypoxic-inducible factor α (HIF-1α) 
and the CXCR1 chemotaxis pathway [26]. A non-
canonical activation of IL-1β-mediated β-catenin 
signaling was also reported [27] that leads to the 
onset of epithelial-mesenchymal transition 
(EMT). The significant induction of EMT by 
IL-1β also links to another important feature of 
breast cancer, maintaining the tumor-initiating 
cells via an NF-κB-dependent mechanism [28]. 
Interestingly, IL-1β inflammatory response phe-
notypically locks metastasis-initiating cancer 
cells (MICs) at a ZEB1-positive mesenchymal 
stage that cannot reverse for the subsequent epi-
thelial colonization process [29]. The dormancy-
locked MIC cells can undergo epithelial transition 

by inhibition of IL-1β pathway to establish mac-
rometastasis [29]. The source of IL-1β is thought 
to be derived from innate immune cells under 
inflammatory conditions; however, breast cancer 
cells can turn on IL-1β expression [30]. The role 
of IL-1β in breast cancer metastasis is strongly 
supported by clinical data showing that cancer-
cell-intrinsic expression of IL-1β protein signifi-
cantly correlates with relapse in bone and other 
sites in a large patient cohort (greater than 1300 
patients) with stage II/III breast cancer [30]. 
IL-1β/IL-1R1 inhibition by anakinra (IL-1RA) or 
canakinumab (human-specific IL-1β antibody) 
reduced bone metastasis, likely via a cancer-cell-
intrinsic autocrine pathway [30, 31]. In a recent 
pilot clinical trial involving HER2-negative meta-
static patients, anakinra (IL-1RA) treatment mod-
ulated transcriptional signature in blood 
leukocytes leading to decreased IL-1 signaling, 
NF-κB signaling, and innate immunity but 
increased genes involved in NK- and T-cell-
mediated cytotoxicity. This anakinra-modulated 
signature, i.e., the IL-1β /IL-1R1-induced gene 
signature, can faithfully predict breast cancer 
patients with poor prognosis [32].

The cancer-cell-intrinsic function of IL-1α is 
much less understood in breast cancer. Limited 
literature supports that IL-1α may promote 
human breast cancer progression. Similarly to 
IL-1β, IL-1α was initially identified as a sup-
pressor for estrogen-induced growth of ER+ 
MCF-7 cells and downregulated ER protein 
either alone [33] or in addition to IL-6 [34]. This 
in vitro inhibitory effect of IL-1α conflicts with 
an in  vivo tumorigenic study where MCF-7 
tumors with IL-1α overexpression grew faster 
than control cells [35], suggesting that IL-1α 
plays a dominant role in tumor microenviron-
ment in the MCF-7 xenografts. In ER-negative 
breast cancer cells, IL-1α is preferentially pro-
duced by cancer cells with a greater basal or 
stem cell phenotype [36] and induces down-
stream activation of NF-κB and IL-6 production 
to promote cancer progression [37] and other 
metastatic genes [38]. In agreement, IL-1α pro-
tein secretion is correlated with a more malig-
nant phenotype [39] and ER negativity [40]. This 
may underscore a potential local paracrine and 
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autocrine role of IL-1α in the maintenance of a 
more malignant phenotype.

There exist a number of publications regard-
ing the polymorphisms of genes encoding for 
IL-1 family cytokines and their association with 
breast cancer risk, but the conclusions are 
unequivocal. Based on a meta-analysis of total 
1277 breast cancer cases and 1431 control cases, 
there is no significant correlation between three 
IL-1β polymorphisms with breast cancer risk [41, 
42]. This lack of correlation between IL-1β poly-
morphisms with breast cancer is supported by 
other studies including one in Korean women 
[43] and another in Caucasian women [44]. 
Meanwhile, several reports indicate IL-1RN 
(encoding IL-1R antagonist IL-1RA) polymor-
phisms are marginally associated with breast 
cancer risks [44, 45]. Similarly, IL-1α gene poly-
morphism at the C-terminal untranslated region 
(rs3783553, TTCA insertion genotype) is signifi-
cantly associated with a decreased risk of breast 
cancer [46] due to the differential regulation by 
miR-122 and reduction in IL-1α expression [47]. 
An additional IL-1α polymorphism was corre-
lated with increased breast cancer risk based on a 
multiplex genotyping of 1107 SNPs from 232 
candidate genes [48].

1.2.1.2	 �Mouse Models
In the 4 T1 syngeneic transplant model, tumor-
intrinsic IL-1α led to the recruitment of neutro-
phils and subsequent thymic stromal 
lymphopoietin (TSLP) production, which in turn 
promotes tumor cell survival and metastasis [16]. 
IL-1β can also promote metastasis in 
K14cre;Cdh1F/F;Trp53F/F (KEP), a lobular 
breast cancer model in an IL-1R1-dependent 
manner. IL-1 signaling leads to IL-17 production 
from γδ T-cells, which in turn leads to G-CSF 
expression and enhanced production and recruit-
ment of metastasis-promoting neutrophils [17]. 
These neutrophils are critical in suppressing the 
cytotoxic and antimetastatic activity of CD8 
T-cells [17]. In a more recent report, IL-1β was 
shown to balance the tumor-infiltrating macro-
phages versus CD11b  +  dendritic cells (DCs), 
with IL-1β deficiency leading to increased IL-12-
producing CD11b  +  DCs and prevailing CD8 

T-cell-mediated antitumor immunity [49]. 
Inhibition of IL-1β and an “immune checkpoint” 
(programmed cell death-1, PD-1) synergistically 
suppresses breast cancer growth [49]. In obesity, 
which generally promotes breast cancer in 
humans and animal models, our group identified 
that IL-1β is a causal effector molecule that drives 
obesity-induced breast cancer progression as a 
downstream effector of the NLRC4 inflamma-
some activation [50, 51]. Obesity induces an 
increase in tumor-infiltrating macrophages that 
produce IL-1β and activate subsequent expres-
sion of VEGFA and ANGPTL4 within adipocytes 
to induce angiogenesis [50, 51]. Genetic and 
pharmacological inhibition of IL-1β/IL-1R1 sig-
naling suppresses obesity-driven cancer growth 
and angiogenesis [50, 51]. The NLRP3 inflam-
masome/IL-1β can also activate within tumor-
associated macrophages, leading to angiogenesis 
and cancer progression [52, 53]. The exact mech-
anism for NLRC4 inflammasome activation in 
obesity-driven breast cancer remains not fully 
understood. Since NLRC4 is only known to sense 
bacterial products such as flagellin or type III 
secretion system, it is likely that NLRC4 senses 
obesity-associated bacterial products either via 
circulation or from microbiota detected within 
adipose tissues [54].

All syngeneic models described above focus 
on the role of IL-1/IL-1R1 signaling in tumor 
immune microenvironment. In a recent report 
using the polyoma middle T-antigen mammary 
carcinoma model (MMTV-PyMT), IL-1α/
IL-1R1 signaling pathway was shown to be 
clearly tumor-suppressive as IL-1R1−/− and 
IL-1α−/− mice showed significantly elevated 
tumorigenesis and lung metastasis relative to 
wild-type and IL-1β−/− mice [55]. The authors 
did not identify any significant change in major 
tumor-infiltrating immune cell subtypes, albeit a 
trend toward increased macrophages in IL-1R1−/− 
tumors. This tumor-suppressive phenotype is 
likely due to a direct impact on tumor cells. 
These findings are further supported by an ear-
lier report that found that tumors in MMTV-
PyMT mice do not rely on adaptive immune 
cells for primary tumor growth but require them 
for lung metastasis [56]. As PyMT breast cancer 
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model is clearly defined as luminal breast cancer 
[57], it is conceivable that IL-1α/IL-1R1-
mediated inhibitory effect is via the interaction 
with ER signaling during early initiation and 
progression stages, similarly as reported in 
human ER+ MCF-7 cells [19, 20, 33]. As PyMT 
tumors lose ER expression in late stages and 
metastasis, how IL-1α/IL-1R1 signaling sup-
presses metastasis is yet to be explained. The 
discrepancy between PyMT model and IL-1α 
polymorphisms in humans underscores the com-
plex role of IL-1α in breast cancer. There could 
be a delicate balance between IL-1α-mediated 
immunosurveillance and IL-1α-induced cancer 
cell survival and proliferation.

1.2.2	 �Sarcoma

1.2.2.1	 �Human Cancers
Human data related to IL-1α and IL-1β is rela-
tively sparse. The expression of both IL-1 ligands 
has been reported in human sarcoma cells [58, 
59]. Using the osteosarcoma line MG-63, signal-
ing through IL-1α induces a panel of genes 
involving protein synthesis (S6K, increased 
22-fold), signaling proteins (PP2A), antiapop-
totic gene (cIAP1 or BIRC2, increased 20-fold), 
cell cycle (CDC42BPB, increased 16-fold), and 
inflammation (MIP2β or CXCL3, increased sev-
enfold) [60]. Collectively, the IL-1α-induced 
expression changes indicate various potential 
functions in cell cycle, viability, and inflamma-
tion. IL-1α also induces matrix metalloproteinase 
3 (MMP-3), IL-6, BMP-2, and Cox2 production 
in the SW1353 chondrosarcoma line [61, 62], 
indicating possible functions in tissue remodel-
ing, inflammation, and invasion. A similar set of 
genes were also regulated by IL-1β in sarcoma 
cell lines [63–67], in addition to its regulation on 
microRNAs [68, 69]. At the mechanistic level, 
IL-1 induces classic NF-kB and MAP kinase 
activation to regulate downstream gene expres-
sion pattern [64, 65, 70]. There is only a single 
report using 120 patients finding that two IL-1β 
polymorphisms are associated with risk of osteo-
sarcoma [71].

1.2.2.2	 �Mouse Models
Using mouse fibrosarcoma cell lines, IL-1α and 
IL-1β have very distinct roles in sarcoma progres-
sion. IL-1α overexpression in fibrosarcoma is 
located at the plasma membrane and transduces 
an antitumor immunity from cell surface to effec-
tor immune cells, evidenced by increased mono-
nuclear immune cells in the tumor sites, as well as 
increased CD8 T-cell and IFNγ production [72]. 
IL-1β production in the same cells led to a more 
aggressive tumor growth with increased angio-
genesis [72]. Fibrosarcomas with IL-1α defi-
ciency grew more aggressive tumors, whereas 
those with IL-1β deficiency grew smaller tumors 
when using immunodeficient Nu/Nu mice [73] 
and immunocompetent mice [74]. The above can-
cer-cell-intrinsic IL-1α and IL-1β production is 
limited to tumor and its microenvironment. Using 
whole-body knockout mice, Krelin et al. used the 
3-methylcholanthrene (3-MCA)-induced fibro-
sarcoma model in IL-1β−/−, IL-1α−/−, IL-1α/β−/− 
(double knockout), and IL-1Rα −/− mice with the 
Balb/C genetic background and found IL-1β, but 
not IL-1α, was able to promote tumorigenesis and 
invasiveness [75]. There is an observation of 
strong inflammatory response related to IL-1β-
induced tumorigenesis that can be blocked by 
anakinra, suggesting a proinflammatory microen-
vironment is essential for tumorigenesis and pro-
gression in this model [75]. Though IL-1α did not 
exhibit a role in the MCA-induced primary fibro-
sarcomagenesis, it is critically involved in immu-
noediting of cancer cells that prevents the cancer 
cells from T-cell- and, to a lesser extent, NK-cell-
dependent immunosurveillance [76]. These data 
suggest that both cancer-cell-intrinsic and host 
productions of IL-1 β play a role in the promotion 
of sarcoma, whereas IL-1α has a more compli-
cated function depending on the location.

1.2.3	 �Liver Cancer

1.2.3.1	 �Human Hepatocellular 
Carcinoma (HCC)

A recent epidemiological study from South Korea 
identified IL-1β polymorphisms are significantly 
associated with HCC, with two polymorphisms 
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associated with decreased risk and one with 
increased HCC risk [77]. In the same study, no 
IL-1α or IL-1RA polymorphisms were associated 
with HCC risk [77]. A similar result was shown in 
HCC with preexisting HCV infection in a 
Japanese cohort [78] and an Egyptian cohort [79], 
with IL-1β polymorphisms associated with HCC 
risk but not in IL-1RA or TNFα genes. A separate 
study using two large cohorts of Chinese HCC 
patients identified an insertion/deletion polymor-
phism at the miRNA-122 binding site of IL-1α 3′ 
untranslated region increased the risk of HCC 
development. The relevant polymorphism dis-
rupts the binding of miR-122 to mRNA, resulting 
in an increase in IL-1α expression and HCC risk 
[47]. The same polymorphism is also associated 
with a risk of breast cancer [46], indicating a gen-
eral tumor-promoting function of IL-1α in various 
cancer types. These data suggest IL-1/IL-1R sig-
naling transduction may play a critical role during 
human HCC development.

1.2.3.2	 �Mouse Models
In a procarcinogen diethylnitrosamine (DEN)-
induced liver cancer model [80], DEN induces 
HCC via the induction of massive hepatocyte 
killing, recruitment of myeloid cells, and the pro-
duction of proinflammatory cytokines that stimu-
late compensatory proliferation of remaining 
mutated hepatocytes [81, 82]. IL-1α is one of the 
cytokines that is released by hepatocyte damage 
upon the accumulation of excessive ROS, which 
in turn promotes hepatocyte proliferation and 
survival via IL-1R1- and Myd88-mediated signal 
transduction [80]. This process does not involve 
IL-1β, as deficiency in IL-1β or its major activa-
tor Casp-1 did not promote DEN-induced HCC 
development [80]. Interestingly, under certain 
conditions, such as 7,12-dimethylbenzathracene 
(DMBA) plus obesity-induced liver cancer in 
neonates, IL-1β is important for liver cancer 
development via regulating a senescence-related 
secretion phenotype (SASP) [83]. This suggests 
that obesity-associated chronic inflammation, 
similarly to what we have seen in breast cancer 
[50], relies on IL-1β to transmit tumor-promoting 
inflammation. Chronic infection of hepatitis C 
virus (HCV), one of the major epidemiological 

factors for human HCC, also activates NLRP3 
inflammasome and IL-1β within hepatic macro-
phages to induce chronic inflammation and likely 
contributes to HCV-related HCC in humans [84, 
85]. One of the mechanisms of liver-macrophage-
produced IL-1β is the synergy with EGFR-
mediated IL-6 production [86], one of the critical 
proinflammatory cytokines that promote HCC 
[87] and may account for sex differences of HCC 
patients [82].

1.2.4	 �Melanoma/Skin Cancer

1.2.4.1	 �Human Melanomas
IL-1R1 is mainly expressed by tumor-associated 
endothelial cells and fibroblasts, whereas IL-1β is 
mainly expressed by tumor-associated macro-
phages [88]. There are inconsistent reports 
whether human melanoma cell lines express 
IL-1β using various reagents, but several reports 
conclude that melanoma cell lines are not the 
major source of IL-1β protein due to the lack of 
inflammasome components [88, 89]. IL-1α is 
expressed uniformly in nevi, primary tumors, and 
metastases [90, 91]. Early studies have shown 
that IL-1α/β induces experimental lung metasta-
sis in A375 xenografts [92] and promotes tumor 
cell adhesion to endothelial cells [93]. The IL-1β/
IL-1R1 signaling cascade seems to be initiated 
by cancer cells, via an unknown mediator, to 
induce IL-1β transcription and processing in 
macrophages [88, 89]. Fibroblasts and endothe-
lial cells propagate the signal from macrophage-
produced IL-1β, leading to cancer-promoting 
factors and angiogenesis [88]. The autocrine 
IL-1β/IL-1R1 signaling cascade within macro-
phages is also important to promote DNA meth-
ylcytosine dioxygenase Tet2, which sustains 
immunosuppressive function and promotes mela-
noma progression [94]. Although IL-1R1 is gen-
erally expressed below detectable levels in 
human melanoma, IL-1 can induce downstream 
signaling activation using human melanoma cell 
lines [95] and invasiveness via upregulation of 
adhesive molecules from both cancer cells and 
endothelial cells in human xenografts [96, 97]. 
Limited genetic information indicates that IL-1β 
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polymorphism is marginally associated with 
invasive phenotype [98] and IL-1RA genotype is 
associated with patient survival [99].

1.2.4.2	 �Mouse Models
Most IL-1-related mouse models of melanoma 
are from syngeneic transplantation of B16 mouse 
melanoma cell line. This model provides excel-
lent resources for host IL-1 signaling in cancer 
immunity, inflammation, and angiogenesis. Early 
studies defined the role of IL-1β as required for 
invasiveness, metastasis, and angiogenesis via 
the induction of VEGFA and lymphotoxin [100, 
101]; IL-1α has a similar function with a weaker 
phenotype [100]. IL-1β has also been shown to 
promote hepatic metastasis of melanoma via 
upregulation of vascular cell adhesion molecule-
1 (VCAM-1) [102], presumably via retention of 
cancer cells to endothelial cells. Treatment of 
B16 melanoma with IL-1RA reduces tumor 
growth and lung metastasis [103], suggesting that 
IL-1 signaling may be a viable target for mela-
noma therapy.

Conflicting results have been reported in the 
two-stage 7,12-dimethylbenzanthracene/12-O-
tetradecanoylphorbol-13-acetate (DMBA/TPA)-
induced skin cancer model. The DMBA/TPA 
model has limitations but currently is the only 
model used for studying IL-1 signaling in 
carcinogen-induced skin cancer model. Drexler 
et  al. reported the critical role of IL-1R1 and 
Casp-1  in tumor progression, with whole-body 
deletion of IL-1R1 or Casp-1 leading to less 
tumorigenesis relative to the wild-type controls 
[104]. Similar result was also seen in a separate 
study using genetic knockout of IL-1R1 and 
MyD88 [105]. The involvement of Casp-1 
strongly indicates the involvement of IL-1β, not 
IL-1α, in the DMBA/TPA-induced skin cancer. 
However, the involvement of IL-1α is vital in the 
mediation of the oncogenic RAS-induced kerati-
nocyte transformation via IL-1R1- and MyD88-
mediated signaling transduction [106]. 
Interestingly, the transgenic expression of IL-1α 
under the keratin-14 promoter, which drives 
IL-1α expression from keratinocytes, completely 
inhibits papilloma and carcinoma formation, 

suggesting a tumor-suppressive/immunosurveil-
lance phenotype of IL-1α overexpression [107].

1.2.5	 �Colon Cancer

1.2.5.1	 �Human Colorectal Cancer (CRC)
Expressions of IL-1α and IL-1β are detectable 
in colonic epithelial cells, with Casp-1 and 
IL-1β largely diminished within colon cancer 
cells [108]; however, both Casp-1 and IL-1β are 
elevated in CRC tumors versus normal tissues 
likely due to tumor-infiltrating immune cells. 
IL-1α is maintained in colon cancers and can be 
induced further by proinflammatory stimuli, 
like prostaglandin E2, to boost inflammation 
and likely carcinogenesis [109] or to induce 
angiogenesis and IL-8 production in endothe-
lial cells [110, 111]. IL-1β, presumably mainly 
from myeloid cells, directly works on human 
colon cancer cells to promote VEGF expression 
for angiogenesis [112, 113], Zeb1 for EMT, 
stemness and invasion [114], Wnt signaling for 
cancer growth [115], and COX2 for inflamma-
tion [116]. This is largely in agreement with the 
role of IL-1/IL-1R1 signaling in promoting 
CRC development and progression. 
Polymorphisms of IL-1β and IL-1RA have been 
shown to be associated with tumor recurrence 
in stage II colon cancer [117], and IL-1RA gen-
otype is associated with colorectal cancer risk 
[118].

1.2.5.2	 �Mouse CRC-Colitis-Associated 
Colorectal Cancer (CAC) by 
AOM/DSS and CRC by CPC-APC

The impact of IL-1/IL-1R1 signaling transduc-
tion is very perplexing in colon cancer mouse 
models, as shown initially in a lack of discernable 
phenotype in IL-1R1−/− mice with azoxymeth-
ane/dextran sodium sulfate (AOM/DSS)-induced 
early colitis and CAC [119], as well as in 
CDX2Cre-Apcf/wt (CPC-APC) mouse model of 
conditional monoallelic APC loss in the colon to 
induce CRC [18]. IL-1 signaling has been shown 
to be important in stimulating IL-17 production 
and Th17 differentiation, two key events that are 
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known to promote CRC [120, 121]. Upon the 
availability of the recently made IL-1R1 condi-
tional knockout mice [122], the Grivennikov 
group performed elegant work to dissect the roles 
of IL-1R1 on colonic epithelial cells, T-cells, and 
myeloid cells. In epithelial cells, IL-1R1 pro-
motes initial tumor outgrowth and early progres-
sion [18], likely due to the antiapoptotic role of 
the major downstream IKKβ-mediated NF-kB 
activation [123]. In CD4 T-cells, IL-1R1-
mediated signaling transduction is critical for 
eliciting IL-17 and IL-22 production [18] and 
maintaining tumor-elicited inflammation, hence 
driving CRC progression particularly via activa-
tion of STAT3 [124–126]. In contrast, IL-1R1 in 
myeloid cells plays an opposite role in tumor-
elicited inflammation and CRC progression [18]. 
Neutrophil-specific IL-1R1 depletion leads to a 
deficit in neutrophil-mediated bacterial killing, 
thus increasing bacteria-induced tumor-elicited 
inflammation [18]. As a result, there is a larger 
tumor load in mice with neutrophil-specific 
IL-1R1 depletion. Within myeloid lineages, neu-
trophils are the dominant cell type to mediate 
IL-1R1 signaling since CX3CR1-Cre-mediated 
IL-1R1 deletion in the intestinal and tumor-
associated macrophages did not yield any signifi-
cant phenotype, while broader Il-1R ablation in 
myeloid populations using CD11b-Cre or LysM-
cre demonstrated the same phenotype as in 
Ly-6G-Cre-mediated-neutrophil-specific dele-
tion of IL-1R1. This neutrophil-mediated bacte-
rial killing is enhanced by IL-1β treatment 
in vitro [18], indicating an anti-inflammatory role 
of IL-1β/IL-1R1 when encountering microbes in 
colon. IL-1α and IL-1β are not created equal in 
controlling colonic inflammation prior to carci-
nogenesis. In DSS-induced colitis, IL-1α is 
released by DSS-induced necrosis of intestinal 
epithelial cells as an alarmin to initiate limited 
colon inflammation and repair; IL-1β, on the 
other hand, plays a major role in colon repair 
[127], likely via an indirect neutrophil activation, 
microbial control, and/or direct pro-survival 
pathways in colonic epithelial cells to maintain 
the integrity of the barrier. Absence of IL-1β 
leads to severe colitis, a similar phenotype as 
IL-1R1−/− mice [127], indicating IL-1β-mediated 
myeloid activation and bacterial killing play a 

predominant role in preventing colitis in this 
DSS-induced mouse colitis model.

1.2.6	 �Other Cancers

Data from IL-1-related GEM models is lacking 
in most other cancer types. Research based on 
cancer cell lines or genetic data suggests that 
IL-1 signaling is critical for other cancers as well, 
including association of polymorphisms with 
risks [128–134], the promotion of aggressiveness 
in cancer by working on either cancer cells or 
microenvironment, and angiogenesis. For exam-
ple, neutrophils can produce IL-1β in an 
inflammasome-independent manner, which is 
critical to mediate lung cancer resistance to IKK/
NF-κB inhibition [15]. The same process is likely 
important for driving oncogenic KRAS-NF-κΒ 
addiction in malignant pleural effusion, a critical 
process for metastasis in lung cancer and other 
solid cancers [135]. In castration-resistant pros-
tate cancer, IL-1RA upregulation by a combined 
immune checkpoint blockade and myeloid-
derived suppressor cell (MDSC)-targeted therapy 
is critical to reduce MDSC infiltration [136]. 
Treatment with anakinra, the IL-R1 antagonist, 
provides an immune-permissive microenviron-
ment that sensitizes castration-resistant prostate 
cancer to immune checkpoint blockade [136]. 
Based on all the information related to mouse and 
human data, the prevailing function of IL-1/
IL-1R1-mediated signaling transduction in 
cancer is to promote cancer progression, and tar-
geting IL-1/IL-1R1 signaling pathway could 
potentially benefit a large cancer patient 
population.

1.3	 �IL-1 Signaling Pathway 
in Different Cell Types Within 
Tumor Microenvironment: 
A Brief Summary

1.3.1	 �Cancer Cells

Cancer cells can be the primary target for IL-1 
signaling that mostly transmits from IL-1/
IL-1R1/IL-1RAcP to downstream IKK/NF-κB or 
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MAP kinase (JNK/p38). Those pathways are crit-
ical for the pro-survival and pro-invasive function 
of carcinoma cells. In addition, IL-1 can work on 
cancer cells to produce other factors such as 
VEGF for angiogenesis, IL-6 and TNF for tumor-
induced inflammation, and other chemokines, 
cytokines, and growth factors to promote cancer 
progression. JNK and p38 activation, however, 
can initiate apoptosis under certain conditions, 
without the counteraction from IKK/NF-κB pro-
survival function. The net signaling outcome can 
be suppressive for cancer cell growth. As cancer 
cells are not the primary focus of this chapter, we 
will not get into details here.

1.3.2	 �Fibroblasts

Fibroblasts can produce IL-1 and propagate IL-1 
signaling. It has been shown that herpes simplex 
virus 1 (HSV-1) infection induces activation of 
NLRP3 inflammasome and consequent IL-1β 
activation in fibroblasts [137]. G-protein-coupled 
estrogen receptor (GPER) can induce IL-1β tran-
scription and activation (presumably via NLRP3 
activation) in cancer-associated fibroblasts 
(CAFs) [138]. Fibroblasts have been shown to 
relay macrophage-derived IL-1β signaling to 
induce cancer-promoting factors and angiogene-
sis [88]. In CAF cells, IL-1α has been shown to 
induce leukemia inhibitor factor (LIF) via a non-
canonical JAK/STAT pathway, which contributes 
to the generation of inflammatory CAF and 
shapes CAF heterogeneity in pancreatic cancer 
[139]. IL-1 has been shown to induce PD-L1 and 
COX-2  in melanoma-associated fibroblasts, 
which is critical to induce immunosuppression in 
oncogenic BRAF melanoma [91]. Cellular senes-
cence of fibroblasts has been shown not only to 
inhibit tumorigenesis early in life but to promote 
cancer in aged organisms [140]. Membrane-
bound IL-1α serves as a critical upstream regula-
tor of senescence-associated secretory phenotype 
(SASP) in senescent fibroblasts [141], where 
IL-1α mRNA is induced by NF-κB-mediated 
transcription and its protein is translated by 
mTOR-mediated mechanism [142].

1.3.3	 �Adipocytes

Adipocytes are integral components among sev-
eral cancer types such as pancreatic and breast 
cancers. Cancer-associated adipocytes are known 
to produce IL-1β that can interact with other cell 
types within tumor microenvironment [143–145]. 
Adipose tissue is among the top expressers for 
IL-1R1 based on human protein atlas, indicative 
of its capability to receive IL-1 signaling trans-
duction. Unsurprisingly, we found adipocytes are 
the major effector cells of myeloid IL-1β in obese 
animals carrying breast cancer [50, 51]. IL-1β 
induces various angiogenic factors including 
VEGF and ANGPTL4 to promote cancer pro-
gression [50, 51].

1.3.4	 �Endothelial Cells

Endothelial cells have long been known to be a 
direct or indirect target of IL-1 signaling. Many 
cell types, including endothelial cells, within 
tumor microenvironment can produce VEGF 
upon IL-1 activation, the growth factor for endo-
thelial cells during angiogenesis. In turn, IL-1 
and VEGF synergize to promote angiogenic 
response, and both factors are required for angio-
genesis [101]. An interesting observation from a 
nontumor model defines a role of IL-1β in mobi-
lizing endothelial progenitor cells, a process that 
could be potentially important for IL-1β-induced 
angiogenesis in cancer [146]. Endothelial cells 
have been thought to be one cellular source for 
CAFs via EMT [147], which has been demon-
strated in  vivo to contribute to cardiac fibrosis 
[148]. IL-1β is an important factor to promote 
this process via FGF-2 or other factors [149].

1.3.5	 �Immune Cells

IL-1β is one of the best-studied cytokines in 
inflammation and has been known to be one of 
the major cytokines involved in innate immunity 
and inflammation [2–6]. Activation of IL-1β is 
mostly studied in macrophages under infection or 
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sterile inflammation [2–6]. Myeloid cells are also 
one of the major producers of IL-1β in tumor 
microenvironment. Among the tumor-associated 
innate immune cells, IL-1β has been shown to 
work on all different cell types and elicit various 
functions. IL-1β is known to recruit and activate 
neutrophils that can either suppress microbiota-
induced colonic inflammation and inhibit CRC 
[18] or promote inducible nitric oxide synthase 
(iNOS) production in neutrophils to inhibit CD8 
T-cells in the setting of breast cancer metastasis 
[17]. IL-1β has been shown to induce CCL2 
expression from various cellular sources and 
recruit tumor-associated macrophages and other 
myeloid lineages such as monocytic and granulo-
cytic MDSCs [150]. In turn, these immune cells 
can be the cellular targets of IL-1 signaling to ini-
tiate immunosuppressive and pro-angiogenic sig-
naling during cancer progression. IL-1β is also 
produced by the NLRP3 inflammasome in a sub-
set of DCs in the presence of necrotic cancer cells 
during cancer progression and/or therapy [151], 
which is important for DC-mediated T-cell acti-
vation and cancer clearance by certain chemo-
therapy. DC-derived IL-1α, in a nontumor setting, 
promotes the proliferation of CD8 T-cells [152]. 
Interestingly, the DC-derived IL-1β activation 
requires a feed-forward mechanism from CD8 
T-cells, in a specific antigen-dependent manner 
[153–155]. Likely depending on different cyto-
kine milieu or DC subtypes, IL-1β has been 
shown to balance the presence of tumor-
associated macrophages or CD11b+ DC [49]. 
Tumors from wild-type animals favor IL-10 pro-
ducing immunosuppressive tumor-associated 
macrophages, whereas tumors from the IL-1β-
deficient host have increased CD11b+ DC that 
can mount an antitumor Th1 and CD8 responses 
[150]. Among the innate lymphoid cells (ILCs), 
the role of IL-1  in cancer-associated NK-cells 
(group 1 ILCs) is largely unknown, and earlier 
studies indicate a role of IL-1  in promoting 
NK-cell activity toward tumoricidal effects [156]. 
Further literature supports this notion and found 
that co-treatment of IL-1β and IL-12 enhances 
the production of IFNγ and GM-CSF from a sub-
set of human NK-cells [157]. On the other hand, 
IL-1β is critical to promote the development and 

maintenance of ILC3 cells [158, 159], and IL-1β 
is able to inhibit NK-cells from acquiring IFN-γ 
production and degranulation [158], indicative of 
an IL-1β-dependent suppression of NK effector 
function. IL-1β can also stimulate the activation 
of ILC3 cells that initiates antigen-specific CD4 
T-cell responses [160] but also can induce pro-
duction of often pro-tumorigenic cytokines such 
as IL-17A and IL-22. Distinct function of IL-1 
signaling on ILC is yet to be established under 
different cancer contexts.

Among the adaptive immune cells, IL-1 has 
been shown to work on both αβ T-cells and γδ 
T-cells during cancer progression. In the latter, γδ 
T-cells in lung metastasis can be activated by 
IL-1β to express IL-17, a key cytokine that can 
induce G-CSF.  G-CSF and IL-1β collectively 
lead to the successful neutrophil recruitment and 
polarization, which results in the production of 
immunosuppressive iNOS to inhibit CD8 T-cells 
[17]. The direct impact of IL-1 on CD4 T-cells 
was recently established in a CRC model where 
IL-1 signaling promotes a Th17 phenotype and 
potentiates tumor-elicited inflammation and pro-
gression [18]. This result is in agreement with the 
discovery that IL-1β promotes Th17 lineages 
when combined with IL-6 [161] or with IL-23 
[162–164]. The IL-1β-dependent Th17 commit-
ment could also be due to the alteration of plastic 
Tregs into Th17 [165–167]. In addition, IL-1β 
directly acts on a mixed memory CD4 T-cell pop-
ulation to induce IL-22 production [18, 168]. 
Both IL-17 and IL-22 have been reported to pro-
mote cancer progression in different cancers [18, 
168]. IL-1β and IL-4 have been shown to pro-
mote the differentiation of Th9 cells in the 
absence of TGFβ, resulting in a superior antitu-
mor CD4 Th9 population that is less exhausted 
with cytotoxic gene signatures [169]. In nontu-
mor setting, there are many outstanding cases in 
which IL-1β can enhance antigen-specific CD4 
and CD8 T-cell proliferation and activation, as 
well as memory responses of these T-cells, 
mostly likely via direct IL-1β/IL-1R1 signaling 
[170–172].

The various effector cell types dictate a care-
ful evaluation of tumor microenvironment, which 
defines the dominant role of IL-1 signaling within 
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the tumor microenvironment. Treating cancers 
with IL-1 antagonists should be carefully evalu-
ated using a comprehensive approach. For exam-
ple, lung cancers or metastasis may benefit from 
IL-1 inhibition due to the role of IL-1 in recruit-
ing cancer-promoting neutrophils and subsequent 
CD8 suppression. In CRC, however, neutrophils 
are critical to eliminate cancer-penetrating bacte-
ria and thus control the tumor-elicited inflamma-
tion and tumor progression. Another concern is 
how to best use the antitumorigenic role of IL-1 
signaling in DC activation and antigen-specific 
CD8 T-cell priming and activation, a process that 
requires DC to sense ATP release from necrotic 
cancer cells and NLRP3 activation. Thus, it 
would likely be detrimental to use IL-1 inhibitors 
under these conditions.

1.4	 �Clinical Implications 
and Perspectives

1.4.1	 �Clinical Studies

Due to the complex role of IL-1 signaling in 
immunity and physiology, clinical development 
of IL-1-targeted therapy is mostly related to auto-
immune diseases such as the development of 
anakinra in rheumatoid arthritis and canakinumab 
(IL-1β-specific antibody) for several rare inflam-
matory diseases. Recently, the Canakinumab 
Anti-inflammatory Thrombosis Outcomes Study 
(CANTOS), initially designed to prevent heart 
attack, stroke, or cardiovascular death in patients 
with elevated C-reactive protein using different 
doses of canakinumab, identified a significant 
reduction in lung cancer mortality and risk in the 
cohort receiving canakinumab relative to placebo 
controls (> 50% risk reduction) [173]. This was 
extremely exciting in the field of cancer therapy, 
and Novartis immediately followed up with sev-
eral trials to combine canakinumab with chemo-
therapy and immune checkpoint inhibitor in lung 
cancers, including a phase III CANOPY-2 study 
evaluating the efficacy and safety of canakinumab 
in combination with docetaxel in non-small cell 
lung cancers (Clinicaltrials.gov Identifier: 
NCT03626545).

In breast cancer, a pilot trial in HER2-negative 
metastatic breast cancer patients defines an 
anakinra-regulated gene signature from the leu-
kocyte transcripts, mostly related to IL-1 family 
(IL-1B, IL-1R1, IL-1R2, IL-1RAP, IL-1RN, 
IL-6, IL-6R), NF-KB signaling (NF-KB2, 
NF-KBIZ), and innate immune sensing (TLR1, 
TLR2, TLR4, TLR5, TLR8, NOD2) molecules. 
The anakinra-regulated signature from blood leu-
kocytes can faithfully predict patient outcome. In 
particular, the gene signature is enriched in the 
aggressive basal-like breast cancer subtype that 
could potentially benefit from IL-1/IL-1R1-
targeted therapy [32]. In addition to blocking the 
role of IL-1  in cancer-associated inflammation, 
anakinra administration in this pilot trial led to 
elevated cytotoxic signatures from NK- or CD8 
T-cells, indicative of activation. This phenome-
non was recently explained using animal models 
where IL-1 blockade leads to increased 
DC-mediated antigen presentation and CD8 
T-cell activation [49], which provides the ratio-
nale to combine immunotherapy in patients with 
TNBC with canakinumab (Clinicaltrials.gov 
Identifier: NCT03742349).

Bermekimab (MABp1, an IL-1α-specific 
monoclonal antibody) was recently used in a 
phase III trial to treat metastatic CRC with pre-
dicted poor outcomes. This study used defined 
primary endpoints including lean body mass (sta-
ble or increased body weight) and criteria QLQ-
C30 (fatigue, pain, and anorexia; at least two of 
these are improved) from European Organisation 
for Research and Treatment of Cancer (EORTC). 
The bermekimab treatment significantly 
increased percentage of patients reaching the pri-
mary endpoints (33% versus 19%) but did not 
increase adverse events relative to placebo con-
trols (23% versus 33%) [174]. In a similar set-
ting, when pretreatment levels of serum IL-1RA 
were taken into account, patients with lower 
baseline IL-1RA levels responded better to ber-
mekimab treatment with increased response rate 
[175]. There was no overall survival benefit from 
this trial, suggesting that inhibition of IL-1α 
should be intended for improving patient quality 
of life, like cancer-associated cachexia [174, 
175]. One of the advanced phase III trials using 
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bermekimab to treat metastatic CRC was termi-
nated due to inability of the study to reach futility 
boundary of the primary endpoint (Clinicaltrials.
gov Identifier: NCT01767857).

In addition to these advances in clinical stud-
ies, outstanding literature provides a strong 
rationale to target this pathway for cancer ther-
apy. We have shown that anakinra or IL-1R1 
antibody can inhibit obesity-associated angio-
genesis in breast cancer [50]. Chimeric antigen 
receptor (CAR) T-cell therapy targeting CD19 
has been an outstanding approach for refractory 
B cell malignancies but commonly associated 
with severe cytokine storms. Anakinra can ame-
liorate the severe adverse effect [176] and is 
worthwhile to explore its role in CAR T-cell-
treated patients. IL-1β has been shown to induce 
antigen presentation from DC and induce can-
cer-antigen-specific priming of CD8 T-cells, 
which indicates a role of IL-1β in chronic activa-
tion of CD8 T-cells in tumor microenvironment 
and provides a rationale to combine IL-1 inhibi-
tion with immune checkpoint blockage during 
cancer therapy [49].

1.4.2	 �Consideration for Clinical 
Studies

It is important to use caution for human clinical 
studies. For example, IL-1 signaling has been 
shown to inhibit mammary tumor growth and 
metastasis in luminal type of breast cancer [55] 
associated with “cold” immune microenviron-
ment that is unresponsive to immune checkpoint 
blockage [177, 178]. IL-1α inhibits the conver-
sion of papilloma to carcinoma in skin cancer 
[107]. There are also occasional reports that IL-1 
treatment can inhibit cancer cell growth in vitro 
from various cancer types [19, 20, 33, 34, 179, 
180] that may not be the best cancer types to tar-
get IL-1 signaling pathway for therapy. In addi-
tion, there are some controversial results related 
to the role of IL-1β in DC activation/T-cell prim-
ing. Earlier reports have shown that DC can 
receive ATP from dying tumor cells via the P2X7 
purinergic receptors, leading to the activation of 
NLRP3 inflammasome and downstream IL-1β 

processing and secretion. IL-1β, in turn, propa-
gates the signal from DCs to prime CD8+ T-cells 
and induces IFNγ for cancer cell killing. This 
process is critical to mediate chemotherapy-
induced cancer cell killing in an adaptive 
immune-dependent manner. In breast cancer 
patients with loss-of-function mutations in P2X7, 
that is, unable to activate NLRP3 inflammasome, 
doxorubicin treatment leads to faster metastasis 
and resistance to treatment [151]. This is further 
supported by another study showing that IL-1β is 
critical to mediate the efficacy of doxorubicin 
treatment in an adaptive immune-dependent 
manner [181]. The disagreement on the role of 
IL-1β in DC activation and CD8 T-cell priming 
[49, 151, 181] warrants careful evaluation of DC 
subtypes within tumor microenvironment and 
draining lymph nodes. IL-1RA, produced by 
CD11b  +  Gr-1+ myeloid cells, can antagonize 
senescence in cancer and promote PTEN-loss-
mediated cancer initiation [182]. Many antican-
cer drugs that induce senescence of cancer cells 
also increase IL-1 production as summarized in a 
recent outstanding review article [183]. The deci-
sion to combine IL-1 inhibition and other therapy 
requires further understanding of the tumor 
immune microenvironment including the major 
immune cell subtypes, role of IL-1 on these 
immune cells, and the nature of therapeutic 
agents to be used.

1.4.3	 �Using Publicly Available 
Genetic Information 
for Assessing the Role of IL-1 
Signaling in Cancer 
Progression

Among the Cancer Genome Atlas (TCGA) Pan-
Cancer data across 30 cancer types, we analyzed 
the correlation between mRNA expression of 
IL-1α, IL-1β, IL-1R1, and IL-1RA and overall 
survival. Due to the inefficiency of IL-1 signaling 
in eradicating tumors from most preclinical 
research, targeting IL-1 pathways should only be 
considered to facilitate other established thera-
peutics. We found some very interesting informa-
tion and summarized here (Fig. 1.2):
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IL-1R1, the major mediator of IL-1 signaling, is 
mostly correlated with poor overall prognosis 
(11/30 versus 4/30). Since most TCGA speci-
mens have very restricted cancer cell content 
(e.g., BRCA specimens should have at least 
80% carcinoma cells) [184], it is presumably 
that most IL-1R1 mRNA comes from cancer 
cells and mediates cancer progression via 
cancer-cell-intrinsic mechanisms.

IL-1RA, the antagonist for IL-1 ligands, is cor-
related with poor prognosis in six cancers, among 
which five are shared with IL-1R1 group. This 
suggests that IL-1 signaling activation often 

induces a negative feedback by turning on 
IL-1RA [7, 8].

Two cancer types (kidney renal clear cell carci-
noma, KIRC, and low-grade glioma, LGG) 
exhibit a correlation between poor prognosis 
and mRNAs of all four factors, suggesting that 
IL-1 signaling may play a critical role in dis-
ease progression and could be targeted in 
these cancers. In particular, KIRC is known to 
have relatively low mutational burden but 
responds to immune checkpoint therapy [185]. 
A combination of anakinra and immune 
checkpoint blockage to inhibit both IL-1α and 

Fig. 1.2  The use of TCGA data to predict the correlation between mRNAs from IL-1 pathway and prognosis
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IL-1β may be a better choice to treat KIRC 
patients by alteration of immunosuppressive 
microenvironment as well as inhibition of 
cancer growth [186, 187].

Two cancer types (uveal melanoma, UVM, and 
thymoma, THYM) exhibit a correlation 
between poor prognosis and mRNAs of IL-1β, 
IL-1R1, and IL-1RA, not IL-1α. Using IL-1β-
specific antibody such as canakinumab could 
be a choice to boost immunotherapy and leave 
IL-1α-mediated immune surveillance arm 
intact.

Pancreatic adenocarcinoma (PAAD), a known 
immune-cold cancer type, is a difficult cancer 
to treat and shows elevated mRNA levels of 
IL-1α, IL-1R1, and IL-1RA, not IL-1β, among 
the patient specimens with poor prognosis. 
Literature has shown that cancer cell-derived 
IL-1α is critical for cancer cell adhesion [188], 
growth [189], and Treg cell infiltration [190]. 
These patients may benefit from IL-1α-specific 
treatment such as using bermekimab (MABp1) 
in combination with other therapies.

Both IL-1α and IL-1β are correlated with poor 
prognosis in cervical squamous cell carci-
noma/endocervical adenocarcinoma (CESC) 
and lung squamous cell carcinoma (LUSC), 
supporting a role of common IL-1R1 signal-
ing in squamous cell carcinomas that may 
benefit from anakinra co-treatment. The 
CANTO trial did not have enough non-small 
cell lung squamous cell carcinoma (LUSC) 
patients to determine if canakinumab reduces 
the risk of LUSC [173].

IL-1α, but not IL-1β, is correlated with poor 
prognosis in lung adenocarcinoma (LUAD), 
suggesting the role of IL-1α in promoting can-
cer progression in lung adenocarcinoma. 
Considering the role of canakinumab (IL-1β) 
in reducing LUAD risk and prolonging patient 
survival, the clinical trial mentioned above 
(Clinicaltrials.gov Identifier: NCT03626545) 
may benefit from comparing anakinra and 
canakinumab in non-small cell lung cancer 
patients.

Please note the above data are based on mRNA 
expression and the information provided 
above is by no means the guide on how to 

design clinical research and how to choose target 
patient populations. All known literature 
should be comprehensively analyzed to justify 
the most rational design for human studies. 
There are also many other drugs targeting 
IL-1 signaling transduction, including FDA-
approved rilonacept (a soluble decoy receptor 
for neutralizing both IL-1 ligands) and others 
in development such as gevokizumab and 
LY2189102 (anti-IL-1β), AMG 108 (anti-IL-
1R1), and AX-765 (long-lasting Casp-1 inhib-
itor). These agents are potential drugs to be 
repurposed for cancer therapy [191].
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Abstract
Interleukin (IL)-8 is a chemokine that is essen-
tial for inflammation and angiogenesis. IL-8 
expression is elevated in tumor cell lines and 
tissues, as well as in peripheral blood obtained 
from cancer patients. Primary works have 
attempted to determine the biological effect of 
IL-8 on tumor cells, including cell prolifera-
tion, survival, and migration. More recently, 
IL-8 has acquired considerable attention as an 
immune modulator in the context of certain 
tumor microenvironments (TME); specifi-
cally, it can support a niche that favors tumor 
progression and metastasis. Tumor-derived 
IL-8 stimulates inflammation by interacting 
with the microenvironmental constituents, 
including fibroblasts, endothelial cells, and 
immune cells. However, the tumor immune 
system is complex, and mechanisms that con-
struct the immune phenotype remain incom-
pletely characterized. Herein, we will (1) 
address a potential role of IL-8  in regulating 
gene expression to establish immune land-

scape in tumor. Then, we will (2) review IL-8 
signaling in the maintenance of stem cells and 
regulation of hematopoietic progenitors. 
Finally, (3) IL-8 functions will be discussed in 
naturally occurring animal cancers that offer a 
clinically realistic model for translational 
research. This chapter will provide a new 
insight into the tumor immune niche and help 
us develop immunotherapies for cancers.
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2.1	 �Introduction

Cancer is a complex tissue mixture that consists 
of cellular and noncellular components. 
Cytokines are bioactive signaling molecules that 
are produced by a wide range of cells, including 
immune cells, endothelial cells, and fibroblasts. 
These molecules are essential for immune bal-
ance and activation of immune cells. The fact that 
cancer cells secrete cytokines implies that the 
host immune response is interrupted and partly 
damaged in  local tissue and facilitates systemic 
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immune imbalance [1]. Interleukin-8 (IL-8) is a 
well-known pro-inflammatory and pro-
angiogenic chemokine that is prominently 
expressed in immune, endothelial, and tumor 
cells [2–4]. IL-8 activates intracellular signaling 
pathways via G-protein-coupled receptors, 
termed CXCR1 and CXCR2; their roles primar-
ily include neutrophil recruitment and macro-
phage degranulation [5]. Genetic copy changes 
and IL-8 gene polymorphisms are observed in 
tumors, and they may play a role in transforma-
tion of normal cells [6, 7]. IL-8 signaling path-
ways promote cell proliferation and survival of 
transformed cells, which are fundamental actions 
that contribute to tumor development and pro-
gression [2]. In addition to the intrinsic capacity 
of IL-8 in tumor cells, the effect of IL-8 signaling 
has received considerable attention as a key mod-
ulator in the context of the tumor microenviron-
ment (TME) [3]. Recent biotechnology 
advancements, such as next-generation sequenc-
ing, high-resolution image analysis, tissue engi-
neering, and genome engineering, have spurred 
studies to understand the complex system of the 
TME and unveil sophisticated molecular mecha-
nisms of cancers. In this chapter, we will first 
address the role of IL-8 in the tumor niche, par-
ticularly its role in regulating the gene expression 
landscape. We will also discuss the potential of 
IL-8 to influence the stemness and lineage com-
mitment of hematopoietic progenitors. Finally, 
IL-8 will be reviewed in cancers that occur natu-
rally in companion animals, and these cancers 
offer a clinically realistic model for translational 
research. This approach will provide novel 
insights into the mechanisms of how IL-8 con-
tributes to create the tumor immune niche, and it 
will help us develop potential immunotherapies.

2.2	 �Effect of IL-8 on the Tumor 
Immune Landscape

IL-8, which can be overexpressed in tumor cells, 
accelerates the biological effects of signaling 
pathways via autocrine and paracrine signaling 
[2]. In addition to the regulation of cellular 
behavior such as proliferation and survival of 

cancer cells, the functional consequences of IL-8 
signaling contribute to transcriptional programs 
that establish gene expression profiles in tumors. 
Specifically, the promoter region of the IL-8 gene 
involves transcription factor binding sites [8], 
and IL-8 signaling activation promotes the tran-
scriptional activity of nuclear factor-kappa B 
pathways that regulate expression of inflamma-
tory genes in cancer cells [2, 9, 10]. IL-8 signal-
ing can also alter protein expression through 
regulating the phosphorylation activity of kinase 
pathways, including AKT, extracellular signal-
regulated kinase (ERK), and protein kinase C 
(PKC) signaling [11]. This process is most likely 
to occur in surrounding stromal cells that express 
the IL-8 receptors in response to IL-8 secreted by 
tumor cells, and it could at least partly establish 
the intratumoral heterogeneity. The stromal cells 
include endothelial cells and pericytes that could 
be another source of IL-8 production in the tumor 
tissue. It is well documented that endothelial 
cells robustly produce IL-8 to form blood vessels 
and maintain vascular functions. Recently, peri-
cytes appear to acquire ability to secrete IL-8 
under inflammatory conditions that induces che-
moattraction of neutrophils [12, 13]. In addition, 
pericytes have shown angiogenic potential [14–
16]: specifically, type 2 pericytes contribute to 
tumor angiogenesis [16], whereas type 1 peri-
cytes are fibrogenic [17]. Thus, it is plausible that 
a highly inflamed niche in the tumor enables peri-
cytes to secrete IL-8 that promotes angiogenesis 
and subsequent immune response. This process 
involves a variety of cell types that orchestrate 
the TME; at the same time, it accelerates the 
tumor heterogeneity. Recent advances in sequenc-
ing technology and bioinformatics revolutionized 
studies of immuno-oncology. These findings 
establish the immune landscape of cancer and aid 
in understanding the tumor heterogeneity in the 
TME [18–21]. Specifically, transcriptomic data 
using high-throughput RNA-sequencing (RNA-
seq) technology can estimate the abundance of 
distinct subsets of immune infiltrate in the tumor 
tissues as well as examine the features of the 
inflammatory response [18, 19, 21]. The tumor 
tissue immune landscape appears to be associ-
ated with an adverse prognosis in cancer patients 
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using TCGA gene expression data [22], suggest-
ing that the immune signature influences clinical 
outcomes. Intratumoral immune states are sub-
classified as six immune subtypes: wound heal-
ing, interferon gamma (IFN-γ) dominant, 
inflammatory, lymphocyte depleted, immunolog-
ically quiet, and transforming growth factor beta 
(TGF-β) dominant [21]. The distinct immune 
subtypes represent the diversity of cytokine sig-
naling networks that are differentially regulated 
in the TME [21]. Thus, it is crucial to define the 
mechanism of cytokine regulation to better 
understand the relationship between tumor pro-
gression and clinical outcomes in the complex 
nature of tumor immunity.

2.3	 �Stemness Properties 
of Cancer Cells 
and Hematopoietic Stem 
Cells

Cancer stem cells (CSCs), or tumor-initiating 
cells, are thought to drive tumor growth and dis-
ease progression. CSCs are suggested to be tar-
gets that evoke an antitumor immune response 
[23]. Essential roles of IL-8 and its receptors 
include maintenance of CSCs. For instance, the 
IL-8R (CXCR1) is highly expressed on breast 
CSCs, and recombinant IL-8 increases their self-
renewal and tumor growth [24]. IL-8 signaling is 
also a key pathway for colorectal CSCs [19] and 
hepatocellular carcinoma-initiating stem-like 
cells [25]. Activation of the Snail family is one 
pathway that promotes IL-8 production by tumor 
cells [26], and IL-8 maintains the self-renewing 
phenotype of CSCs through a self-amplifying 
loop that involves activation of transcription fac-
tors and a consequent perpetuation of elevated 
IL-8 production [26]. Such a mechanism can be 
mediated through transcription factors associated 
with the epithelial-to-mesenchymal transition 
(EMT), such as SNAIL and SLUG, TWIST1, and 
Zeb1/2 [27–30]. The Snail family is also a key 
participant in stem cell generation, including 
embryonic mesoderm and neural crest cell for-
mation [31]. For example, SLUG is essential to 
maintain melanocyte stem cells, hematopoietic 

stem cells, and germ cells [32], and it regulates 
the activation of a self-renewal program by 
upregulating functional proteins that also serve as 
stem cell markers [33]. Furthermore, SLUG 
deregulation can lead to mesenchymal tumors 
(i.e., sarcomas), a finding that demonstrates its 
oncogenic potential [34].

Importantly, the potential of IL-8 to regulate 
stem cell properties, including self-renewal, qui-
escence, and mobilization, must be addressed in 
the context of stem cell niche [35]. Chemokines, 
and the signaling pathways through cooperation 
with their binding receptors, contribute to the 
maintenance of hematopoietic stem cells (HSCs) 
and functional regulation in the bone marrow 
niche. Notably, chemokine C-X-C motif ligand 
12 (CXCL12) and the C-X-C chemokine recep-
tor type 4 (CXCR4) are expressed in hematopoi-
etic stem and progenitor cells (HSPCs) and bone 
marrow niche cells. They activate CXCL12-
CXCR4 signaling pathways that are essential for 
hematopoietic cell functions (including myelo-
poiesis) [36, 37]. IL-8 production can be stimu-
lated by CXCL12-CXCR4 interaction [38], and 
it enhances HSPC mobilization and supports the 
maintenance and proliferation of stem cells [39, 
40]. HSCs leverage the ability to differentiate 
into lineage-committed progenitors under stress 
or pathogenic conditions to replenish mature 
cells [41, 42]. This finding suggests that fate 
decision mechanisms are influenced by different 
molecular programs. The molecular traits may 
include actions of cytokines that modulate lin-
eage commitment and differentiation of HSCs 
[43–45]. Higher IL-8 levels in peripheral blood 
acquired from cancer patients are significantly 
associated with the number of circulating bone-
marrow-derived progenitor cells [46]. Thus, the 
elevated IL-8 under this detrimental condition is 
postulated to modulate the function of bone-
marrow-derived progenitor cells. Specifically, a 
recent study showed that tumor-derived IL-8 
attracts myeloid-derived suppressor cells 
(MDSCs), which are a heterogeneous group of 
immature immune cells that include macro-
phages, granulocytes, and other myeloid 
precursors [47]. This finding suggests a potential 
role for IL-8 to create an immunosuppressive 
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milieu [3, 48, 49]. The high IL-8 concentrations 
appear to desensitize IL-8 receptors and modu-
late their chemotactic migration [5, 50, 51]. Thus, 
this mechanism favors systemic IL-8 circulation 
and its subsequent exposure to cells in the whole 
body. This phenomenon may disrupt the cytokine 
gradients that guide chemotactic function and 
determine differentiation of hematopoietic pro-
genitors [48–50]. Mechanisms that establish the 
antitumor immune milieu in the TME include the 
regulation of tumor-associated macrophages by 
supporting functions of HSCs (Fig.  2.1). This 
hypothetical model illustrates a potential role of 
IL-8 in the maintenance of CSCs and the regula-
tion of HSCs. IL-8 may contribute to the cell fate 
decisions of immune precursors presumably in 
early differential stages of immune cells. Yet, lit-
tle is known about the precise mechanism of how 
IL-8 signaling influences fate decisions of HSCs 
to produce myeloid progenitors and macro-
phages. To better understand that mechanism and 
design additional relevant studies, it is important 
to expand the current knowledge by reviewing 
recent findings on the tumor immune niche from 
comparative oncology research.

2.4	 �IL-8 and Tumor Immunity 
in the Microenvironment: 
Comparative Perspectives

The immune system protects the host body from 
exogenous and endogenous pathogens, typically 
including foreign organisms such as bacteria, 
viruses, fungi, and parasites, among others [52]. 
Genetic mutations are a main cause of oncogen-
esis, and a vast majority of cancer stochastically 
develop independently of noninfectious or nonin-
flammatory agents [53, 54], with a few excep-
tions, such as oncogenic viruses and bacteria that 
induce chronic inflammation (e.g., Helicobacter 
pylori) [55]. The transformed cells (like other 
pathogens) may be recognized and eradicated by 
the immune system through the host defense 
mechanism. However, the tumor cells are also 
capable of escaping from the immune surveil-
lance. Indeed, evading the immune system is one 
of the “hallmarks of cancer” [56].

Tumor immunity is complicated by both the 
innate and adaptive immune responses, and the 
cancer immunoediting theory conceptualizes the 
complex immune system in tumor development 

Fig. 2.1  Hypothetical model for potential role of IL-8 in 
the regulation of hematopoietic cells. The schematic 
model depicts the biological effect of IL-8 that supports 

expansion, lineage commitment, and differentiation of 
hematopoietic progenitor cells in the TME (created with 
Biorender.com) 

J.-H. Kim



29

and progression by illustrating three phases of 
elimination, equilibrium, and escape [57, 58]. In 
the elimination phase, the immune cells, includ-
ing cytotoxic T cells and natural killer (NK) cells, 
detect transformed cells and destroy them at the 
early stage of tumor initiation. In this step, tumor 
cells express tumor-specific antigens in the con-
text of major histocompatibility complex (MHC) 
class I molecules and Fas and TRAIL receptors 
by which the immune cells attack them and 
induce antitumor response. The equilibrium 
phase manifests tumor cell variants that can avoid 
the immune recognition and antitumor activity, 
potentially by genetic and epigenetic changes 
that reduce immunogenicity of the tumor cells. 
The tumor cells secrete cytokines by themselves 
and educate the immune cells to maintain a bal-
ance between immunosuppressive (i.e., tumor-
promoting) cytokines, including IL-10 and IL-23, 
and antitumor cytokines, such as IFN-γ and 
IL-12, and thereby induce immune-mediated 
tumor dormancy. Subsequently, tumor cells may 
become proliferative and outweigh antitumor 
immune activity in an immunocompetent host, 
entering the escape phase. In this stage, tumor 
cells foster a tissue niche that is favorable for 
tumor growth, where regulatory T cells, MDSCs, 
and M2 macrophages are predominantly 
involved. This niche is enriched with immuno-
suppressive cytokines such as IL-10, TGF-β, 
indoleamine 2,3-dioxygenase (IDO), and pro-
grammed death-ligand 1 (PD-L1), as well as vas-
cular endothelial growth factor (VEGF), TGF-β, 
IL-6, and IL-8 that promote angiogenesis.

The concept of cancer immunoediting pro-
vides a simplified overview of the complex 
immune response against tumors; it is only based 
on limited studies of mice or humans [59]. 
Accumulating data from canine studies provide 
insights into the tumor immunity, particularly for 
the escape phase in a realistic preclinical setting 
[60]. Tumor-infiltrating immune cells are identi-
fied in multiple types of canine tumors, including 
mammary, testicular, melanoma, brain, and 
osteosarcoma, and they are suggested to play 
important roles in tumor progression [61–66]. 
For instance, an increased CD4+/CD8+ T cell 
ratio is correlated with decreased survival of dogs 

affected with mammary carcinomas [67], and 
enrichment of foxp3+ regulatory T cells local-
ized within intratumoral area is associated with 
tumor progression [62, 63]. Intratumoral admin-
istration of exogenous Fas ligand appears to alter 
the immune phenotype of osteosarcomas in dogs 
by targeting Fas-expressing tumor cells and pro-
moting local tissue inflammation [66].

Genetic and epigenetic traits of tumor cells 
may influence the immune functions in the TME 
[68, 69]. Considerable efforts have advanced our 
understanding of the molecular mechanisms that 
regulate the tumor immune response via compre-
hensive genomic analysis. Immune cell tran-
scripts are quantified in osteosarcoma tissues 
from mice, dogs, and humans via a multi-species 
approach, an endeavor that offers a new tool for 
prognosis prediction in tumor patients [70]. 
Another novel, recently developed bioinformat-
ics technique facilitates the identification of 
species-specific transcripts from xenograft 
tumors. It revolutionizes the way to isolate the 
source of transcripts between tumor and stromal 
cells using an in vivo platform [71]. Additionally, 
RNA-seq transcriptomic analysis has identified 
three distinct molecular subtypes of spontaneous 
hemangiosarcomas in companion dogs, and a 
subset of dogs with the tumor-enriching immune 
gene signatures reveals a better survival outcome 
[72]. Histologically, hemangiosarcoma is a tumor 
with extensive vascular networks where cells 
form abnormal, distorted blood vessels, capillar-
ies, and sinusoids [73]. Hemangiosarcoma cells 
appear to enrich angiogenic and inflammatory 
gene signatures [74, 75], as the inherent nature of 
hemangiosarcoma implies greater propensity of 
the vascular malignant cells to promote inflam-
mation and angiogenesis. The IL-8 gene is sig-
nificantly upregulated in canine hemangiosarcoma 
cells compared to nonmalignant endothelial cells, 
and molecular networks activated by IL-8 are key 
canonical pathways that control both angiogene-
sis and inflammation and contribute to the patho-
genesis of the disease [74, 75]. Furthermore, an 
in vivo xenograft model of canine hemangiosar-
coma demonstrated that the tumor cells secrete 
IL-8 and create a reactive microenvironment that 
supports tumor growth [7, 76]. Accordingly, the 
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xenotransplantation of canine hemangiosarcoma 
cells into immunodeficient mice is a useful plat-
form that provides a comparative view to explore 
IL-8 functions. IL-8 is rarely conserved among 
animal species, and there is no murine IL-8 gene. 
Murine IL-8 homologues include keratinocyte 
chemoattractant (KC) CXCL1, macrophage 
inflammatory protein-2 (MIP-2), and 
lipopolysaccharide-induced CXC chemokine 
(LIX), all of which promote neutrophil chemo-
taxis and angiogenesis [77–79]. Yet, a functional 
role for these molecules in cancer and xenograft 
models remains to be formally documented. 
Multiple groups have reported that xenografts of 
canine hemangiosarcoma are achievable in mice 
[7, 76, 80–83], and IL-8 contributes to the sur-
vival and engraftment of canine tumor cells in 
xenogenic conditions [76]. There is no homology 
between canine IL-8 and any of the murine 
homologues, a fact that makes it unlikely that the 
anti-canine IL-8 antibody interferes with stromal-
derived chemokines. Thus, the only IL-8 avail-
able in the system would be most likely derived 
from the canine tumor xenografts, and antibody 
depletion is feasible.

Our recent work revealed that the self-renewal 
capacity of tumor cells is associated with immune 
regulation and the cytokine expression pattern in 
canine tumor models that represent three ontoge-
netically distinct tumors: brain tumor, osteosar-
coma, and hemangiosarcoma [84]. We also found 
that canine hemangiosarcoma cells support 
expansion, proliferation, and differentiation of 
HSCs. Thus, we suggest that IL-8 produced by 
hemangiosarcoma cells is a key molecule that 
contributes to the stemness properties of hemato-
poietic cells to establish a tumor niche.

2.5	 �Summary

IL-8 is an essential signaling cytokine for main-
taining autonomous functions of tumor cells and for 
creating the tumor immune niche. We especially 
discussed the potential role of IL-8 to support 
the hematopoietic progenitors that produce 
immune cells to foster a unique immune pheno-
type in the TME. This chapter provides a novel 

concept to elucidate the mechanism of how 
tumors establish their niche environments via 
IL-8 and the associated signaling network. 
Ultimately, the pathways could be effective 
immunotherapeutic targets. Furthermore, canine 
tumors are natural animal models in a realistic 
preclinical setting [85] and offer an opportunity 
to determine outstanding translational 
approaches to help us develop novel 
immunotherapies.
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Abstract
T cells can be categorized into functionally 
diverse subpopulations, which include Th1, 
Th2, Th9, Th17, Th22, and Tfh cells and 
Foxp3+ Tregs, based on their role in maintain-
ing normal immune homeostasis and affecting 
pathological immune-associated diseases. 
Among these subpopulations, Th9 cells are 
relatively new, and less is known about their 
signaling and effects on tumor immunity. 
Recently, some studies have focused on regu-
lation of the IL-9/IL-9R signaling pathway 
and Th9 cell differentiation and their roles in 
tumor environments. Herein, we summarize 
recent progress in understanding the regula-
tory signaling of IL-9 and Th9 cells and their 
critical roles and mechanisms in antitumor 
immunity.

Keywords
IL-9 · Th9 cells · Th9 · PU.1 · Antitumor · 
Tumor immunity · Cancer · Tumor immuno-
therapy · T cell function · T cell differentiation 
· CTL · T cell activity · Tc9 · HIF1α · SIRT1

Abbreviation

AKT	 Protein kinase B
ALCL	 Anaplastic large cell lymphoma
Bcl6	 B cell lymphoma 6
CTL	 Cytotoxic lymphocyte
DCs	 Dendritic cells
EAE	 Experimental autoimmune 

encephalitis
FOXO1	 Forkhead box protein O1
GATA3	 GATA binding protein 3
GITR	 TNF receptor-related protein
GrzB	 Granzyme B
HAT	 Histone acetyltransferase
HIF1α	 Hypoxia-inducible factor-1α
HTLV-1	 Human cell leukemia virus 1
IFNγ	 Interferon-γ
IL-9	 Interleukin 9
IL-9R	 IL-9 receptor
MAPK	 Mitogen-activated protein kinase
mTOR	 Mechanistic target of rapamycin
NFAT	 Nuclear factor of activated T cells
NF-kB	 Nuclear factor-kappa B
NK cells	 Natural killer cells
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NKT cells	 Natural killer T cells
PI-3K	 Phosphatidylinositol 3′-kinase
rIL-9	 Recombinant IL-9 protein
STAT6	 Signal transducer and activator of 

transcription 6
TAK1	 Transforming growth factor-

activated kinase-1
T-bet	 T-box transcription factor
Tc9	 IL-9-producing CD8+ T cells
Tfh cells	 T follicular helper cells
TGFβ1	 Transforming growth factor-β1
Th	 T helper cells
Th1	 IFNγ-producing CD4+ T cells
Th9	 IL-9-producing CD4+ T cells
TNFα	 Tumor necrosis factor-α
Treg cells	 Regulatory T cells
TSLP	 Thymic stromal lymphopoietin

3.1	 �Introduction

IL-9 was first purified and characterized as a T 
cell and mast cell growth factor and termed p40 
based on its molecular weight and mast cell 
growth-enhancing activity [1–3]. IL-9 is also a 
pleiotropic cytokine that is secreted mainly by 
Th9, Th2, and mast cells [4]. Some other cells 
also secrete IL-9. These cells include Th17 
cells, Tregs, CD8+ T cells, innate lymphoid 
cells, NKT cells, and dendritic cells [5] (DCs). 
IL-9 signaling occurs when it constitutively 
binds to the IL-9 receptor, which includes two 
subunits, IL-9Rα and IL-9Rγ [6]. IL-9Rα is spe-
cific for IL-9 signaling, and IL-9Rγ is a com-
mon γ-chain in IL-2, IL-4, IL-7, IL-15, and 
IL-21 receptors [7]. IL-9 specifically binds to 
IL-9Rα but cannot mediate any further effects 
without binding to IL-9Rγ. Upon IL-9 receptor 
ligation with IL-9, there is activation of down-
stream targets, including the phosphorylation of 
JAK and the STAT1, STAT3, and STAT5 tran-
scription factors [8–10]. The phosphorylated 
STAT molecules dimerize and translocate into 
the nucleus, where they can direct IL-9 gene 
expression and production to link IL-9 to diverse 

biological functions [11]. Additionally, IL-9/
IL-9R signaling activates the MAPK [12], fork-
head [13, 14], and PI3K-AKT [15] pathways, 
although the physiological requirement for 
these pathways in primary cells has not been 
well addressed (Fig. 3.1).

IL-9 has pleiotropic effects on hematopoietic 
progenitor cells, immune cells (T cells, B cells, 
and mast cells), and epithelial cells and has roles 
in all kinds of immune-associated conditions, 
such as allergic inflammation, parasitic infection, 
autoimmune diseases, and transplant rejection [5, 
16, 17] (Fig.  3.2). Interestingly, recently, some 
studies have indicated roles of IL-9 in tumorigen-
esis. Herein, we summarize the latest advances 
regarding the role of IL-9 and Th9 cells in the 
tumor environment.

3.2	 �IL-9 and Th9 Cells

Although IL-9 was originally thought to be pro-
duced primarily by Th2 cells, naïve CD4+ T cells 
differentiate into a distinct IL-9-producing T cell 
subset known as Th9 cells in the presence of IL-4 
and TGFβ1 [5]. Th9 cells secrete IL-9 and 
IL-10 in mice but do not produce cytokines char-
acteristic of other T helper cell subsets (Fig. 3.3). 
Since the precise role of Th9 cells in the patho-
genesis of allergic inflammation and other human 
diseases is not currently well understood, grow-
ing interest in this area will help to better define 
the effects of IL-9 signaling. Schimid [18] was 
the first to link IL-9 with Th9 cells in 1994 and 
defined the IL-9-producing Th9 cells as a new 
cell type. That study showed that naïve CD4+ T 
cells could be differentiated into IL-9-producing 
CD4+ T cells (Th9 cells) in the presence of IL-4 
and TGFβ1. Although IL-4 alone was insufficient 
to induce the production of IL-9, when combined 
with TGFβ1, it significantly enhanced the IL-9 
production. Thereafter, serial studies showed that 
IL-4 inhibited Foxp3 expression, and in combi-
nation with TGFβ1, IL-4 induced naïve CD4+ T 
cells to differentiate into Th9 cells. TGFβ1 is a 
potent inhibitor of Th2 cells [5, 16, 19–22]. IL-4 
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Fig. 3.1  IL-9 signaling pathway overview. IL-9 signals through a receptor complex consisting of IL-9Rα and IL-9Rγ 
(the common gamma-chain/IL-2 R gamma subunit)

IL-9

Growth factor

IgE production

Enhance Treg
function

Promote Th17 
differentiation

Growth and survival

IL-6 expression

Proteases expression

FcεRIα expression

Support maturation and development 
of hematopoietic progenitor cells

T cell

B cell
HSC

Mast cells

Fig. 3.2  IL-9 effects on immune cells. IL-9 has direct and indirect effects on T cells, B cells, mast cells, and hemato-
poietic progenitor cells

supports Th2 cell differentiation without TGFβ1, 
but it supports Th9 cell differentiation with 
TGFβ1 [23]. Thus, IL-4 and TGFβ1 are required 

for Th9 cell differentiation. These studies pro-
vide a basis for establishing Th9 cells as a new 
subtype (Fig. 3.3).
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3.3	 �Th9 Cells and Other Cell Types

Th9 cells are closely related to other T cell 
subsets, especially Th2 cells (Fig. 3.3). However, 
Th9 cells are different from Th2 cells. Although 
IL-4 and the transcription factors GATA3 and 
STAT6 are all involved in the induction of Th2 
and Th9 cells, Th9 cells are still different from 
Th2 cells in having some unique cell features [3, 
24, 25]. In regard to the cytokine milieu needed 
for induction, TGFβ1 is critical for Th9 cells, but 
it inhibits Th2 cells [26]. Additionally, in  vivo 
studies have shown that if Th2 cells are removed, 
the effect of Th9 cells will be more obvious [27]. 
Th9 cell generation could occur in the absence of 
TGFβ1. When TGFβ1 was replaced by IL-1β, the 
combination of IL-1β and IL-4 efficiently pro-
moted Th9 cell differentiation [28].

Transcription factors are critical for the devel-
opment of T helper cell lineages. One specific T 
cell lineage transcription factor often inhibits 
effector cytokine production by other T helper cell 

lineages. Therefore, T-bet and Runx3, which are 
Th1 cell-specific transcription factors, signifi-
cantly inhibit the production of IL-9 in Th9 cells 
[29, 30]. Additionally, Foxp3, a Treg-specific tran-
scription factor, significantly decreases IL-9 pro-
duction in Th9 cells [26, 31]. Expression of both 
T-bet and Foxp3 significantly inhibited the genera-
tion of Th9 cells [32]. The Th17 cell-specific tran-
scriptional factor RORγt showed similar effects. 
RORγt-deficient mice display significantly 
enhanced differentiation of Th9 cells [14, 32].

Effector molecules of diverse T helper cell 
lineages also show similar relationships. The 
Th1 cell effector factor IFNγ inhibits IL-9 pro-
duction in Th9 cells [3, 33]. The Th17 cell effec-
tor factor IL-17A significantly inhibits IL-9 
expression and secretion in Th9 cells [34, 35]. 
Our previous studies analyzed different T helper 
cell lineages in an in vitro induction system, 
including Th1, Th2, and Th17 cells, which all 
showed significantly inhibited IL-9 production 
and expression levels [23].

Naïve 
CD4+T cells

Th1

Th2

Treg

Th9

Th17

IFNγ; TNFα

IL-4; IL-5; IL-13

IL-10; TGFβIL-17

IL-9; IL-10; IL-21

IF
N

γ;
 IL

-1
2

(T-bet)

IL-4
(GATA3)

IL-4+TGFβ1

(Foxp3)(RORγt)

PU.1; IRF4

Fig. 3.3  Differentiation of the T cell lineage. Naïve CD4+ 
T cells are activated by T cell receptor (TCR) signaling 
and differentiate into various T cell lineages depending on 
the cytokine environment. Prototypical differentiation 

cytokine sets, corresponding specific transcriptional fac-
tors, and functional cytokine effects that regulate T helper 
cell fate and functions (including those of Th9 cells) are 
shown
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3.4	 �Regulation of Th9 Cell 
Differentiation

As we recently reviewed [16], a variety of cyto-
kines are known to contribute to the differentia-
tion and generation of Th9 cells. In addition to 
IL-4 and TGFβ1, IL-1 [36], IL-2 [20, 37], IL-6 
[35], IL-10 [26], IL-21 [37], IL-23 [38], IL-25 
[39], IL-33 [40], IFNα/β [41], and thymic stro-
mal lymphopoietin (TSLP) [42] all contribute to 
the induction of Th9 cells, while IFNγ [43] and 
IL-27 [43] inhibit the differentiation of Th9 cells 
(Fig. 3.4). Certain transcriptional factors, includ-
ing STAT6 [25], PU.1 [19, 44], IRF1 [45], IRF4 
[20], NF-κB [46], Bcl-6 [37, 47], and the Smad/
Notch complex [48], directly interact with the Il9 
gene promoter to increase IL-9 production 
(Fig.  3.4). The TGFβ-activated kinase TAK1, a 
mediator of the Smad-independent TGFβ path-
way, plays a pivotal role in directing Th9 cell 
differentiation [49]. Our recent results [23] 
showed that TAK1 inhibition released 
SIRT1downregulation during Th9 cell differenti-
ation. SIRT1 deficiencies promote Th9 cell dif-
ferentiation, while SIRT1 overexpression inhibits 
Th9 cell differentiation in mouse and human T 

cells. Interestingly, the mTOR-hypoxia-inducible 
factor-1α (HIF1α)-dependent glycolysis pathway 
is responsible for the SIRT1-deficiency-induced 
increase in Th9 cell differentiation. More impor-
tantly, the transcription factor HIF1α directly 
interacts with Il9 and can bind with the Il9 pro-
moter region to regulate Il9 promoter activity 
during Th9 cell differentiation. Thus, the TAK1-
SIRT1-mTOR-HIF1α glycolytic pathways are 
essential for the differentiation of Th9 cells 
(Fig. 3.4).

3.5	 �Effects of Th9 Cells in Tumors

The antitumor and protumor effects of IL-9 
signaling are still controversial, and some 
results have been obtained in different cancer 
cell lines or clinical disease-related studies 
(Table 3.1). IL-9 is involved in the pathogenesis 
of lung cancer [50], leukemia [51, 52], breast 
cancer [24–26, 53], thyroid cancer [54], colon 
cancer [55], lymphoma [56–58], and mela-
noma [23, 49, 59–63]. Therefore, the effect of 
Th9 cells may be related to the type of tumor 
cells.

NF-κB NFAT IRF4, BATF HIF1α PU.1 Bcl6

IL-1; IL-33; IL-25
OX40/OX40L TCR; CD28 IL-4

TGFβ

TAK1

SIRT1

mTOR

TGFβ

Smad3

IL-2

STAT5

Il9

Th9

Fig. 3.4  Transcriptional regulation of Th9 cell differen-
tiation. IL-4, TGFβ1, IL-2, TCR, and other stimuli induce 
the expression of downstream transcriptional factors and 

interact with the IL-9 promoter to induce IL-9 production 
and secretion from Th9 cells
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IL-9 is involved in the pathogenesis of some 
types of cancer. IL-9 promotes cell proliferation in 
the A549 and SK-MES-1 lung cancer cell lines 
[50]. IL-9 produced by Th9 cells phosphorylates 
STAT3 on serine 727 and activates the downstream 
JAK/STAT pathway and eventually regulates can-
cer cell proliferation and protects cancer cells from 
apoptosis. IL-9 also plays an important role in leu-
kemia. IL-9 was necessary for human T cell leuke-
mia virus (HTLV-1)-infected T cell proliferation 
[51, 52]. The IL-9 gene also contains sequences 
that are required for the expression of HTLV-1. 
There are some relationships between IL-9 expres-
sion and the pathogenesis of chronic lymphoid 
leukemia. Breast cancer cell lines could not grow 
in IL-9−/− mice, but IL-9R expression was not 
related to these effects. Some mechanism studies 
have shown that IL-9 is negatively regulated by 
Wnt signaling and plays a role in tumor cell 
growth, invasion, and migration and inhibits tumor 
cell apoptosis [24–26, 53]. IL-9 is also required for 
growth of the colon cancer cell line CT26 [55]. In 
IL-9−/− mice, CT26 growth is significantly delayed 
compared with that in wild-type mice. Moreover, 
IL-9 is also involved in the pathogenesis of 
Hodgkin lymphoma, B cell non-Hodgkin lym-

phoma, anaplastic large cell lymphoma (ALCL), 
and NK/T cell lymphoma [56, 57].

Currently, the antitumor properties of Th9 
cells are mainly derived from studies in mouse 
melanoma models [23, 49, 59–64]. Th9 cells 
exist in metastatic pleural effusions, and in mouse 
xenograft models of melanoma, infiltrating lym-
phocytes and Th9 cells display antitumor proper-
ties [60, 61]. Adoptive transfer of Th9 cells into 
mice bearing B16 melanoma or lung carcinoma 
or treatment of these mice with recombinant IL-9 
protein (rIL-9) [50] significantly delayed tumor 
cell growth. Exogenous IL-9 also restricted the 
growth of B16F10 melanoma and LLC1 cells but 
not in EL-4 cells, while a neutralizing anti-IL-9 
antibody abolished the beneficial effect of adop-
tively transferred Th9 cells in  vivo [65]. These 
data show that IL-9 is critical for suppressing 
tumor growth. IL-9R deficiency significantly 
promotes melanoma tumor growth [66, 67]. This 
suggests that IL-9 may play an antitumor role by 
interacting with IL-9R.  Additionally, Treg [68, 
69], Th17 [69], and Th2 [27, 70] cells secrete low 
levels of IL-9. A considerable portion of Th9 
cells acquire a Th1 cell phenotype and produce 
IFNγ in vivo [29, 71].

Table 3.1  Effects of Th9 cells on different kinds of cancer

Cancer
Model 
system Tumor effects Mechanisms References

Lung cancer Cell lines Protumor IL-9 pathway direct effects on cancer cell 
proliferation

[50]

Patients Protumor [50]
Leukemia Primary 

cells
Protumor IL-9 direct effects on cancer cell proliferation and 

antiapoptosis
[51, 52]

Patients Protumor IL-9 expression in pathogenesis of chronic 
lymphoid leukemia

[88]

Breast 
cancer

Cell lines Protumor Wnt-IL-9 signaling in mast cells; IL-9 enhances 
Treg activities

[53, 68, 80, 
89]

Colon 
cancer

Cell lines Protumor IL-9 inhibits Treg differentiation [55]

Thyroid 
cancer

Patients Protumor Th9-JAK/STAT signaling [54]

Lymphoma Cell lines Protumor IL-9-JAK3-STAT3 signaling [56, 57]
Patients Protumor IL-9 enhances immune inhibition by Tregs and 

mast cells
[90, 91]

Melanoma Cell lines Anticancer
(direct)

IL-9 inhibits p21 and enhances the antiapoptotic 
molecule TRAIL

[72]

Cell lines Anticancer 
(indirect)

IL-9- or IL-21-dependent mechanisms [23, 49, 
59–63]
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Our studies [23] also indicate that Th9 cells 
are critical for antitumor immunity. Naïve T cells 
isolated from WT or SIRT1−/− mice were differ-
entiated under Th9 cell-inducing conditions and 
transferred into Rag1−/− mice, a T cell- and B 
cell-deficient mouse model, which were then 
subcutaneously injected with B16 melanoma 
cells. The mice that received SIRT1−/− CD4+ T 
cells developed smaller tumors than wild-type 
controls. Tumor-infiltrating CD4+ T cells isolated 
from the SIRT1−/− group had a higher IL-9+ ratio 
than these cells in the wild-type group. 
Importantly, administration of an anti-IL-9 anti-
body reversed the changes induced by SIRT1−/− 
Th9 cell transfer. Therefore, these data show that 
SIRT1 is necessary for the suppression of Th9 
cell differentiation and Th9-mediated antitumor 
immunity in melanoma.

3.6	 �Th9 Cell Mechanisms 
in Tumor Immunity

IL-9 produced by Th9 cells elicits protumor or 
antitumor immune responses through both direct 
and indirect regulatory mechanisms (Fig. 3.5).

Several studies have shown direct regulatory 
mechanisms of Th9 cells in tumor immunity. 
IL-9 signaling is directly associated with JAK/

STAT3 signaling and gives rise to lung cancer 
cell growth in A549 and SK-MES-1 lung cancer 
cell lines [50]. In addition to the direct pro-
proliferation effects of IL-9-JAK/STAT3, STAT3 
can be recruited upon binding of IL-9 to its recep-
tor via its SH2 domain and is crucial for inhibit-
ing apoptosis [4, 5]. Additionally, IL-9 can 
directly enhance the functions of p21 and the 
antiapoptotic molecule TRAIL and can suppress 
the growth of HTB-72 melanoma cells [72]. IL-9 
significantly suppresses the proliferation of 
breast cancer cell lines [53, 73]. Further results 
show that IL-9 is downregulated by the Wnt sig-
naling pathway [73]. One hypothesis demon-
strates that tumor cells produce significant 
amounts of IL-9 to polarize the cytokine environ-
ment toward one that favors Th9 cells. Thus, IL-9 
contributes to the proliferation, invasion, and 
migration of tumor cells.

Moreover, T cell plasticity also plays a pivotal 
role in directly regulating tumor cell growth. 
Human memory Th9 cells from blood and tissue 
are often coexpressed with TNFα and granzyme 
B, suggesting that they play a proinflammatory 
role [74, 75]. Several recent studies [59, 76, 77] 
have also shown that glucocorticoid-induced 
TNF receptor-related protein (GITR) ligation 
directs the differentiation of Tregs into Th9 cells 
and mediates antitumor immunity. These data 

Th9
Tc9

DC
mast cell

Treg

Cancer 
cells

Fig. 3.5  Regulatory mechanism of Th9-cell-mediated 
tumor immunity. IL-9 production by Th9 cells exerts 
tumor immunity through direct and indirect mechanisms. 
IL-9 promotes tumor cell proliferation and migration 

through IL-9R-JAK/STAT signaling or reciprocal differ-
entiation between Th9 cells and other T cell lineages. Th9 
cells elicit tumor immunity indirectly though mast cells, 
dendritic cells (DCs), Tc9 cells, or Tregs
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show that the plasticity of Th9 cells in tumor 
microenvironment is essential for the tumor 
immune effects of Th9 cells, but the clear mecha-
nisms still need to be explored in the future.

Indirect regulatory mechanisms of Th9 cells 
are likely also critical for protumor or antitumor 
immunity. IL-9−/− mice delay breast cancer cell 
growth, but these cells have negligible IL-9R 
expression [37, 50, 51]. This suggests that IL-9 
does not directly have protumor effects. Further 
studies show that CD4+ T cells are necessary for 
the protumor effects of breast cancer cells in 
IL-9−/− mice [59]. This suggests that Th9 cells 
probably have an indirect regulatory role. Mast 
cells and dendritic cells (DCs) and CD8+CTLs 
are critically involved in the indirect regulation of 
tumor growth.

Mast cells are critical for Th9 cell-mediated 
tumor immunity [65, 78–80]. Administration of 
recombinant IL-9  in mast-cell-deficient mice 
might not have any antitumor or protumor effects. 
Moreover, blocking the activities of mast cells or 
depleting mast cells in  vivo significantly abro-
gates the tumor immune effects of Th9 cells in 
tumor-bearing mice. These data collectively indi-
cate the essential role of mast cells in Th9-cell-
mediated tumor immunity.

The survival and function of myeloid DCs are 
also required for Th9-mediated tumor immunity 
[81]. IL-9 production from Th9 cells can recruit 
DCs to local tumor tissues by enhancing the 
expression of CCL20 and CCR6 and promoting 
host CD8+CTL activity and antitumor immunity 
[60, 82]. Moreover, IL-9-producing CD8+ T cells 
(Tc9) primed by Th9-cell-inducing conditions 
play a pivotal role in antitumor immunity, and 
Tc9 cells exhibit much stronger antitumor effects 
than CD8+ T cells in OT-I/B16-OVA and Pmel-1/
B16 mouse models of melanoma [63, 83], which 
indicates that the antitumor activities of Th9 cells 
are partially due to their effects on Tc9 cells.

Additionally, Th9 cells secrete IL-21 to elicit 
antitumor effects. IL-1β can promote the secre-
tion of IL-21 from Th9 cells, and IL-1β-induced 
Th9 cells exhibit enhanced IL-21 but not IL-9 

levels in Th9-cell-dependent antitumor immunity 
[84, 85]. IL-21 can have effects on antitumor 
immunity by promoting IFNγ production and 
enhancing the activities of NK cells and 
CD8+CTLs [86, 87].

3.7	 �Future Perspective

Although we already know that Th9 cells are a 
new cell type and play an important role in tumor 
immunity, our knowledge of Th9 cells is still lim-
ited. For example, we remain poorly informed 
about how Th9 cells are induced and sustained, 
especially under in vivo conditions. Other T cell 
subsets are associated with specific transcription 
factors; we still do not know the specific tran-
scription factors associated with Th9 cells. 
Known Th9 cell transcription factors often play a 
role in the differentiation of other T cell subsets. 
This suggests that Th9 cell differentiation may 
involve a combination of multiple transcription 
factors and signaling pathways. We are also still 
uncertain about the tumor immune effect of Th9 
cells. At present, a large number of research 
results are still limited to certain types of cancer 
cells; specifically, the mechanism of Th9-cell-
associated tumor immunity is still unclear. In 
addition to the production of IL-9 by Th9 cells, 
many other cells also produce IL-9. The relation-
ships between Th9 cells and their specific mecha-
nisms in tumor immunity are still unclear. These 
clarifications will help in understanding the 
immunological theory of Th9 cells and IL-9 and 
their effect on tumor immunity and will provide 
the basis for developing new antitumor 
immunotherapies.
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IL-17 Signaling in the Tumor 
Microenvironment

R. M. Gorczynski

Abstract
Inflammation is recognized as representing a 
double-edged sword in terms of tumor growth, 
in some instances contributing to attenuation 
of growth and in others to enhanced progres-
sion and metastasis. Extracellular signals, 
released by cells within the tumor microenvi-
ronment (TME), including cancer cells them-
selves, as well as infiltrating immune cells, 
stromal cells, and other components of the 
extracellular matrix, all can contribute to 
reshaping the tumor microenvironment (TME) 
and tumor growth/survival. Most recently, 
attention has centered on contributions in the 
TME made by the pro-inflammatory interleu-
kin 17 (IL-17) and the T cells (Th17) and 
non-T cells which produce this cytokine, as 
well as the target cells (IL-17 receptor posi-
tive, IL-17R+) signaled by IL-17. The IL-17 
family itself comprises at least six members, 
IL-17A, IL-17B, IL-17C, IL-17D, IL-17E 
(also called IL-25), and IL-17F, all of which 
are known to be secreted as disulfide-linked 
homo- or heterodimers. These in turn bind to 
IL-17R, a type I cell surface receptor, of which 
at least five variants have been described to 
date, IL-17RA to IL-17RE.  The discussion 
below focuses on what we know to date about 

the role of IL-17/IL-17R interactions in the 
tumor microenvironment in regulation of 
tumor growth and metastasis and highlights 
recent ideas concerning the possible utility of 
this knowledge in the clinic.
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4.1	 �Introduction

4.1.1	 �Tumor Microenvironment 
and IL-17

Tumor cells have enhanced capacities of prolif-
eration, neo-angiogenesis development, and dis-
tance seeding under the form of metastases [1, 2]. 
The tumor microenvironment, which comprises 
malignant and nonmalignant cells distinguished 
by specific markers and interacting in a dynamic 
fashion, is an important aspect of cancer biology 
that contributes to tumor initiation, tumor pro-
gression, and responses to therapy [3]. Cells and 
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molecules of the immune system are a funda-
mental component of the TME. While important 
for antitumor responses, cells of the immune sys-
tem including macrophages, neutrophils, mast 
cells, dendritic cells (DCs), and lymphocytes can 
also promote the development and progression of 
almost every solid tumor [4–6], often producing 
cytokines and mediators which modify the TME 
such that it becomes more favorable to tumor 
development and progression [7, 8].

Fundamental to our understanding of the regula-
tion of the TME has been a wealth of newer data on 
a subset of lymphocytes secreting pro-inflammatory 
IL-17 cytokines, Th17 cells [9]. IL-17 has been 
shown to play a crucial role in the proliferation of 
LN and splenic stromal cells, particularly fibroblas-
tic reticular cells [10]. Since inflammation is corre-
lated with cancer development [1], it was not 
altogether surprising to discover an important role 
for Th17 and other cytokines in cancer development 
and progression [11–14]. As discussed in greater 
depth below, understanding and targeting the IL-17/
IL-17R axis seems now to be a key focal point in 
cancer immunotherapy.

4.1.2	 �The IL-17/IL-17R Axis

Tumor-infiltrating lymphocytes (TIL), a subset of 
which is Th17 cells, can be detected in the micro-
environment of tumors of multiple histological 
types, with their numbers often correlated with 
disease stage [3]. Th17 cells are now well charac-
terized in terms of their cytokine secretion pro-
file, transcription regulation, and immune 
functions [4]. Their development is regulated by 
RORγt, STAT3, and IFN regulatory factor-4 tran-
scription factors, along with several cytokines 
[15]. In mouse, these include TGF-β and IL-6/
IL-21 [16] and IL-23 [17], while in humans it 
seems that IL-1 is a major controlling cytokine, 
with an important role for IL-23, IL-6, and TGF-β 
also now well documented [18].

Phenotypically, tumor-infiltrating Th17 cells 
express CD45RA−CD45RO+ CD49+ but not 
Foxp3 and PD-1 (unlike Tregs [19]), and they 
express other surface receptors controlling their 
trafficking to peripheral tissues including 

CXCR4, CCR6, and C-type lectin CD161 [20]. 
Lacking CCR2, CCR5, and CCR7, Th17 cells 
have limited traffic to lymph nodes [21]. Within 
the TME are high levels of CCL20 (which Th17 
also produce) and CXCL12, likely responsible 
for maintenance of Th17 within in the TME [22].

Th17 cells, as well as γδT cells, natural killer 
T (NKT) cells, neutrophils, and eosinophils [23], 
produce IL-17 within the TME.  IL-17 family 
comprises six members, from IL-17A to IL-17F, 
with IL-17A and IL-17F closest in homology and 
most well characterized in terms of function, 
with the secreted homodimer of IL-17A being 
the most potent (Fig. 4.1) [24]. The IL-17R is a 
transmembrane protein with a large extracellular 
domain (293aa), a 21-aa transmembrane domain, 
and a large cytoplasmic tail (525 aa) [25]. Five 
members of the IL-17R family are described, 
IL-17RA-E, with IL-17RB-E each representing a 
subunit which associates with IL-17RA to form a 
functional receptor (Fig. 4.1) [26].

The IL-17RC subunit is thought to be an obli-
gate co-receptor for IL-17RA to mediate IL-17A, 
IL-17F, and IL-17A/F signaling through the 
phosphorylation of mitogen-activated protein 
kinases (MAPK) and nuclear factor-κB (NF-κB) 
protein Act1, via TNF receptor-associated factor-
6 (TRAF6) [27, 28]. Following Act1 and TRAF6 
activation, Iκβ kinase (IKK)phosphorylates p105, 
releasing tumor progression locus 2 (TPL2), 
which in turn phosphorylates MEK1, leading to 
activation of ERK1 and ERK2, transcription fac-
tor phosphorylation, and modulation of gene 
expression [29] (see [8]).

4.1.3	 �IL-17/IL-17R Interactions 
in Malignancy

4.1.3.1	 �Effects of Th17 vs IL-17
While Th17 cells are known to play important 
roles in inflammation and autoimmune diseases, 
their roles in tumor immunity remain more con-
troversial [30, 31]. However, Th17 cells have 
been reported to be implicated in disease outcome 
in multiple tumor types, including ovarian can-
cer, [32], non-Hodgkin’s lymphoma [33], and 
HER2-positive breast cancer [34]. It has been 
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suggested that Th17 cells may contribute to pro-
tective immunity through recruitment of other 
cells to the tumor microenvironment [35] or may 
even themselves evolve into such effector, 
inflammation-inducing cells (IFNγ-producing 
cells), which may be beneficial in tumor resis-
tance [36, 37]. As but one example, in a neuro-
blastoma mouse model, investigating the delivery 
of IFNγ as an antitumor therapeutic agent using 
mesenchymal stromal cell (MSC) therapy, it was 
observed that the MSCs polarized murine macro-
phages to an M1 phenotype. In vivo delivery of 
the MSCs in nude mice did indeed lead to a 
reduced tumor growth rate and increased survival 
[38]. It has been reported that other tumor-
associated inflammatory cytokines including IL-
6 and TNFα regulate levels and activity of Th17 
cells in the tumor microenvironment in a murine 
ovarian cancer model [39].

In a mouse colon cancer model, an antitumor 
effect of IL-17 gene transfection was thought to 
be associated with a change in the distribution of 
different subsets of spleen lymphocytes in mice, 
altered lymphocyte infiltration into tumor tissues, 
and increased expression of IFNγ in tumor tissue, 
with reduction in expression of IL-10 and IL-13, 
all combining to produce an antitumor effect 
[40]. Note, however, that in a recent review of 
studies of serum, formalin-fixed, paraffin-

embedded (FFPE) tissue, and peripheral blood 
samples, while high IL-17 quantities were corre-
lated with poor prognosis, high Th17 cell fre-
quencies were correlated with improved 
prognosis [41]. These authors argued that since 
Th17 cells are a subpopulation of IL-17+ cells 
with a different correlation with prognosis than 
total IL-17, a distinction must be made between 
Th17 and other IL-17+ cells [41]. Consistent with 
this notion, IL-17 levels were reported strongly 
associated with increased tumor growth, not pro-
tection from tumor growth, in irradiated stroma 
beds [42]. In addition, in a recent study in a 
mouse melanoma model [43] in which the authors 
investigated the therapeutic potential of blocking 
the IL-17/IL-17RA pathway on melanoma tumor 
growth, while recombinant IL-17 was seen to 
increase proliferation of mouse B16F10 cells and 
human A375 and A2058 cells, silencing IL-17RA 
by small hairpin RNA (shRNA) in B16F10 cells 
reduced proliferation, migration, and invasion, 
along with reducing vascular endothelial growth 
factor and matrix metalloproteinase production. 
A role for IL-17 in attenuating the effect of inhi-
bition of VEGF on tumor growth and metastasis 
was reported by others to result from IL-17 
modulation of stromal cell activities including 
endothelial cells, tumor-associated macrophages, 
and cancer-associated fibroblasts [44]. The 

Fig. 4.1  IL-17 and IL-17R interactions leading to intracellular signaling
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knockdown of IL-17RA led to a decreased capa-
bility of B16F10 cells to form tumors in  vivo 
analogous to that seen in IL-17-deficient mice 
and simultaneously increased antitumor immu-
nity through augmentation of IFNγ-Th cells, not 
through Treg [43].

4.1.3.2	 �Regulatory T Cells and Th17
CD4+CD25+regulatory T cells (Treg) are another 
important tumor-infiltrating population control-
ling growth and metastasis in vivo, in part at least 
through downregulation of the (protective) func-
tions of CD4+, CD8+, NK, and NKT cells [44–
46]. Importantly, despite the disparate functions 
of Treg and Th17 subsets, the two subsets show 
strong interrelation [47]. Both are dependent on 
TGFβ for their differentiation which is regulated 
further by IL-6, addition of which to TGFβ 
enhances differentiation of Treg cells into Th17 
cells [48]. TGFβ in the absence of inflammatory 
cytokines induces Foxp3+ Treg cell differentia-
tion, while inflammatory cytokines which pro-
mote Th17 responses counteract activation and 
function of Tregs [48–50]. More recently, it was 
reported that Th17 cells themselves can be a 
source of tumor-induced Foxp3+ cells [51] 
(Fig. 4.2).

IL-17 may also impact on other regulatory 
cells within the tumor microenvironment, as 

suggested by a recent report indicating that sup-
pression of IL-17A at tumor sites eliminated 
myeloid-derived suppressor cells and regulatory 
T cells at tumor sites and indirectly augmented 
cytotoxic activity at tumor sites [52]. Other cells 
in the tumor environment are also crucial to T 
cell development. Recently, in a pancreatic 
tumor model, a unique subset of tumor-infiltrat-
ing dendritic cells (CD11b+CD103− DCs), 
expressing high IL-23 and TGF-β, was shown to 
promote tumor growth by inducing FoxP3neg 
tumor-promoting IL-10+IL-17+IFNγ+ regulatory 
CD4+ T cells. This differentiation was further 
modulated by DC expression of retinoic acid, 
and the Th signature seen mimicked closely that 
seen in human pancreatic carcinomas again 
associated with immune depression and poor 
survival [53].

4.1.3.3	 �Documented Roles for IL-17 
in Different Malignancies

	(i)	 Cervical Cancer

Cervical cancer cells cultured with IL-17 
showed increased production of both IL-6 and 
IL-8 at both mRNA and protein levels, and 
tumors transfected with IL-17 in nude mice grew 
to a larger size compared with non-transfected 
tumors [54]. In patient samples, high numbers of 

Fig. 4.2  Thl7 cells exhibit both pro- and anti-tumoral 
activity. IL-17 production contributes to angiogenesis and 
MDSC recruitment to the TME. Moreover, TGF-β might 
induce immunosuppression in Thl7 cells by inducing ecto-
nucleotidases expression. Inhibition of tumor growth can 
occur through recruitment/induction of immune effector 

cells within the tumor and by activation of tumor-specific 
cytotoxic CD8+ T cells (CTL). There is evidence that Thl7 
cells can convert toward a Treg cell phenotype in the TME 
in the (relative) absence of IL-6, while Thl7 cell conversion 
to a Th1 cell phenotype results in IFN-γ and TNF-α produc-
tion, tumor killing, and attenuation of Treg function
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neutrophils expressing IL-17 were correlated 
with a poorer survival [55].

	(ii)	 Prostate Cancer

An IL-17R-like receptor has been described in 
prostate cells [56], with elevation in malignancy 
and prostatic hypertrophy [56], while expression 
of IL-17R is quite ubiquitous [57]. Most recently, 
murine studies have suggested that IL-17-
mediated prostate cancer promotion occurs 
through epithelial to mesenchymal transition via 
MMP7 enhancement with subsequent digestion 
of the extracellular matrix and basement mem-
brane and ongoing invasion [58].

	(iii)	 Colon Cancer

Evaluation of the expression of IL-17A in the 
tumor microenvironment during the transforma-
tive colorectal adenoma–carcinoma sequence 
indicated a progressive increase of IL-17 mRNA 
level throughout the sequence which was corre-
lated with dysplasia severity [59]. A similar gra-
dation of change was noted in expression of 
Th17-stimulating factors including IL-1β, IL-6, 
IL-23, and TGF-β by real-time PCR, again 
thought to reflect activation of Th17 cells in the 
same sequence.

	(iv)	 Skin Cancer

Studies in melanoma (B16) and bladder can-
cer (MB49) cell lines (B16) showed reduced 
growth in IL-17−/− mice and enhanced growth 
in IFNγ−/− mice, with corresponding changes 
in intra-tumor IL-17 levels [60]. In both cell 
lines, IL-6 production was stimulated by signal 
transducer and activator of transcription 
(STAT3), with similar effects seen in tumor-
associated stromal cells including fibroblasts 
and endothelial cells. Blockade of IL-6 attenu-
ated tumor growth, implying a protumor effect 
of IL-17 mediated by IL-6 in a STAT3-dependent 
pathway [61].

	(v)	 Brain Tumors

Blood levels of IL-17 were compared in 80 
brain tumor patients versus 26 healthy patients 
and found to be elevated only in 30% of gliomas, 
4% of meningioma, and 5.5% of schwannomas, 
compared with control group [62]. A functional 
IL-17R has been detected in glioma stem cells 
[63]. In vivo studies confirmed the presence of 
Th17 cells and IL-17A mRNA in mouse and 
human glioma samples [64]. Interestingly, mouse 
recipients of glioma cells also receiving splenic 
Th17 from glioma donors vs naïve mice showed 
decreased survival which the authors speculated 
was associated most strongly with increased 
angiogenesis promoted by the Th17 cell popula-
tion [65].

	(vi)	 CLL

We have published analysis of the role of 
IL-17  in a mouse NOD/SCID model of human 
CLL growth in  vivo [66]. We concluded there 
was an important role for the IL-17/IL-6 axis in 
CLL patients and in an animal model of CLL, 
when BM-derived mesenchymal cells 
(BMMSCs), a critical component of the tumor 
microenvironment (TME), were used to support 
CLL survival in vitro and/or in vivo. BMMSCs 
have been reported by other groups to contribute 
to tumor growth in both solid tumors and hema-
tologic malignancies [67–70], and in CLL, 
BMMSCs are thought to provide a supportive 
niche for CLL cells and other cells [71, 72]. We 
observed that while direct cell–cell contact 
between CLL cells and BMMSCs was not critical 
to CLL survival, IL-6 production was an essential 
factor to enhance CLL growth, and yet human 
recombinant IL-6 alone showed no effect on the 
survival of CLL cells in vitro using working con-
centrations equivalent with those in BMMSC 
supernatant [66]. Since BMMSCs induced CLL 
cells to produce IL-6 which was critical to CLL 
survival in  vitro, we explored whether other 
factors contributed to survival and observed a key 
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role for IL-17, a known inducer of IL-6 in various 
cells in BMMSCs and CLL production of IL-6. 
When CLL cells, BMMSCs, or co-cultures of the 
two were treated with human recombinant 
IL-17A, we observed higher levels of IL-6 
mRNA and protein in both CLL cells and 
BMMSCs. Given the effect of IL-6 on CLL sur-
vival shown above, we suggested that IL-17 may 
be a contributing factor to CLL growth/ survival. 
This possibility was supported by further animal 
experiments which showed that the IL-6R antag-
onist, tocilizumab, attenuated the effects of 
IL-17. Interestingly, we observed elevated and 
linearly correlated levels of IL-6 and IL-17  in 
CLL patients compared to healthy controls, con-
sistent with reports that higher levels of both IL-6 
and IL-17 were associated with poorer outcome 
of CLL patients, although this issue remains con-
troversial [73, 74]. A novel mAb to human IL-17 
was recently reported to inhibit multiple myeloma 
cell growth in the presence and the absence of 
BM stromal cells [75], while other groups have 
discussed the possibility of targeting the IL-6/
IL-6R axis for cancer therapy [76, 77].

	(vii)	 Breast Cancer

Initial reports in humans suggested that IL-17, 
IL-6, and GCS-F levels were elevated in breast 
cancer patients compared to controls [78] though 
in these preliminary studies no attempt was made 
to correlate levels with prognosis. In an in vitro 
study using multiple breast cancer cell lines in a 
Matrigel invasion assay, IL-17 and TNFα 
increased invasion for two cell lines, with the 
IL-17 effect attenuated by addition of matrix 
metalloproteinase (MMP) inhibitors to the cul-
tures [79]. In contrast, other groups have argued 
that tumor promotion by IL-17 was dependent on 
the angiogenesis-promoting effects of IL-17 as 
assessed by microvascular density measurements 
[80]. An alternative hypothesis focused on the 
potential role of IL-17 in modulation of the TME, 
following reports that human breast cancer cell 
lines expressed IL-17RA and IL-17RC.  These 
studies showed that stimulation with IL-17A acti-
vated the MAPK pathway following upregulation 
of phosphorylated ERK1/2, which in turn 
enhanced migration, invasion, and resistance to 

chemotherapy, and was abolished by anti-IL-17A 
[81, 82] (Fig. 4.3).

In mouse breast cancer models, my laboratory 
explored the growth and tumor metastasis of 
either a 4THM breast tumor or the slower grow-
ing, more immunogenic, EMT6 breast cancer in 
female BALB/c mice with tumor cells implanted 
in the mammary fat pad [83]. We examined in 
depth the contribution to tumor regulation of acti-
vation of CD200/CD200R interactions in regula-
tion inflammation and host resistance, given 
previous evidence that overexpression of an 
immunosuppressive signal, CD200, was associ-
ated with increased tumor growth, with signaling 
of suppression of host immunity dependent on an 
intact CD200R1  in the host [83]. EMT6 tumor 
cells overexpressing CD200 metastasized at 
higher frequency, while both CD200KO and 
CD200R1KO mice were more resistant both to 
primary and metastatic growth of tumor. In con-
trast, suppression of inflammation (in CD200 
transgenic mice) attenuated growth of 4THM 
tumors [84], suggesting that inflammatory 
responses were permissive for growth of this 
tumor. Further studies exploring the 
mechanisms(s) responsible for these effects 
showed that serum or serum-derived exosomes 
from 4THM tumor-bearing CD200R1KO mice 
augmented EMT6 tumor invasion in wild-type 
mice, an effect abolished by infusion of both anti-
IL-6 and anti-IL-17 [85]. A recent report [86] 
investigating how exosomes from heat-stressed 
tumor cells containing heat shock protein hsp70 
induced antitumor immune responses also con-
cluded the effect was likely mediated through 
hsp70-induced IL-6 promoting IL-17 expression 
and causing rejection of established (prostate) 
tumors. The effects were in turn thought to 
depend on conversion of Tregs to Th17 cells with 
high efficiency in an IL-6 dependent process.

Subsequently, using an in vitro model system 
to explore other cytokine factors which might 
control breast cancer cell invasion, we found 
that serum from 4THM tumor mice showed ele-
vated levels of TNFα, IL-6, IL-8, and IL-17 
compared with similar sera from EMT6 tumor 
immune mice, consistent with studies implicat-
ing these cytokines in regulation of tumor inva-
sion [87–91]. Infiltration of tumor cells into a 
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3D collagen matrix over 7d in culture was pro-
moted by the presence of stromal cells in the 
culture matrix, but while tumor metastasis 
in vivo differed for 4THM and EMT6 tumors in 
WT, CD200KO, and CD200R1KO mice, we 
observed that all stromal cells were equally effi-
cacious in promoting tumor invasion of tumor 
cells into the matrix. We concluded that there 
was a qualitative role for stromal cells in tumor 
invasion which was independent of the CD200/
CD200R axis [92]. Further exploration of the 
potential mechanism(s) involved in regulation 
of tumor invasion suggested that augmented 
IL-6 and IL-17, seen in 4THM tumor sera, was 
associated with the increased tumor invasion 
both in vivo and in vitro, an effect abolished by 
anti-IL-6/IL-17 antibodies (which also 
decreased metastasis of EMT6 in  vivo [85]). 
Our comparison of in vitro/in vivo model stud-
ies suggested that IL-6/IL-17 were primary 
mediators of tumor invasion for breast tumor 

cells and that an independent lymphocyte-
dependent function (acting through CD200/
CD200R checkpoint blockade [93]) could cause 
attenuation of tumor invasion. Other studies 
have also suggested a role for IL-17 itself in 
regulation of breast cancer growth through tar-
geting of other checkpoint inhibitors, PD-1/
PD-L1 [94]. This study showed that IL-17A 
promoted PDL1 expression in both human and 
mouse cells and that in mice targeting of IL-17A 
led to decreased PDL1 expression in the tumor 
microenvironment, Treg tumor-infiltrating cells, 
and augmented secretion of IFNγ from both 
CD4+ and CD8+ T cells. Combined anti-IL-
17A and anti-PDL1 antibodies enhanced tumor 
clearance. Note that all such models must also 
consider the relevance of EMT transition in 
draining lymph nodes (and sera) in individuals 
with increased metastasis and evidence that 
IL-17 may act independently or in concert with 
other factors to augment EMT [95, 96].

Other factors / cytokines
enhancing local growth and
invasion/metastasis (EMT)

Primary Tumor Growth
Sites of tumor invasion/metastasis

Factors suppressing
local growth and
invasion/metastasis

CD200/PD1

CD200R/PD-L1

BMMSCs and/or TASCs

Tum or associated T cells

Increased expression of checkpoint inhibitor
receptors, PIL-1, CD200R etc

IL-6, IL-17
production

IL-6, IL-17 mediated
increased tumor growth and invasion/metastasis

IL-6, IL-17 production

Fig. 4.3  Tumor cells (including CLL and breast cancer 
cells) release multiple factors influencing local growth 
and metastasis, e.g., IL-6, IL-17, TNFα, etc. BMMSCs 
and other TACs also produce IL-6 and IL-17, and influ-
ence tumor cell production. IL-17 has been reported to 

augment expression of checkpoint inhibitor receptors 
(PD-L1, CD200R) which, following interaction with the 
corresponding ligands, can modulate stromal cell cyto-
kine production and/or tumor-associated T-cell-mediated 
tumor immunity
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4.2	 �Conclusions

It is becoming increasingly apparent that IL-17 
and Th17 cells are present in the tumor bed of 
most solid tumors and indeed in hematopoietic 
malignancies. Multiple different studies have 
shown, both in experimental animals and even in 
humans, that their presence is consistent with a 
role in the observed changes in cell proliferation, 
tumor growth and progression, and treatment 
resistance seen. These effects are likely occurring 
through cell IL-17R signaling activation and fur-
ther downstream activation of MAPK pathways, 
though it is clear that they do not occur in isola-
tion but in association with signaling through 
other pathways mediated by other inflammatory 
and anti-inflammatory cytokines, as well as other 
receptors including EGFR or IGFR, all of which 
can contribute to modulation of the TME. While 
there are reports of antitumor activity mediated 
by IL-17/IL-17R interactions, in the main analy-
sis of cancer patient, blood or tissue samples 
mostly suggest that high values of IL-17 and 
IL-17-secreting cells favor tumor growth and 
metastasis. It is also now evident that there is a 
close relationship between regulatory T lympho-
cytes and Th17 cells and that IL-17 (secreted by 
Th17 and other cells in the TME), along with 
other cytokines present in the microenvironment, 
can modulate the balance between Treg and Th17 
and thus tumor host resistance. These studies 
highlight the IL-17/L-17R axis as a potential 
novel immunotherapeutic target. Further studies 
may lead to the development of new strategies 
with clinical utility.
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Abstract
Interleukin (IL)-18, a member of the IL-1 
family of cytokines, has emerged as a key reg-
ulator of mucosal homeostasis within the gas-
trointestinal tract. Like other members of this 
family, IL-18 is secreted as an inactive protein 
and is processed into its active form by cas-
pase-1, although other contributors to precur-
sor processing are emerging.

Numerous studies have evaluated the role 
of IL-18 within the gastrointestinal tract using 
genetic or complementary pharmacological 
tools and have revealed multiple roles in 
tumorigenesis. Most striking among these are 
the divergent roles for IL-18 in colon and gas-
tric cancers. Here, we review our current 
understanding of IL-18 biology and how this 
applies to colorectal and gastric cancers.
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5.1	 �Introduction

The development of cancer is a multistep process 
whereby normal cells acquire characteristics that 
promote malignant transformation. The “hall-
marks of cancer” describe a series of processes 
that enable a cancer cell to resist death, evade 
growth suppressors, induce angiogenesis, con-
tinually proliferate, avoid immune destruction, 
deregulate cell metabolism, and invade and 
metastasize to other organs [1]. Tumor-promoting 
inflammation is also an important cancer hall-
mark, with innate immune cells including macro-
phages, dendritic cells (DC), and natural killer 
(NK) cells, as well as adaptive immune cells 
including T and B cells present in the tumor 
microenvironment. These tumor-infiltrating 
immune cells are the primary source of cytokines 
that can further perpetuate tumor development 
[2]. In this review, we discuss the biology of 
IL-18, its receptor, and our current appreciation 
of its immunoregulatory functions in cancer. We 
focus on the expression and role of IL-18 in two 
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gastrointestinal (GI) cancers, colorectal cancer 
(CRC) and gastric cancer (GC).

5.2	 �The Biology of IL-18

IL-18 is a pro-inflammatory and immunoregula-
tory cytokine that belongs to the IL-1 superfam-
ily, which also includes IL-1α and β; IL-33; 
IL-36α, β, and γ; IL-1Rα; IL-36Rα; and IL-38 
[3]. IL-18 was discovered in 1989 as “IFN-γ-
inducing factor,” following the observation that it 
induced production of IFN-γ in mouse spleen 
cells following injection with bacterial lipopoly-
saccharide (LPS) [4]. Subsequently, murine 
IL-18 was purified and cloned from liver cells of 
mice treated with Propionibacterium acnes (P. 
acnes) in 1995 [5].

5.2.1	 �IL-18 Is a Beta-Trefoil 
Structured Protein

Cloned murine and human IL-18 cDNA encodes 
proteins consisting of 192 and 193 amino acids, 
respectively, and shares approximately 65% 
sequence homology with each other [5–7]. 
Similar to IL-1β, IL-18 lacks the usual leader 
sequence necessary for secretion from the cell 
membrane at the N-terminus, so it is synthesized 
as a 24-kDa inactive precursor protein (pro-
IL-18), which becomes active following cleavage 
by the IL-1β-converting enzyme, also known as 
caspase-1 [8]. The crystal structure of IL-18 
highlights that it folds into a β-trefoil sheet, simi-
lar to IL-1β, although the surface residues are dis-
similar [6].

5.2.2	 �Multiple Mechanisms of IL-18 
Secretion

Using in vivo murine models, it was shown that 
the intracellular cysteine protease caspase-1 
cleaves pro-IL-18 at an Asp35-Asn36 cleavage 
site, creating a bioactive protein that is secreted 
from the cell [8]. Subsequent experiments dem-
onstrated that caspase-1 was essential for secre-

tion of IL-18, as serum IL-18 was not increased 
in P. acnes-primed caspase-1-deficient mice (cas-
pase-1−/−) following LPS challenge when com-
pared to wild-type control mice (caspase-1+/+) 
[8]. In addition, transgenic mice overexpressing 
human caspase-1 showed elevated serum levels 
of mature IL-18, further suggesting an important 
role for caspase-1  in mature IL-18 production 
[9].

More recently, caspase-1-independent IL-18 
production has been documented [10]. This is 
facilitated by proteinase-3 (PR3), a 29-kDa ser-
ine proteinase, that is able to induce the produc-
tion of mature IL-18 after IFN-γ priming in 
epithelial cells [10]. In combination with a pro-
teinase inhibitor, IFN-γ-primed cells treated with 
PR3 did not produce IL-18, suggesting that the 
extracellular enzymatic activity of PR3 contrib-
utes to pro-IL-18 cleavage [10]. Most impor-
tantly, using a caspase-1-specific inhibitor 
revealed that PR3-induced mature IL-18 produc-
tion was independent of caspase-1 [10].

In addition, Fas signaling which triggers apop-
tosis and induces the production of many pro-
inflammatory cytokines has been shown to lead 
to an increase in IL-18 [11]. P. acnes-primed 
macrophages can secrete mature IL-18 upon 
stimulation with Fas ligand independent of cas-
pase-1 [11]. It has also been shown that Fas sig-
naling activates capase-8  in macrophages and 
dendritic cells and leads to the maturation of 
IL-18 independent of inflammasome-induced 
capase-1 pathway [12].

Finally, upon stimulation with vascular endo-
thelial growth factor (VEGF)-D, IL-18 is secreted 
in GC cell lines and is linked to a metalloprotease 
33 (ADAM33) which has a metalloprotease 
activity [13]. VEGF-D-induced IL-18 secretion 
is inhibited by knocking down ADAM33 expres-
sion, suggesting ADAM33 could be a novel regu-
lator for mature IL-18 secretion [13].

5.2.3	 �IL-18-Producing Cells 
in the Gastrointestinal Tract

Pro-IL-18 is constitutively expressed by numer-
ous cell types within the GI tract, including endo-
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thelial cells, keratinocytes, and intestinal 
epithelial cells [14]. Recent studies have shown 
that IL-22 can induce the expression of pro-
IL-18  in intestinal epithelial cells and in turn 
provides protection against gut bacterial infec-
tions [15]. However, both hemopoietic and epi-
thelial cell-derived mature IL-18 have been 
shown to mediate intestinal inflammation in a 
murine DSS-induced experimental colitis model 
[16]. Interestingly, elevated human IL-18 mRNA 
transcripts were found in both epithelial cells and 
other mucosal cells from patients with Crohn’s 
disease (CD) and ulcerative colitis (UC) [17]. In 
addition, immunohistochemical staining of IL-18 
was increased mainly in epithelial cells from 
severely inflamed UC patients compared to that 
of healthy control patients [17]. On the other 
hand, intense staining of IL-18 was found in both 
the colonic epithelium and inflammatory cells, 
including macrophages and dendritic cells, in the 
lamina propria of CD patients [17]. These results 
suggest that IL-18 may play a different role in 
UC and CD.

5.3	 �IL-18 Signaling

The receptor for IL-18, IL-18R, was first puri-
fied and characterized from a Hodgkin’s disease 
cell line L428 in 1997 [18]. IL-18R forms a het-
erodimer at the cell surface, which contains an α 
chain (IL-18R1) responsible for extracellular 
binding of IL-18 and a nonbinding signal-trans-
ducing β chain (IL-18RAP) [19, 20]. As the 
binding of IL-18 and IL-18R1 is a low-affinity 
interaction, the expression of a co-receptor, 
IL-18RAP, is required for functional IL-18 sig-
naling [18]. Murine IL-18R1 is 65% homolo-
gous to human IL-18R1  in overall amino acid 
sequence [18]. It was previously reported that 
the binary complex of human IL-18/IL18-R1 is 
identical to that of IL-1β and its receptor; how-
ever, X-ray crystallography of the human ter-
tiary complex IL-18/IL18-R1/IL-18RAP 
revealed substantial differences from IL-1β and 
its receptor [6, 21]. For example, the second 
domain (D2) of the two IL-18Rs lacks one 
β-strand, which is conserved among other IL-1-

related receptors and was shown to contribute to 
the inter-receptor interaction [21]. This could 
explain the binding specificity of IL-18 and its 
receptor.

5.3.1	 �Expression of IL-18R 
in the Gastrointestinal Tract

In the GI tract, IL-18R is expressed by multiple 
cell types, including neutrophils, T cells, NK 
cells, macrophages, and endothelial cells [22]. 
IL-18R is also expressed by colonic epithelial 
cells, with genetic ablation of IL-18R protect-
ing mice from DSS-induced experimental coli-
tis [16]. IL-18R is also expressed on the surface 
of T cells isolated from both UC and CD 
patients [23].

5.3.2	 �IL-18 Activates Multiple 
Signaling Pathways

Upon engagement of the IL-18 signaling com-
plex (Fig. 5.1), IL-1R-associated kinase (IRAK) 
is recruited via the adaptor protein, myeloid 
differentiation primary response 88 (MyD88). 
IRAK then dissociates from the receptor com-
plex and interacts with TNF-receptor-associated 
factor (TRAF6), which then relays the signal 
via NF-κB-inducing kinase (NIK) to two I-κB 
kinases (IKK-1 and IKK-2) leading to NF-κB 
activation [22]. The requirement of each com-
ponent for the signaling pathway has been dem-
onstrated using mice deficient in each individual 
molecule. For example, IL-18-induced IFN-γ 
production was abolished in MyD88-deficient 
mice, while IL-18-induced NF-κB and JNK 
activation was blocked in MyD88-deficient Th1 
cells [24]. These findings suggest that MyD88 
is essential for IL-18-mediated signaling and 
function. Most importantly, co-immunoprecipi-
tation revealed an interaction between MyD88 
and IL-18R1 and that this interaction was 
required to induce NF-κB and AP-1 activation 
[24]. Similarly, IL-18-induced IFN-γ produc-
tion was impaired in IRAK-deficient mice in 
response to P. acnes and LPS stimulation [25]. 
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Moreover, IRAK-deficient Th1 and NK cells 
also exhibit defects in IFN-γ production, which 
is induced by IL-18 [25]. Additionally, IL-18-
stimulated mouse lymphoma cells, EL-4, 
showed recruitment of IRAK to IL-18R1 and 
the formation of complex between IRAK and 
TRAF6 [26].

Increasing evidence suggests that IL-18 can 
activate other signaling pathways including 
mitogen-activated protein kinase (MAPK) p38. 
Stimulation of IL-18  in epithelial [27] and hip-
pocampal cell lines [28] showed enhanced phos-
phorylation of MAPKp38 and STAT3. 
Interestingly, IL-18-induced IFN-γ production is 
mainly mediated through MAPK and STAT3 
pathway in NK cells [29].

5.3.3	 �Negative Regulation: IL-18 
Binding Protein

IL-18 binding protein (BP) was discovered from 
human urine as a soluble receptor for IL-18 [30]. 
It was then isolated, characterized, and cloned in 
1999 [30]. IL-18BP is a constitutively expressed 
and secreted protein that is found at high levels in 
the serum of healthy humans [31]. It was found 
that IL-18BP binds IL-18 with an affinity signifi-
cantly higher than that of IL-18R1 [30]. Most 
importantly, IL-18BP blocks IL-18-induced 
IFN-γ production in vitro and in vivo, suggesting 
that IL-18BP is a natural negative regulator of 
IL-18-mediated immune responses [30]. Indeed, 
stimulation of different cell lines with IFN-γ 

Fig. 5.1  Schematic of IL-18 signaling. IL-18 forms a sig-
naling complex by binding to the IL-18R1 which then 
recruits the co-receptor, IL-18RAP, to form a high-affinity 
complex [14]. Upon ligand binding and the formation of 
the heterodimer, the Toll–IL-1-receptor (TIR) domains of 
the receptor trigger the binding of a signaling molecule, 
MyD88 [22]. The death domain of MyD88 interacts and 
phosphorylates IRAK4, which then associates with 

TRAF-6 [22]. This results in the activation of IKK and 
finally NFκB, which translocates to the nucleus and regu-
lates gene expression. Alternatively, TRAF-6 can activate 
ERK and JUN which will translocate to the nucleus and 
regulate gene expression through binding to AP1. The 
IL-18BP is a negative regulator, present in the extracellu-
lar compartment where it binds to mature IL-18 and pre-
vents binding to the IL-18 receptor
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induces the expression of IL-18BP via IFN regu-
latory factor 1 activation [32, 33]. These results 
suggest that the activity of IL-18 is modulated by 
a negative feedback loop which is mediated by 
IFN-γ-induced IL-18BP.

5.4	 �Immunomodulatory Role 
of IL-18 
in the Gastrointestinal Tract

The emergence of a role for IL-18 as an immuno-
regulatory cytokine originated from the observa-
tion that it modulates IFN-γ production from Th1 
and NK cells [34, 35]. Subsequently, other func-
tions of IL-18 in these immune cell types, as well 
as other T cell subsets, have been explored.

5.4.1	 �Synergistic Action of IL-18 
and IL-12 in IFN-γ-Producing 
Th1 Cells

IL-18 itself is not able to induce Th1 differentia-
tion since naïve CD4+ T cells do not express 
IL-18R; however, IL-18 synergizes with IL-12 to 
promote IFN-γ production in murine T cells 
in vitro [35]. This was then confirmed in IL-18-
deficient (Il18−/−) mice which exhibited reduced 
IFN-γ production by Th1 cells [34]. Furthermore, 
IL-18- and IL-12-double-deficient (Il12−/−;Il18−/−) 
mice showed a severely defective Th1 response 
when compared to the single cytokine-deficient 
mice [34]. This synergistic effect is mediated by 
the induction of IL-18R on the surface of Th1, 
but not Th2, cells by IL-12 [36, 37]. Moreover, it 
is believed that IFN-γ production by IL-18 and 
IL-12 is mediated at the transcriptional level [38]. 
IL-12-dependent IFN-γ activation requires both 
AP-1 and STAT4 binding sites in the IFN-γ pro-
moter, while IL-18 activates the IFN-γ promoter 
through AP-1 and NFκB binding sites [22, 38].

Similarly, human T cells also require both 
IL-18 and IL-12 for optimal production of IFN-γ 
[39]. Additionally, IL-12 can induce IL-18R 
expression in human CD4+ T cells and triggers 
dose-dependent production of IFN-γ following 
IL-18 stimulation [39].

5.4.2	 �IL-18 Upregulates NK Cell 
Cytotoxic Activity

IL-18 enhances NK cell cytotoxic activity 
in  vitro, and this activity is further augmented 
when co-stimulated with IL-12 [39]. Although 
Il18−/− mice have similar numbers of NK cells 
compared to wild-type mice, Il18−/− mice showed 
reduced NK cell activity, and Il12−/−;Il18−/− mice 
showed a marked reduction in NK cell activity 
[39]. This observation suggested that the cooper-
ative action of both IL-12 and IL-18 is essential 
for cytolytic function of NK cells. However, 
unlike the IFN-γ production activity, IL-18 can 
facilitate NK cell activity in the absence of IL-12, 
demonstrated by the lack of change in NK cell 
activity following IL-18 stimulation in IL-12-
deficient mice [40]. This can be explained by the 
expression of both IL-18R and IL-12R on NK 
cells [40]. Consistent with murine IL-18, human 
IL-18 can also induce the cytotoxic activity of 
NK cells [41]. Instead of IL-12, IL-18 synergizes 
with IL-2 to enhance the IFN-γ-production, cyto-
toxic activity, and expansion of NK cells in 
human blood [41]. Interestingly, IL-2 receptor 
was not expressed on NK cells, but its expression 
was substantially upregulated when isolated 
human NK cells were cultured with both IL-18 
and IL-2 [42].

5.4.3	 �Effect of IL-18 on Other 
Immune Cell Populations

The role for IL-18  in the behavior of CD8+ T 
cells is controversial. Several studies have shown 
that IL-18 and IL-12 mediated cytotoxic activity, 
including IFN-γ and granzyme production, of 
CD8+ T cells using murine spleen cell cultures 
[43]. Moreover, proliferation of CD8+ T cells 
was impaired in Il18−/− mice, and blocking IL-18 
signaling in wild-type CD8+ T cells showed 
reduced live cells, suggesting that IL-18 pro-
motes survival of CD8+ T cells [44]. Flow cytom-
etry analysis demonstrated the upregulation of 
IL-18RAP on anti-CD3-activated CD8+ T cells 
when compared to naïve CD8+ T cells [44]. 
However, in  vivo studies showed that CD8+ T 
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cell numbers were not affected in IL-18R-
deficient (Il18r−/−) mice following infection with 
the parasite Trypanosoma cruzi [45].

It has also been reported that there is an 
increase in frequency of Th17 cells in the lamina 
propria of Il18−/− and Il18r−/− mice, suggesting 
that IL-18 limits Rorγt+ Th17 cell differentiation 
[46]. Moreover, IL-18 is not required for Foxp3+ 
Treg cell differentiation but promotes optimal 
Treg cell function by enhancing the expression of 
key effector molecules, including Furin, Bcl11b, 
Tnfrsf4, and Stat3 in the colonic lamina propria 
[46]. These molecules have been shown to play a 
crucial role in suppressing T cell-mediated colitis 
by Treg cells [46]. However, a recent study sug-
gested that NLRP1/IL-18 signaling regulates the 
gut microbiome rather than immune response in 
a mouse colitis model [47].

5.5	 �The Role of IL18 
in the Gastrointestinal 
Microenvironment: 
From Homeostasis 
to Tumorigenesis

5.5.1	 �Microbial Colonization

In order to maintain a homeostatic state in the 
gut, several mechanisms are required to limit the 
interaction with microbiota in the lumen. These 
mechanisms include a physical barrier provided 
by epithelial cells, the production of antimicro-
bial proteins, and a mucus layer produced by 
goblet cells. The gut microbiota has been shown 
to induce activation of the inflammasome, as 
germ-free mice showed abolished caspase-1 
cleavage and a subsequent reduction in IL-18 
production [48]. Interestingly, at steady state, the 
colonic tissue from Il18−/− mice showed reduced 
expression of antimicrobial peptides (AMPs), in 
particular angiogenin-4 (Ang4), when compared 
to WT mice [48]. These results suggest that IL-18 
helps maintain gut homeostasis through induc-
tion of AMPs. Moreover, it has also been shown 
that IL-18-mediated AMP production is down-
stream of the NLRP6 inflammasome, rather than 
the NLRP3 inflammasome [48]. Most impor-

tantly, specific metabolites from the microbiome 
activate an NLRP6-IL-18-AMP axis which, in 
turn, optimize commensal colonization and per-
sistence [49]. Nlrp6-deficient mice had concomi-
tant dysbiosis, characterized by an expansion of 
bacterial phyla Bacteroidetes and TM7 [48]. 
Interestingly, nlrp1-deficient mice (nlrp1−/−) are 
less susceptible to a murine model of acute coli-
tis, although these mice have no difference in 
immune cell infiltration, in particular Th1 and 
Th17, in the colon when compared to their con-
trol [47]. Instead, nlrp1−/−-deficient mice have 
increased butyrate-producing Clostridiales in the 
gut, suggesting that the NLRP1/IL-18 axis pro-
motes IBD through limiting butyrate-producing 
microbiome [47]. Taken together, these results 
suggest that IL-18 is a crucial regulator of muco-
sal homeostasis.

5.5.2	 �Inflammatory Bowel Disease

Colitis is one of the predisposing factors for 
tumorigenesis. IL-18 is highly expressed in both 
the colonic epithelium and immune cells within 
the lamina propria of inflammatory bowel dis-
ease (IBD) patients [17], suggesting that IL-18 
could play a role in contributing to the pathogen-
esis of these diseases. CD is an IBD associated 
with a Th1 cytokine profile and accumulation of 
IL-12 [50]. One animal model of CD is induced 
by 2,4,6-trinitrobenzene sulfonic acid (TNBS), 
which disrupts the mucosal epithelial barrier and 
modifies cell surface proteins [51]. In this model, 
administration of a neutralizing antibody against 
IL-18 resulted in less weight-loss and decreased 
histological scores and inflammation compared 
to control mice [51]. Similarly, TNBS immuniza-
tion in Il18−/− mice showed a reduction in colonic 
thickening and immune cell infiltration in the 
colon when compared to Il18+/+ mice [51].

In contrast to CD, UC is an IBD associated 
with a Th2 cytokine profile. A commonly used 
murine UC model is induced by dextran sulfate 
sodium (DSS), which damages the epithelial bar-
rier defenses against luminal bacterial products. 
In this model, administration of DSS to wild-type 
mice together with a neutralizing antibody 
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against IL-18 [52], and the negative regulator, 
IL-18BP [53], showed reduced disease severity 
including decreased weight-loss, clinical scores, 
rectal bleeding, and inflammation when com-
pared to controls [52, 53]. These results suggest 
that IL-18 causes detrimental effects in this 
model.

As mentioned previously, mature IL-18 pro-
duction requires caspase-1; therefore, studies 
have also investigated in the role of caspase-1 in 
IBD using caspase-1-deficient (caspase1−/−) 
mice. In one study, it was shown that cas-
pase1−/− mice are protected from DSS-induced 
colitis, which is consistent with DSS mice 
treated with an antibody blocking IL-18 signal-
ing [52, 54]. However, conflicting results have 
been reported whereby caspase1−/− mice had 
increased disease in the DSS-induced colitis 
model [55]. The disparity in these results may 
be attributed to differences in the intestinal 
microflora between animal facilities. In cas-
pase1−/− mice, IL-18 was barely detected in 
serum, suggesting that the caspase-1 protective 
effect is due to IL-18 production [55]. To con-
firm this, recombinant IL-18 was administered 
to caspase1−/− mice, which reversed the pheno-
type, suggesting that the caspase-1/IL-18 axis 
is protective [55]. Furthermore, inflammasomes 
such as NLRP3 [56] and NLRP6 [57], which 
are required for mature IL-18 production, also 
showed worsening of disease following DSS 
treatment. Similarly, Il18−/− and Il18r−/− mice 
developed severe colitis associated with high 
lethality and increased histopathological abnor-
malities compared with control mice [58], sug-
gesting that IL-18 is required for gut barrier 
protection.

In order to resolve the conflicting role of 
IL-18 in DSS-induced colitis, IL-18- and IL-18R-
deficient tissue-specific mice were developed to 
delineate the involvement of IL-18  in epithelial 
and hematopoietic cells [16]. Mice with deletion 
of IL-18R in epithelial cells showed protection 
against DSS-induced colitis, suggesting that 
IL-18 signaling may disrupt the epithelial cell 
barrier [16]. Most importantly, mice deficient for 
IL-18BP showed severe colitis and progressive 
loss of mature goblet cells, which could be 

reversed by deleting the epithelial IL-18R in 
these mice [16]. It was also shown that IL-18 
could disrupt the maturation of goblet cells 
through transcriptional regulation of goblet cell 
differentiation factors [16]. These results suggest 
that IL-18 is the key regulator for goblet cell dys-
function, which may be a key pathological event 
in human UC [59].

5.5.3	 �Anti-tumorigenic Role 
for IL-18 in Colon Cancer

Humans heterozygous for the IL-18 A607C poly-
morphism exhibit increased risk of CRC devel-
opment [60]. Since IL-18 has a strong 
immunoregulatory role associated with the pro-
duction of IFN-γ by Th1 cells and enhances the 
cytolytic activity of CD8+ cells and NK cells, it 
has been suggested that IL-18 may play an impor-
tant role in anti-tumor immunity (Fig. 5.2).

The role of IL-18  in CRC has mainly been 
explored using the azoxymethane (AOM) DSS 
model, in which cyclic administration of DSS in 
the drinking water following the administration 
of AOM results in the formation of colonic 
tumors [61]. DSS-induced damage of epithelial 
cells leads to the activation of inflammasome-
induced inflammation through NLRP3, NLRP6, 
caspase-1, and IL-18 [56]. In this model, Il18−/− 
mice showed increased tumor number and bur-
den, which was associated with severe colitis 
histopathology compared with wild-type mice 
[56]. The increase in tumorigenesis was attrib-
uted to the lack of IFN-γ production in this 
model. In addition, mice deficient in Nlrp3, 
Nlrp6, and caspase-1 also developed more 
tumors and had defective IL-18 production, sug-
gesting that the inflammasome provides protec-
tion against tumor formation via IL-18 [56]. 
Similarly, myeloid cell-restricted Card9-deficient 
mice have been used to demonstrate the crucial 
role of inflammation-induced IL-18 production 
by myeloid cells in colon cancer development 
[62]. In this model, the commensal gut fungi rec-
ognition signaling pathway, the caspase recruit-
ment domain 9/spleen tyrosine kinase 
(Card9-Syk) axis, was abrogated.
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Approximately 40% of CRC patients progress 
to fatal metastasis (80% being confined to the 
liver); therefore, the role of the inflammasome 
and IL-18  in CRC metastasis has also recently 
been explored [63]. In order to mimic liver metas-
tasis in CRC, a mouse model of intrasplenic 
injection of transplantable tumor cells derived 
from a murine primary colon carcinoma 
(MC38) is often used. In this model, mice defi-
cient in Nlrp3 showed reduced IL-18 production 
and increased liver metastasis [63]. Moreover, 
Il18−/− and Il18r−/− mice also developed an 
increase in liver metastasis. This was attributed to 
IL-18-mediated immune surveillance being inde-
pendent to T and B cells but dependent on hepatic 
NK cell maturation and priming Fas-mediated 

cytotoxicity [63]. In line with this, treatment of 
NK cells with recombinant IL-18 enhances NK 
cell-mediated death and eliminates tumor cells in 
a co-culture system [64]. More recently, IL-18 
has been shown to promote the anti-tumor prop-
erties of eosinophils against colon cell lines by 
enhancing cell-cell contact between the two cell 
types [65].

5.5.4	 �Pro-tumorigenic Role for IL-18 
in Gastric Cancer

The expression of IL-18 is elevated in the sera of 
patients with GC and CRC [66, 67]. IL-18 is also 
expressed in both GC and CRC biopsies, but in 

Fig. 5.2  Schematic of IL-18 signaling in GI tract tumori-
genesis. In both colon and gastric cancers, IL-18 is mainly 
produced by epithelial cells. (Left) In colon cancer, IL-18 
has an anti-tumorigenic role through cooperation with 
IL-12 resulting in IFN-γ production by Th1 cells and NK 
cells. Moreover, IL-18 acts on intestinal epithelial cells to 

trigger the release of antimicrobial peptides (AMPs) regu-
lating the microbiota and maintaining gut barrier homeo-
stasis [48]. (Right) In contrast, IL-18 has a pro-tumorigenic 
role in gastric cancer, which includes activation of the 
inflammasome [69]. However, the role of microbes/IL-18/
inflammasome in gastric cancer has not yet been explored

K. Y. Fung et al.



67

CRC its expression does not correlate with sur-
vival [68]. However, in contrast to CRC, a num-
ber of studies examining IL-18  in GC have 
suggested a pro-tumorigenic role for this cytokine 
[69, 70] (Fig.  5.2). Initial studies demonstrated 
that administration of recombinant IL-18 
increased cell proliferation in four GC cell lines 
(MKN28, MKN45, NUGC3, and KATOIII) 
through the activation of NF-κB [70]. This was 
consistent with observations made in xenograft 
experiments, where transplantation of GC cell 
lines into immunocompromised mice followed 
by administration of IL-18 resulted in a reduction 
in survival compared to control mice [70].

More recently, in addition to IL-18, compo-
nents of the inflammasome upstream have also 
been demonstrated to have a pro-tumorigenic 
role in murine models of GC. Using the Gp130F/F 
model of GC, where mice develop spontaneous 
gastric adenomas from 4  weeks of age, it has 
been shown that mice deficient in IL-18 (Gp130F/

F:Il18−/−) had reduced tumor burden, which was 
also observed in Asc-deficient mice (Gp130F/

F:Asc−/−), signifying an important role of inflam-
masome activation in tumor formation in this 
model [69]. The reduction in tumor burden was 
found to not be due to a change in cell prolifera-
tion, as previous studies have suggested, but 
rather was a result of increased apoptosis of 
tumor cells due to increased expression of cas-
pase 8, as well as a reduction in NF-κB activation 
[69]. However, unlike previous findings in vitro 
that demonstrated a role for immune cell 
responses in the tumor, no significant differences 
were found in immune subsets between Gp130F/F 
and Gp130F/F:Asc−/− mice, suggesting a dispens-
able role for inflammation in this model [69]. 
While these studies demonstrate an apparent pro-
tumorigenic role for IL-18 in GC, it remains to be 
seen whether the same inflammasomes that are 
activated in CRC, such as NLRP3 and NLRP6, 
also have a role in GC.

IL-18 has also been implicated in metastasis 
in GC. In vitro and xenograft experiments have 
shown that IL-18 induces the expression of 
CD44, COX2, and VEGF, which were involved 
in metastasis of GC cell xenografts and angio-
genesis [67]. Additionally, neutralization of 
IL-18  in these models through siRNA knock-

down or administration of IL-18BP was found to 
significantly reduce tumor burden while promot-
ing expression of CD70, which has been sug-
gested to increase susceptibility of cancer cells to 
NK cell-mediated anti-tumor responses [67].

5.6	 �Therapeutic Activation or 
Inhibit IL-18 Signaling

Several studies have suggested that recombinant 
IL-18 may be a useful therapeutic modality for 
cancer. This stems from the observation that 
recombinant IL-18 administration to mice before 
or after inoculation of CL8-1, a mouse melanoma 
cell line, showed decreased tumor development 
associated with elevated serum IFN-γ levels [71]. 
A similar observation was obtained in mice inoc-
ulated with the Meth A sarcoma cell line, where 
all mice administered recombinant IL-18 sur-
vived 3  weeks longer than controls [72]. The 
anti-tumor effect in this model was abrogated 
when treating mice with a neutralizing antibody 
against NK cells, suggesting that IL-18 induced 
NK cell anti-tumor activity [72]. Other more 
recent studies have shown that IL-18 promoted 
the expansion of NK cells from lung cancer 
patients and enhanced the anti-tumor phenotype 
of NK cells [41]. In line with our understanding 
of the role of capase-1  in CRC, caspase-1 mice 
that received recombinant IL-18  in the AOM/
DSS model showed mild disease with signifi-
cantly less weight loss and less inflammation, 
ulceration, and hyperplasia on histological colon 
sections [56]. The combined use of IL-18 with a 
low dose of IL-2 showed a synergistic anti-tumor 
effect in mice subcutaneously inoculated with a 
sarcoma cell line, MCA205 [73]. This effect was 
also largely dependent on NK cell-mediated 
IFN-γ production [73]. Moreover, combined 
treatment of IL-18 and IL-12 also demonstrated 
anti-tumor efficacy in MCA205 tumor-bearing 
mice [71]. However, it was found that administra-
tion of both IL-18 and IL-12 resulted in a dose-
dependent systemic inflammatory response in 
mice, with elevated serum levels of IFN-γ and 
other cytokines resulting in acute multiorgan 
pathology, particularly in the liver [74]. More 
recently, the combination of recombinant IL-18 
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and immune checkpoint inhibitors resulted in 
synergistic inhibition tumor growth without 
adverse events in animal models of peritoneal 
dissemination of CT-26 colon carcinoma, which 
was associated with the accumulation of NK cells 
[75].

5.6.1	 �Therapeutics in Clinical 
Development

Currently, there are a number of therapeutic 
agents in clinical trials that target the IL-18 sig-
naling pathway. These include recombinant 
IL-18 (SB-485232) and IL-18BP (Tadekinig 
alfa) and a neutralizing IL-18 monoclonal anti-
body (GSK1070806).

SB-485232 is a recombinant IL-18 protein 
developed by GlaxoSmithKline (GSK), which 
has been trailed in patients with metastatic mela-
noma and non-Hodgkin’s lymphoma [76, 77]. In 
a separate phase II trial, stage IV metastatic mel-
anoma patients were administered single agent 
SB-485232 at doses from 0.01 to 1.0 mg/kg each 
day for five consecutive days, followed by a 
23-day rest period [77]. While the treatment was 
generally well tolerated, complete response was 
not observed in any of the patients, while only 
two patients achieved unconfirmed partial 
responses, suggesting a limited role for single-
agent recombinant IL-18  in this disease. 
Combinatorial therapies involving IL-18 may 
yield more promising results, such as in a phase I 
clinical trial combining SB-485232 with the 
monoclonal antibody rituximab, a standard-of-
care treatment, in patients with non-Hodgkin’s 
lymphoma [76]. In this context, responses were 
observed in approximately 25% of patients, with 
two patients achieving a complete response; 
however, further clinical trials would be required 
to determine proper efficacy of this treatment 
regime [76]. It is important to note that adminis-
tration of recombinant IL-18 has been associated 
with adverse events. These included chills, fever, 
fatigue, and nausea, while more serious adverse 
events included pleural effusion, increased lipase, 
deep vein thrombosis, and pulmonary embolism 
[77]. Other reported complications include deep 

vein thrombosis and abnormal EKG; however, 
this was not attributed to the study drug.

The pharmaceutical company AB2 Bio has 
developed a human recombinant IL-18BP, called 
Tadekinig alfa, and has demonstrated that it was 
safe and well tolerated in phase I/Ib clinical trials 
and a phase II trial, with injection site reactions, 
upper airway infections, and arthralgia the most 
common adverse events reported [78]. And, 
recently, they have conducted a phase III clinical 
trial in patients with single-point mutations in the 
NLRC4 gene. These patients have gain-of-
function mutations and give rise to severe, life-
threatening systemic inflammation associated 
with extremely high levels of IL-18 
(NCT03113760). However, trials in patients with 
IBD or cancer have not been investigated.

Recently, a phase II trial of a neutralizing 
IL-18 monoclonal antibody, GSK1070806, was 
registered for patients with moderate to severe 
CD after a phase I trial demonstrated safety in 
healthy and obese subjects [79]; however, results 
have yet to be reported. Additionally, this thera-
peutic will also be investigated in a phase II trial 
in Behcet’s disease, an inflammatory disease 
affecting the blood vessels, highlighting the 
potential for targeting the IL-18 pathway in other 
inflammatory conditions (NCT03522662).

5.6.2	 �Emerging Opportunities 
to Alter IL18 Signaling

As an alternative to systemic administration of 
recombinant protein, gene transfer technology 
has also been developed. Gene therapy works by 
inserting the gene of interest into a cell aiming to 
increase the amount of a specific gene in a tar-
geted cell/tissue rather than systemically [80]. 
Interestingly, intravenous injection of plasmid 
encoding both IL-18 and IL-12 showed anti-
tumor efficacy with diminished toxicity in mice 
[81]. Moreover, a cancer vaccine that delivered 
IL-18 also showed promising results in eradicat-
ing tumor cells in mice inoculated with murine 
colon cancer cell lines. This was associated with 
increased in CD8 and CD4 T cell infiltration in 
the tumor [82].
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5.7	 �Concluding Remarks

IL-18 is clearly associated with a number of 
physiological functions throughout the GI tract. 
As further studies elucidate the cell-, disease-, 
and context-specific role of IL-18 signaling, the 
evolutionary significance of the divergent role of 
IL-18  in CRC and GC will become more 
apparent.
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Abstract
IL-21 is an immunomodulatory cytokine pro-
duced by natural killer (NK) cells and T cells 
that has pleiotropic roles in immune and non-
immune cells. IL-21 can modulate innate and 
specific immunity activities. It is a potent 
stimulator of T and natural killer cell-mediated 
antitumor immunity but also has pro-
inflammatory functions in many tissues and is 
involved in oncogenesis. It is important to 
understand IL-21 biology in these different 
situations to ensure the maximal benefit of 
therapeutic strategies targeting this cytokine. 
This chapter summarizes IL-21 characteristics 
and signaling, its role in immune system com-
ponents, and its use in cancer 
immunotherapies.
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6.1	 �Introduction

For a long time, cancer was thought to originate 
from a single cell that started to proliferate in an 
uncontrolled manner due to chronic stress or a 
gene mutation. Later, thanks to the progress in 
sequencing methodologies, the notion of tumor 
heteroclonality emerged and could be demon-
strated. Genetic heterogeneity during tumor 
development/progression challenges cancer ther-
apies because it increases the likelihood of drug 
resistance, treatment failure, and relapse. 
Therefore, new therapeutic strategies have been 
investigated in parallel with the unraveling of 
cancer complexity. A tumor is now considered as 
a heterogeneous ecosystem composed of cancer 
cells and other cell types (i.e., cancer-associated 
fibroblasts, endothelial cells, and immune cells). 
These cells are referred to as tumor-infiltrating 
cells and constitute the tumor microenvironment 
(TME). It has been demonstrated that TME cell 
composition directly influences tumor develop-
ment. Among these cells, immune cells infiltrate 
the tumor and establish a permanent cross talk 
with cancer cells. Analysis of the tumor immune 
microenvironment (TIME) revealed that interac-
tions between immune and cancer cells can be 
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resumed in three phases, called the three E’s. In 
the first phase (elimination phase), immune cells 
detect and eliminate tumor cells. In the second 
phase (equilibrium phase), tumor cell lysis and 
death and tumor cell proliferation are equivalent. 
In the third and final phase (escape phase), tumor 
cells escape the immune surveillance, thus lead-
ing to tumor growth and progression. During the 
escape phase, the immune system is no longer 
able to eliminate tumor cells due to the appear-
ance of resistance mechanisms that cooperate to 
thwart the antitumor immunity. It has been shown 
that the escape phase relies on the ability of can-
cer cells to shape and control the immune system. 
For instance, cancer cells express the immune 
checkpoint programmed cell death ligand-1 
(PDL-1), whereas effector T lymphocytes, espe-
cially cytotoxic T lymphocytes (CTL), express its 
receptor programmed cell death protein 1 (PD1). 
Upon binding to its receptor, PDL-1 inhibits CTL 
activity, thus impairing tumor cell lysis. As 
TME’s, particularly TIME, importance became 
clear, new therapeutic concepts were developed, 
tested, and adopted in the clinic for the treatments 
of some cancer types. For instance, tumor-
infiltrating immune cells can be targeted to pro-
mote, stimulate, or restore an effective antitumor 
immune response. The development of antibod-
ies against immune checkpoints, such as PDL-1, 
PD1, and cytotoxic T lymphocyte protein 4 
(CTLA4), brought huge advances in cancer ther-
apies with fantastic results in some cancers (mel-
anoma, lung, kidney, and bladder), when used 
alone or in combination with conventional thera-
pies (chemotherapy, radiotherapy). Besides 
immune checkpoint inhibitors, there are other 
approaches to potentiate the immune system, 
such as using vaccines and cytokines to boost the 
immune antitumor response. For example, inter-
leukin-2 (IL-2) is a key cytokine with pleiotropic 
roles in the immune system, such as supporting T 
cell survival and inducing the proliferation of 
CTL and natural killer (NK) cells. IL-2-based 
therapy has been approved for metastatic renal 
cancer and melanoma [1]. However, IL-2 thera-
peutic potential in cancer therapies has been lim-
ited by its severe side effects (hypotension, heart 
toxicity, vascular leak syndrome, etc.). Another 

limitation is IL-2 ability to amplify and activate 
regulatory T (Treg) cells that promote tumor 
growth through the impairment of CTL func-
tions. The ability of other cytokines to control, 
directly or not, the antitumor immune responses 
is still not well known and remains a major 
research axis. Recent studies highlighted an 
interesting role of IL-21. IL-21 is a member of 
the common gamma chain cytokine family (γc) 
and displays a dual role in tumor development 
that needs to be clarified [2]. Indeed, IL-21 over-
expression in the gut mucosa of patients with 
ulcerative colitis (UC) exacerbates inflammation 
that has a pro-tumoral effect and favors colon 
cancer development. However, IL-21 also has an 
antitumor effect in skin and kidney cancer [3]. 
Many studies have been performed to understand 
IL-21 role and signaling in the microenvironment 
of various tumors. In this chapter, we first sum-
marize IL-21 signaling and roles in the immune 
system, and then we discuss its contribution to 
cancer therapies.

6.2	 �IL-21 Signaling (Fig. 6.1)

IL-21 is an immunomodulatory cytokine with 
pleiotropic actions in many immune and nonim-
mune cell types. In its mature form, IL-21 is a 
protein of 162 amino acids (aa) that form a four-
helix bundle of 14  kDa. Human IL-21 shares 
63% sequence identity with mouse IL-21. IL-21 
binds to the IL-21 receptor (IL-21R), a heterodi-
meric complex composed of the common 
gamma chain (CD132 or γc) and the specific 
IL-21 receptor chain (IL-21Rα or CD360). 
IL-21Rα is a transmembrane glycoprotein of 
75 kDa with six tyrosine residues on the intracy-
toplasmic domain that are essential for IL-21 
signaling. CD132 is a 347-aa-long protein, with 
a molecular weight of 40 kDa. This receptor is 
used also by other cytokines: IL-2, IL-4, IL-7, 
IL-9, and IL-15 [4]. Together, they form the 
common gamma chain family of cytokines [5]. 
IL-21 is produced mainly by CD4+ T cells and 
NK T cells (NKT). IL-21 signals via three dif-
ferent pathways: the Janus kinase-signal trans-
ducers and activator of transcription (JAK-STAT) 
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pathway, the phosphoinositide 3-kinase (PI3K)-
serine/threonine kinase (AKT) pathway, and the 
mitogen-activated protein kinase (MAPK) path-
way. The PI3K-AKT and MAPK signaling path-

ways are implicated in IL-21-dependent effects 
on cell survival and proliferation [6]. Upon 
IL-21 binding, the receptor complex (IL-21Rα 
and CD132) dimerizes allowing the transphos-

Fig. 6.1  IL-21 signaling pathways. IL-21 activates the 
JAK-STAT, PI3K-AKT, and MAPK pathways. STAT3 is 
the main contributor to IL-21 biological effects. STAT1 
also participates in IL-21 signaling and co-regulates 
with STAT3 IL-21 target gene expression. STAT5 role is 

not well understood yet. The PI3K and MAPK path-
ways contribute to the activation of transcription factors 
and cofactors, such as cJun and cFos. The PI3K and 
MAPK pathways contribute to IL-21 proliferative 
effects
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phorylation and activation of JAK1 and JAK3, 
two kinases that are associated with IL-21Rα 
and CD132 intracytoplasmic parts, respectively. 
Then, activated JAKs phosphorylate STAT1, 
STAT3, and, to a lesser extent, STAT5. 
Phosphorylated STAT3 proteins form homodi-
mers that translocate to the nucleus and bind to 
interferon (IFN) γ-activated sequences (GAS) 
and modulate the expression of IL-21-responsive 
genes, such as BCL2 and BAD (two antiapop-
totic genes), activation-induced cytidine deami-
nase (AICDA or AID; a gene encoding the AID 
protein involved in isotypic class switching in B 
cells), IFNG, suppressor of cytokine signaling 3 
and 1 (SOCS3 and SOCS1, two negative regula-
tors of the JAK-STAT pathway via the inhibition 
of JAK kinase activity), and also IL21 [6, 7]. 
IL-21 can also signal through STAT1 and 
STAT5. Although little is known about STAT5’s 
role in IL-21 signaling, it has been shown that 
STAT1 and STAT3 work together to potentiate 
the expression of IL-21 target genes. They also 
have partially opposite roles in signaling path-
way activation and cross-inhibition [7]. 
Specifically, Wan et  al. observed in murine 
models that IL-21-mediated STAT1 phosphory-
lation is increased in STAT3-deficient (Stat3−/−)/
CD4+ T cells, suggesting that STAT3 downregu-
lates STAT1 phosphorylation. They also showed 
that Stat3−/−/CD4+ T cells express lower levels 
of SOCS1 and SOCS3, leading to an increase of 
STAT1 phosphorylation. Specifically, 10% of 
IL-21 target genes are STAT1-dependent, but 
50% of these genes are also co-regulated by 
STAT3. For example, Th1 signature genes (i.e., 
Tbx21 and Ifng) are not induced by IL-21  in 
Stat1−/−/CD4+ T cells but are increased in 
Stat3−/−/CD4+ T cells, suggesting that STAT1 
induces while STAT3 represses their expression. 
Moreover, STAT1 and STAT3 homodimers have 
different binding sites (ChIP-seq analysis): 
STAT1, but not STAT3, binds to the Il21 pro-
moter site, while both STAT1 and STAT3 bind 
to the Tbx21 and Ifng promoters. This explains 
the differential gene regulation observed by the 
authors. IL-21R is expressed by various immune 
cell types, such as T cells, B cells, NK cells, 
NKT cells, dendritic cells, and also nonimmune 

cells (gut epithelial cells). Consequently, IL-21 
may impact their activity and phenotype in the 
TME.

6.3	 �IL-21 in Immunity (Fig. 6.2)

In this part, we discuss IL-21 roles in different 
immune cell types that express IL-21R.

Natural killer cells  Several studies showed that 
IL-21 enhances NK cell effector activities, in dif-
ferent species, through the JAK/STAT and PI3K/
MAPK pathways [8]. In murine models, IL-21 
inhibits NK cell proliferation but also induces 
their activation and maturation as well as the pro-
duction of cytolytic molecules (perforin and 
granzyme), thus strengthening their cytotoxic 
functions [9]. In humans, IL-21 also potentiates 
the cytotoxic activity of NK cells. In vitro experi-
ments showed that culture in the presence of 
IL-21 promotes survival and activation of NK 
cells [10]. Interestingly, like in murine models, 
IL-21 can act in synergy with other cytokines, 
such as IL-15, to potentiate NK cell cytotoxic 
activity, leading to increased expression of perfo-
rin and granzyme and production of IFNγ [10, 
11]. NK cells constitutively express the low-
affinity Fcγ receptor (FcγRIIIa or CD16) that is 
essential for antibody-dependent cellular cyto-
toxicity (ADCC), an important mechanism 
exploited in cancer therapy with antitumor anti-
bodies [12–14]. Roda et  al. showed that the 
ADCC-dependent antitumor effect of NK cells is 
enhanced in the presence of IL-21. Specifically, 
when HER2+ human breast cancer cell lines 
coated with trastuzumab (an anti-HER2/Neu 
monoclonal antibody) are cocultured with human 
NK cells in the presence of IL-21, NK cell pro-
duction of IFNγ, TNFα, and chemokines, such as 
IL-8 and MIP-1α, is increased as well as their 
cytolytic activity. Experiments using Stat1-
deficient mouse NK cells and antibody-coated 
murine tumor cells demonstrated that IFNγ pro-
duction is STAT1-dependent [14]. Other studies 
in human and murine models showed that IL-21 
also modifies the expression of proteins involved 
in NK cell activation or the modulation of their 
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activity. For instance, NKG2A and CD25 are 
increased [9, 10], while NKG2D is decreased 
[10, 15]. These and many other studies demon-
strated the stimulating effect of IL-21 on NK cell 
cytotoxic activity and cytokine production.

B cells  IL-21 has various effects on B cells 
depending on the type of activation (CD40-, B 
cell receptor- or Toll-like receptor-mediated) and 

the cell maturation state. Indeed, IL-21R expres-
sion is different in naive, memory, and plasma 
cells [16, 17]. Diehl et al. showed that in the pres-
ence of IL-21, B cell activation through B cell 
receptor and/or CD40 recruitment enhances their 
proliferation and differentiation into immuno-
globulin (Ig)-producing plasma cells [18, 19]. 
This mechanism is STAT3-dependent [18, 20]. 
Conversely, when activated through the Toll-like 

Fig. 6.2  IL-21 impact on immune cells. IL-21 has a 
broad range of effects on immune cells, leading to antitu-
mor or pro-tumoral effects. IL-21 induces the differentia-
tion of γδ T cells into follicular helper T cells (a) that can 
activate B cells (b) and induce their maturation. IL-21 can 
also act directly on B cells and induces their maturation 
and differentiation into Ig-producing cells when activated 
by B cell receptor (BCR) and/or CD40 stimulation (b) or 
triggers their apoptosis when activated by Toll-like recep-
tor (TLR) recruitment (i). IL-21 induces CD4+ T cell acti-
vation and proliferation (c) and their differentiation into 
follicular helper T cells (Tfh) or Th17 cells. Conversely, 
IL-21 inhibits T regulatory (Treg) cell differentiation and 
functions, thus increasing the antitumor functions of the 
other cells (e.g., cytotoxic T lymphocytes, CTL). IL-21 
also induces M2 to M1 transition in macrophages (d), 
restoring their antitumor functions. IL-21 can enhance 

cytotoxic effects of natural killer (NK) cells(e), CTL γδ T 
cells (f), and CD8+ T cells (g) by increasing perforin and 
granzyme production and cytokine production and pro-
moting antibody-dependent cellular cytotoxicity mecha-
nisms (for NK cells). IL-21 indirectly induces CD8+ T cell 
and NK cell activation through its effect on CTL γδ T 
cells (f). CTL γδ T cell activation promotes dendritic cell 
(DC) maturation, improving the presentation of tumor 
antigens to T cells and the activation of the immune 
response. Conversely, IL-21 also favors the differentiation 
or activity of various regulatory cell types, such as regula-
tory B cells (h) and regulatory γδ T cells (k). Regulatory 
γδ T cells inhibit NK cell and CTL functions and also DC 
maturation and functions. Both regulatory B cells and γδ 
T cells produce IL-10, an immunosuppressive cytokine. 
IL-21 also directly inhibits DC (j) maturation and APC 
functions, thus limiting the immune system activation
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receptor pathway, IL-21 triggers B cell apoptosis 
[19]. Another study demonstrated that IL-21 
affects Ig isotypic class-switch. Indeed, when 
cultured in the presence of both IL-21 and an 
anti-CD40 antibody, naive B cells are activated 
and differentiate into IgG1- and IgG3-producing 
cells through STAT3-dependent induction of AID 
expression [21]. Moreover, on regulatory B cells 
also called B10 cells due to their ability to pro-
duce the immunosuppressive IL-10 cytokine, 
IL-21 increases proliferation and IL-10 produc-
tion [22, 23]. All these studies showed that IL-21 
has pleiotropic effects in B cells, depending on 
the recruited signaling pathway(s) and the B cell 
subset. This must be taken into account when 
developing IL-21-based therapeutics for B cell 
malignancies, as discussed below.

Helper and cytotoxic T cells  IL-21 modulates T 
cell responses in different manners. First, IL-21 
induces survival and proliferation of CD4+ T cell 
by rendering them resistant to Treg-mediated 
suppression. In vitro experiments on CD4+ T cell 
proliferation showed that when cocultured with 
Treg cells, CD3-stimulated CD4+ T cells do not 
proliferate. However, addition of IL-21 restores 
their proliferation [24]. Second, IL-21 produced 
by Th17 cells favors their differentiation through 
an autocrine mechanism [25]. Third, IL-21  in 
synergy with IL-15 induces survival and expan-
sion of naive and memory CD8+ T cells [26]. It 
also enhances the cytotoxic activities of effector 
and memory CD8+ T cells through increased pro-
duction of perforin and IFNγ [27–29]. Finally, 
IL-21 induces T follicular helper cell prolifera-
tion and maturation (i.e., expression of CD40L), 
allowing the maturation of B cells present in ger-
minal centers through CD40 activation.

Regulatory T cells  IL-21 inhibits Treg cell acti-
vation, differentiation, and survival and thus lim-
its their immunoregulatory effects toward effector 
cells [24]. Interestingly, using IL-21R-deficient 
conventional and/or regulatory T cells, Attridge 
et al. showed that functional IL-21R signaling in 
conventional T cells is required to block Treg-
mediated immunosuppression through reduction 

of IL-2 production by T cells. IL-2 is a key acti-
vation and survival factor for Treg cells. By 
decreasing IL-2 secretion by conventional T 
cells, IL-21 indirectly inhibits Treg cell immuno-
suppressive activity [24, 30, 31]. IL-21 also 
inhibits cancer-mediated FOXP3 induction in 
naive human CD4 T cells, thus directly blocking 
their differentiation into regulatory cells [32, 33].

γδ T cells  Vγ9Vδ2 T cells are the main subpop-
ulation of peripheral γδ T cells in human blood. 
They are involved in antitumor responses through 
their capacity to recognize and react against a 
broad range of tumors [34]. Like in B cells, IL-21 
has pleiotropic effects in Vγ9Vδ2 T cells. Several 
studies showed that IL-21, in combination with 
IL-2, induces Vγ9Vδ2 T cell differentiation into 
Tfh-type γδ T cells [35, 36]. Upon TCR-mediated 
activation, a subset of Vγ9Vδ2 T cells cultured in 
the presence of IL-21 expresses CXCR5, the 
receptor of the chemokine CXCL13 that is 
involved in the migration of Tfh and B cells to 
lymph node follicles. They also express ICOS 
and CD40L, and consequently they can activate 
B cells through CD40/CD40L interactions. They 
also produce IL-10 and IL-4, two cytokines 
involved in antibody production by B cells, thus 
enhancing the humoral antitumor response [35, 
36]. IL-21 also directly modulates antitumor 
responses mediated by γδ T cells. Ex vivo TCR-
stimulated Vγ9Vδ2 T cells show Th1-like differ-
entiation with higher expression of lytic granules 
(perforin, granzymes A and B) and increased pro-
duction of IFNγ in the presence of IL-2 and IL-21 
compared with IL-2 alone, suggesting that these 
cells have a more potent antitumor activity [34]. 
Conversely, more recent studies showed that 
IL-21 promotes the development of a regulatory 
subtype of Vγ9Vδ2 T cells that produces inhibi-
tory molecules, such as adenosine and IL-10 
[37]. These regulatory cells express the ectonu-
cleotidase CD73 that is involved in adenosine 
production. The authors also observed that the 
degranulation capacity of CD73+ Vγ9Vδ2 T cells 
was reduced compared with CD73− Vγ9Vδ2 T 
cells, suggesting a reduced cytotoxic activity of 
these cells against tumor cells [37]. Once again, 
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IL-21 signaling in antitumor activities varies 
depending on the activation conditions and the 
considered cell subset.

Dendritic cells  Dendritic Cells (DC) are profes-
sional antigen-presenting cells (APC) involved in 
the initiation of T cell–mediated immune 
responses. As DCs express IL-21R at their sur-
face, they are regulated by IL-21 signaling. When 
cultured in  vitro with IL-21, DC maturation is 
impaired as indicated by the decreased expres-
sion of CCR7, a marker of mature DCs, and of 
MHCII, leading to reduced antigen presentation 
[38]. Furthermore, DCs cultured in the presence 
of IL-21 cannot stimulate CD8+ T cell prolifera-
tion. Thus, IL-21 has a negative role on DC matu-
ration and APC functions.

Altogether, the different IL-21 effects in 
immune cells confirm the pleiotropic role of this 
cytokine and emphasize the difficulty of consid-
ering IL-21 for cancer therapies. Therefore, many 
groups tried to determine in which cancer types 
IL-21-based therapies would be beneficial. These 
studies will be discussed in the next part of this 
chapter.

6.4	 �IL-21 in Cancer and IL-21-
Based Therapies

As discussed before, IL-21 effects in immune 
cells depend on many parameters (e.g., cell type, 
maturation status, activation stimuli). Similarly, 
IL-21 can promote or inhibit tumor development 
in function of the tumor type and stage.

Colorectal cancer (CRC) was one the first 
cancers where IL-21 was shown to be involved 
in cancer initiation. IL-21 is a key player in 
CRC tumorigenesis, by establishing a pro-
inflammatory environment and thus contribut-
ing to the installation of chronic inflammation, a 
driving force in CRC initiation and progression 
[39]. Indeed, CRC risk is higher in patients with 
chronic inflammatory diseases, such as UC and 
Crohn’s disease, due to the maintenance of a 
more or less severe inflammation in the intestine 

[39, 40]. Stolfi et al. showed by immunostaining 
that IL-21 is overexpressed in intestinal tissue 
sections from patients with UC and with 
UC-associated CRC compared with healthy 
controls and that IL-21 overexpression is corre-
lated with increased CD3+ cell infiltration. 
Similarly, IL-21 expression is increased in 
murine models of colitis (wild-type mice treated 
with azoxymethane) and colitis-associated 
colon cancer (CAC; wild-type mice treated with 
azoxymethane and dextran sulfate sodium) 
compared with control non-treated mice. 
Furthermore, comparison of colon tumors and 
paired healthy tissues from CAC mice indicated 
that IL-21 expression is significantly increased 
in tumors, suggesting an important role of 
IL-21  in tumor formation and progression. 
Experiments in Il21−/− mice confirmed this 
hypothesis. Indeed, tumor size and number fol-
lowing azoxymethane and dextran sulfate 
sodium treatment were reduced in Il21−/− mice 
compared with wild-type mice. Additional 
experiments suggested that tumor promotion by 
IL-21 is mainly due to its effect on immune 
cells, because IL-21R is not expressed by tumor 
epithelial cells but by cells in the TME. Moreover, 
IL-21 inhibits the development of Treg cells 
(fewer FOXP3+ CD4+ T cells). This leads to an 
increase of effector T cell activity and of inflam-
matory signals through production of IFNγ and 
IL-17A in the TME, thus sustaining an inflam-
matory TME and promoting tumor initiation 
and progression [39, 40].

On the other hand, murine melanoma, fibro-
sarcoma, and murine mammary adenocarcinoma 
that secrete functional IL-21 are rejected by 90% 
of mice compared with control tumor cells that 
do not produce IL-21 [41]. Tumor rejection is 
associated with a higher production of IFNγ by 
CD8+ T cells and enhanced cytotoxic activity of 
NK and CD8+ T cells (perforin and granzyme 
expression) [41, 42]. Expression of IL-21R by B 
cells is interesting in the context of B cell malig-
nancy therapies. Malignant cells isolated from 
patients with chronic lymphocytic leukemia 
(CLL) express IL-21R, and in vitro experiments 
showed IL-21R upregulation after CD40 stimula-
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tion. IL-21 inhibits CLL B cell proliferation and 
induces their apoptosis through caspase activa-
tion and BID cleavage [43]. Gelebart et al. also 
showed IL-21-induced cancer cell apoptosis in 
mantle cell lymphoma, a B cell lymphoma that is 
resistant to chemotherapies, which gives more 
relevance to IL-21 use in antitumor therapies 
[44]. IL-21 pro-apoptotic activity in B cell malig-
nancies supports its development as a potential 
therapeutic molecule. A clinical trial using 
recombinant IL-21  in combination with ritux-
imab was performed in patients with CLL, small 
lymphocytic lymphoma, follicular lymphoma, 
and marginal zone lymphoma. IL-21 improved 
rituximab efficacy because tumor burden was 
decreased in 84% of patients, and complete and/
or partial response was observed in 42% of 
patients. IL-21 potentiated rituximab effects 
through its positive effect on NK cell activity 
[45].

IL-21 efficacy as an immunotherapeutic cyto-
kine in non-hematologic cancers has been 
assessed in phase I and II clinical trials [46, 47]. 
In metastatic melanoma, 62.5% of patients dis-
played a partial response or stable disease upon 
treatment with IL-21. Response to treatment was 
independent of the tumor mutational status47. In 
metastatic renal cell carcinoma, IL-21 combined 
with sorafenib, a tyrosine kinase inhibitor, 
showed poor response rate (21%) but good dis-
ease control rate (82%) [46]. In this clinical trial, 
the response to IL-21 treatment was dose-
dependent. Nevertheless, therapies based on 
IL-21 need to be improved, particularly concern-
ing the adverse events observed in some patients.

6.5	 �Future Directions

In this chapter, we presented an overview of 
IL-21 role, its signaling, and its effects on tumor 
development and in TME cells. The potential use 
of IL-21 as a therapeutic target in many cancers is 
currently investigated, with variable results 
depending on the tumor type, the used dose, and 
the TME immune contexture. Specifically, in 
CRC, IL-21 promotes the early phase of tumor 
development through its inflammatory proper-

ties. On the other hand, in various solid and 
hematological tumors, IL-21 improves effector T 
cell and NK cell cytotoxic activity.

It is clear now that the choice of the best can-
cer treatment for a patient cannot be based on one 
single indication, for instance, the tumor muta-
tional status, but requires many different analyses 
to capture the tumor complexity, interactivity, 
and dynamics. This might allow predicting which 
therapy could be more effective for a patient and 
could limit the adverse effects. This is called per-
sonalized medicine, a method that uses different 
prediction, prevention, and diagnosis approaches 
to find the best way to treat patients, depending 
on the information given by a combination of 
analyses.
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Abstract
Suppression of tumorigenicity 2 (ST2), also 
known as interleukin-1 receptor-like 1 
(IL1RL1), is one of the natural receptors of 
IL-33. Three major isoforms, ST2L (transmem-
brane form), sST2 (soluble form), and ST2V, 
are generated by alternative splicing. Damage to 
stromal cells induces necrosis and release of 
IL-33, which binds to heterodimeric ST2L/
IL-1RAcP complex on the membrane of a vari-
ety of immune cells. This IL-33/ST2L signal 

induces transcription of the downstream inflam-
matory and anti-inflammatory genes by activat-
ing diverse intracellular kinases and factors to 
mount an adequate immune response, even in 
tumor microenvironment. For example, activa-
tion of IL-33/ST2L signal may trigger Th2-
dependent M2 macrophage polarization to 
facilitate tumor progression. Notably, sST2 is a 
soluble form of ST2 that lacks a transmembrane 
domain but preserves an extracellular domain 
similar to ST2L, which acts as a “decoy” recep-
tor for IL-33. sST2 has been shown to involve in 
the inflammatory tumor microenvironment and 
the progression of colorectal cancer, non-small 
cell lung cancer, and gastric cancer. Therefore, 
targeting the IL-33/ST2 axis becomes a promis-
ing new immunotherapy for treatment of many 
cancers. This chapter reviews the recent find-
ings on IL-33/ST2L signaling in tumor micro-
environment, the trafficking mode of sST2, and 
the pharmacological strategies to target IL-33/
ST2 axis for cancer treatment.
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Abbreviations

IL-33	 Interleukin-33
NF-kB	 Nuclear factor kappa-B
NSCLC	 Non-small cell lung cancer
sST2	 Soluble ST2
ST2	 Suppression of tumorigenicity 2/

interleukin-1 receptor-like 1
ST2L	 Transmembrane form of ST2
TAM	 Tumor-associated macrophages
TLRs	 Toll-like receptors
TME	 Tumor microenvironment
Treg	 Regulatory T cells

7.1	 �Introduction

7.1.1	 �Gene Structure and Variants 
of Suppression 
of Tumorigenicity 2 (ST2) 
Gene

7.1.1.1	 �Mouse ST2 Gene
Suppression of tumorigenicity 2 (ST2) protein is 
a member of the interleukin-1 receptor-like 1 
(IL1RL1) family. The ST2 gene (Mus musculus) 
is located at chromosome 1 B|1 19.19 cM and has 
three transcript variants [41]. The variant 1 is the 
longest transcript and encodes the longer isoform 
representing the transmembrane form of ST2 
(ST2L). The variant 1 coding region (1704  nt) 
encodes a polypeptide that is 567 aa in length. 
The variant 2 is the soluble form of ST2 (sST2) 
which has a distinct C-terminus and is shorter 
than the variant 1. The variant 2 coding region 
(1014 nt) encodes a polypeptide that is 337 aa in 
length. The variant 2 lacks several exons, and its 
3′ terminal exon extends past a splice site used in 
variant 1, which results in a novel 3′ coding 
region and 3′ UTR compared to variant 1 [41]. 
The variant 3 contains an alternate 5′ terminal 
exon, and its 3′ terminal exon extends past a 
splice site that is used in variant 1. The coding 
region of the variant 3 gene is the same as variant 
2. Therefore, variants 2 and 3 encode the same 
isoform (Fig. 7.1a).

7.1.1.2	 �Human ST2 Gene
The ST2 gene (Homo sapiens) is located at chro-
mosome 2q12.1 which contains three transcript 
variants [30]. The variant 1 is the longest tran-
script and encodes the longer isoform represent-
ing the transmembrane form of ST2, ST2L. The 
variant 1 coding region (1671 nt) encodes a poly-
peptide that is 556 aa in length. The coding region 
(987 nt) of the variant 2 encodes a polypeptide 
that is 328 aa in length. The variant 2 possesses a 
distinct C-terminus. The variant 2 has an alter-
nate 5′ UTR exon and lacks several 3′ terminal 
exons, and its transcription extends past a splice 
site that is used in variant 1, resulting in a novel 
3′ coding region and 3′ UTR. The variant 3 has 
multiple distinct 5′ and 3′ UTRs, leading to trans-
lation initiation at a downstream start codon and 
translation termination at a different stop codon. 
As a result, the variant 3 has a shorter N-terminus 
and a shorter and distinct C-terminus. The variant 
3 coding region (636 nt) encodes a polypeptide 
that is 211 aa in length, making it the shortest 
one. The variants 2 and 3 with overlapping cod-
ing region both produce the soluble form of ST2, 
sST2 (Fig. 7.1b).

In humans, there is an additional variant 
named ST2V which is produced by alternative 
splicing [45]. ST2V is characterized by the 
absence of an immunoglobulin-like motif and 
alternative splicing of the C-terminal portion of 
ST2 inserting a new exon [31]. The only differ-
ence in the nucleotide sequences between the 
new clone ST2V and the original human ST2 
clone is the presence of 170  bp in the ST2V 
cDNA that was inserted at the end of the ST2 
cDNA.  Schematic representation of the struc-
ture of ST2 and ST2V protein and the shaded 
area indicates the distinct tail of the ST2V 
(Fig. 7.1c).

Interestingly, in the course of cloning the ST2 
and ST2L cDNAs, Iwahana and associates 
identified a novel chicken variant cDNA named 
ST2LV, which lacked the transmembrane domain 
of ST2L.  The chicken ST2 gene products have 
signal peptides at the N-terminal ends but lack 
the hydrophobic region corresponding to the 
transmembrane domain. As a result, ST2LV is a 
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new secreted soluble and N-glycosylated variant 
of the ST2 gene product [15].

7.1.2	 �Transmembrane ST2L 
Signaling in Tumor 
Microenvironment

7.1.2.1	 �ST2L Ligand: Interleukin-33 
(IL-33)

ST2L is a membrane-bound receptor, and interleu-
kin 33 (IL-33) is the functional ligand for 
ST2L.  IL-33 is a member of the IL-1 family of 
cytokines that is expressed in multiple organs and 
cell types in humans and mice [18, 24]. IL-33 is 
predominantly a pro-inflammatory cytokine and is 
induced in response to various stimuli in epithelial 
cells, myofibroblasts, adipocytes, endothelial 

cells, smooth muscle cells, and macrophages [12, 
23]. IL-33 is a 30-kDa protein that has a dual role; 
it functions as a transcription factor and a cyto-
kine. Its N-terminus contains a nuclear localiza-
tion signal, a DNA-binding homeodomain-like 
helix-turn-helix motif, and a chromatin binding 
domain, while the C-terminus contains an IL-1-
like cytokine domain [26]. IL-33 is quickly 
released from the nucleus of necrotic cells and 
secreted into extracellular space in response to cel-
lular damage, tissue injury, or viral infection. It 
can bind to the membrane-bound ST2L receptor 
through its cytokine domain and trigger the down-
stream IL-33/ST2L signaling [4, 44]. On the other 
hand, sST2 negatively regulates IL-33/ST2 signal-
ing by acting as a decoy receptor and sequestering 
IL-33 to block its interaction with ST2L [13], 
which is described in detail in the next section.

Fig. 7.1  The ST2 gene map of three transcript variants. 
(a) The ST2 gene (Mus musculus) contains three tran-
script variants. The variant 1 represents the transmem-
brane form of the ST2 gene and encodes the longer 
isoform known as ST2L. The variants 2 and 3 encode the 
soluble form of ST2 protein also named sST2. (b) The 
ST2 gene (Homo sapiens) contains three transcript vari-
ants. The variant 1 encodes the longer isoform with the 
transmembrane domain known as ST2L. The variants 2 

and 3 encode the soluble form of ST2 protein also named 
sST2. The left of the figure is the N-terminal, the right is 
the C-terminal, and the vertical bars represent the exons. 
The figures are adapted and modified from NCBI. (c) 
Schematic representation of the structure of ST2 and 
ST2V protein. The shaded area indicates the distinct tail 
of the ST2V. (The figures are adapted and modified from 
Tominaga et al. [31])
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7.1.2.2	 �IL-33/ST2L Signaling 
in Promoting an Adequate 
Immune Response

IL-33/ST2L signaling often leads to an inflam-
matory gene transcription and ultimately to the 
production of inflammatory cytokines/chemo-
kines and an adequate immune response [24]. 
Damage to stromal cells induces necrosis and 
release of full-length IL-33 (active IL-33) which 
activates the heterodimeric ST2L/IL-1RAcP 
complex on the membrane of a variety of immune 
cells. Upon activation of the ST2L/IL-1RAcP 
complex, signaling through the Toll-IL-1 recep-
tor (TIR) domain of IL-1RAcP is induced. By 
activating diverse intracellular kinases and fac-
tors, including MyD88, IRAK-1, IRAK-4, and 
TRAF-6, IL-33/ST2L induces transcription of 
the downstream genes via NF-kB, p-38, JNK, 
and ERK [9]. This leads to an inflammatory gene 
transcription and ultimately to the production of 
inflammatory cytokines/chemokines and mount-

ing of an adequate immune response. Notably, 
the IL-33/ST2L signaling and immune response 
can be neutralized by sST2, which acts as a 
“decoy” receptor for IL-33 (Fig. 7.2).

7.1.2.3	 �IL-33/ST2L Signaling 
in Promoting M2 Macrophage 
Polarization

Naive monocytes can differentiate into M1 and 
M2 macrophages in response to various stimuli 
[39]. Generally, tumor-associated macrophages 
(TAMs) acquire an M2-polarized phenotype, 
promote angiogenesis and metastasis, and sup-
press adaptive immunity through production of 
cytokines, chemokines, growth factors, and 
matrix metalloproteases [7, 19]. IL-33 has been 
proposed to promote M2 but not M1 macrophage 
polarization through inducing Th2 responses [14, 
29, 40]. IL-33 enhances the production of both 
pro- and anti-inflammatory cytokines in ST2L-
expressing inflammatory cells, including Th2 

Fig. 7.2  Interleukin-33/ST2L signaling. Damage to 
stromal cells can induce necrosis and release of full-
length IL-33 (active IL-33) which activates the het-
erodimeric ST2L/IL-1RAcP complex on a variety of 
immune cells or can be neutralized by sST2, which acts 
as a “decoy” receptor for IL-33. Activation of the 
ST2L/IL-1RAcP complex leads to the induction of 

Toll-IL-1 receptor domain (TIR) signaling which in 
turn activates several intracellular kinases and factors 
resulting in inflammatory gene transcription and subse-
quently the production of inflammatory cytokines/che-
mokines and mounting of an adequate immune 
response. (The figure is adapted and modified from 
Miller (2011) [48])
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lymphocytes and mast cells, primarily via NF-kB 
signaling [5, 21]. Evidences have shown that 
IL-33 can promote the shift of M1 macrophages 
to M2 lineage or amplify the development of M2 
macrophages which play a part in type 2 immune 
response during tissue wound healing and airway 
inflammation [3, 17]. Furthermore, most data 
available indicate that macrophages can respond 
to IL-33 by upregulating the expression of IL-13 
and arginase, creating an autocrine M2 polariza-
tion loop and increasing Th2 polarization, which 
ultimately leads to an anti-inflammatory response 
[27, 42] (Fig. 7.3a).

While the direct interaction of IL-33 and 
ST2L on macrophages in promoting M2 macro-
phage polarization in tumor microenvironment 
(TME) remains to be explored, we have learned 
from studies on the central nervous system that 
IL-33 is released rapidly after injury by cells of 
the central nervous system and contributes to the 
activation of immune responses in lesion areas 
[10]. IL-33 promotes microglia ST2 expression, 
which suppresses neuronal damage by promoting 
anti-inflammatory cytokine IL-10 expression 
after inducing microglial polarization toward the 
M2 phenotype, which is a beneficial macrophage 
to protect neuronal cell death [43]. Notably, 
downregulation of ST2 by interference RNA pro-
motes M1 microglia polarization even in the 
presence of high level of IL-33, suggesting that 
ST2 expression is required for IL-33-induced M2 
microglia polarization [43].

Based on these reports, the IL-33/ST2L sig-
naling and the Th2-related cytokine expression 
may cooperatively induce macrophage M2 polar-
ization. Therefore, IL-33 can enhance and acti-
vate the Th2 cell differentiation and further 
increase the expression of Th2-associated cyto-
kines such as IL-4, IL-10, and IL-13, subse-
quently triggering the macrophage M2 
polarization in TME. It remains unclear whether 
IL-33 activates polarization of M2 macrophages 
by directly binding to the membrane-attached 
heterodimeric ST2L/IL-1RAcP complex  [28], 
and the mechanism needs to be elucidated 
(Fig. 7.3a).

7.1.3	 �Role of Soluble sST2 and Its 
Downstream Effectors 
in Cancer Cells

7.1.3.1	 �Trafficking and Secretion Mode 
of sST2 in Cancer Cells

sST2 is a soluble form of ST2 that is secreted as 
a glycosylated protein. It lacks the transmem-
brane domain but contains an extracellular 
domain similar to ST2L and an additional nine 
amino acids at the C-terminal tail [18]. Although 
sST2 has long been known as a secreted protein, 
its trafficking mode has never been defined.

Our previous study has shown that Rab37 
mediates intracellular vesicle trafficking from 
trans-Golgi network to plasma membrane [32]. 
Rab37 belongs to the Ras superfamily of small 
GTPases which have been recognized as crucial 
regulators of membrane trafficking including 
endocytosis and exocytosis [46, 47]. Rabs func-
tion as small GTPases that switch between active 
(GTP-bound form) and inactive (GDP-bound 
form) to turn on and off distinct trafficking pro-
cess. Rab37 mediates the secretion of several 
antitumor cargoes in a GTP-dependent manner to 
inhibit tumor progression. We found that Rab37 
regulates the exocytosis of tissue inhibitor of 
metalloproteinase 1 (TIMP1), which inhibits the 
activity of MMP9, to suppress migration, inva-
sion, and metastasis of lung cancer cells [32]. 
Moreover, thrombospondin-1 (TSP1), which 
inhibits angiogenesis of stromal endothelial cells 
in the tumor microenvironment, is also identified 
as a cargo protein of Rab37-mediated exocytosis 
[33]. In addition, we found that Rab37-mediated 
secreted frizzled-related protein 1 (SFRP1) sup-
presses cancer stemness properties. Low Rab37, 
low SFRP1, and high Oct4 stemness protein 
expression can predict poor prognosis in lung 
cancer patients [6]. However, the role of Rab37 in 
immune cells still remains unclear, and a limited 
number of studies investigated the effect of 
Rab37 in the tumor microenvironment. Thus, it is 
important to explore more Rab37-regulated 
trafficking mechanism in immune cells that affect 
tumor progression.
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We have shown that Rab37 mediates the cross-
talk between cancer cells and their surrounding 
immune cells such as macrophages via exocytosis 
of sST2 [34]. To investigate whether Rab37 regu-
lates macrophage infiltration and polarization 
through exocytosis of cargo protein secretion to 
educate macrophages, we collected conditioned 
media (CM) from Rab37-manipulated non-small 
cell lung cancer (NSCLC) cells and added the CM 
to the culture media of macrophages. Interestingly, 
CM from Rab37-WT NSCLC cells suppressed 
M2-specific gene expression including arginase, 

Fizz1, and IL-10 in macrophages, while CM 
derived from Rab37-knockdown NSCLC cells 
skewed macrophage polarization toward M2 phe-
notypes. To identify the potential cargo proteins of 
Rab37-mediated exocytosis, we collected CM 
from Rab37-overexpressed (WT) and Rab37-
knockdown (shRab) cancer cells to perform cyto-
kine/chemokine array. Among 102 proteins spotted 
on the array membranes, the level of sST2 increased 
in CM from Rab37-WT cancer cells compared to 
that from EV control group, while sST2 expression 
decreased in CM from shRab cancer cells.

Fig. 7.3  Rab37 mediates the exocytosis of sST2 to 
inhibit M2-specific macrophage polarization in tumor 
microenvironment. (a) IL-33 has been proposed to pro-
mote M2 polarization through inducing Th2 responses. 
The expression of Th2-associated cytokines such as IL-4, 
IL-10, and IL-13 is increased by IL-33 to polarize macro-
phage toward M2 phenotype in the tumor microenviron-
ment. It remains to be elucidated whether IL-33 activates 
polarization of M2 macrophages through direct binding to 

the membrane-attached heterodimeric ST2L/IL-1RAcP 
complex on macrophages. (b) GTP-bound Rab37 medi-
ates exocytosis of sST2 to extracellular compartment to 
act as a decoy receptor to interrupt the IL-33/ST2L signal-
ing. Downregulation of IL-33 signal on microenviron-
mental macrophages suppresses M2-specific polarization 
and elevates the population of M1-polarized macro-
phages, thus shaping an antitumor microenvironment
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To confirm that ST2 is a cargo protein of 
Rab37-mediated exocytosis, we enriched vesi-
cles in EV, WT, GTP-bound active Rab37 
(Q89L), or GTP-bound inactive Rab37 (T43N) 
cells with anti-Flag antibody and performed 
Western blotting to detect ST2 level in Rab37-
speicific vesicles (Fig.  7.4a). The results show 
that ST2 level elevates in vesicles from WT and 
Q89L cells while decreases in those from T43N 

group (Fig. 7.4b). To detect the effects of Rab37 
on sST2 transportation in real-time visualization, 
we observed Rab37-manipulated cancer cells 
with total internal reflection fluorescence (TIRF) 
microscopy, which provides visualization of 
fluorescent signal within 100 nm below plasma 
membrane. NSCLC cells that were transfected 
with GFP-tag sST2 expressed fluorescence-
labeled vesicles under the field of microscope. 

Fig. 7.4  sST2 is secreted by Rab37 at the GTPase 
nucleotide-dependent manner. (a) Vesicles of Flag-tagged 
Rab37 cancer cells were enriched by serial centrifuga-
tions. The vesicle-containing supernatants were immuno-
precipitated (IP) with anti-Flag beads, and lysates were 
subjected to Western blotting. (b) Vesicles of Flag-tagged 
Rab37 EV (empty vector), WT (wild-type), Q89L (GTP-
bound active form), and T43N (GDP-bound inactive 
form) PC-14 lung cancer cells were isolated and blotted 
for Flag-tagged Rab37 and endogenous sST2. Western 

blot confirmed that ST2 proteins were enriched in WT- 
and Q89L-specific vesicles. (c) Selected frames from 
time-lapse clips of total internal reflection fluorescence 
(TIRF) images of EV, WT, Q89L, and T43N PC-14 trans-
fected with GFP-tagged ST2 to detect real-time sST2 traf-
ficking within 100 nm below plasma membrane. Enlarged 
images of the boxed areas from time-lapse movies with 
time intervals in seconds are shown (right). Filled triangle 
indicates horizontal movement of GFP-ST2, and open tri-
angle indicates vertical movement. Scale bar: 20 μm
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The fluorescence-labeled vesicles in Rab37-WT 
and Q89L overexpressed NSCLC cells shifted 
rapidly in horizontal and vertical directions, 
while those in T43N group barely moved 
(Fig. 7.4c). In this study, we reveal for the first 
time the trafficking mode of sST2.

7.1.3.2	 �sST2: A Decoy Receptor 
in Tumor Microenvironment

sST2 is shown to be involved in the inflammatory 
TME and the progression of colorectal cancer 
(CRC) [1]. The expression level of sST2 is 
inversely associated with the malignant growth 
of CRC. sST2 is downregulated in high-metastatic 
cells compared with low-metastatic human and 
mouse CRC cells. Knockdown of sST2  in 
low-metastatic cells enhances tumor growth, 
metastasis, and neo-angiogenesis, whereas over-
expression of sST2 in high-metastatic cells sup-
presses these processes. Notably, sST2 suppresses 
IL-33-induced angiogenesis, Th1 and Th2 
responses, macrophage infiltration, and macro-
phage M2a polarization. Therefore, the IL-33/
ST2L axis may be a potential therapeutic target 
in CRC [1].

The role of sST2 expression in the TME is 
also studied in gastric cancer [2]. The protein lev-
els of sST2 and ST2V are markedly decreased in 
cancer tissues compared with noncancerous tis-
sues using Western blot analysis of 12 gastric 
cancer specimens and paired adjacent tissues. 
Interestingly, decreased ST2 expression is sig-
nificantly associated with advanced tumor node 
metastasis stage and tumor differentiation, sug-
gesting that ST2 protein may be a valuable bio-
marker of gastric cancer progression and 
pathogenesis [2].

Our group has reported that Rab37 small G 
protein regulates the exocytosis of sST2 from 
lung cancer epithelial cells to skew macrophages 
toward M1 tumor-suppressive phenotype. Loss 
of Rab37 or sST2 abrogates M1 polarization of 
macrophages and tumor growth suppression. 
Clinically, the expression profile of low Rab37, 
low ST2, and low ratio of M1/M2 macrophages 
correlates with poor overall survival based on 
immunohistochemical staining result of tumor 
specimens in 122 lung cancer patients. Our find-

ing of Rab37-mediated sST2 secretion in cancer 
cells provides the missing link for the crosstalk 
between cancer epithelial cells and immune cells 
in TME to inhibit pro-tumor M2 macrophage 
polarization and suppress tumor propagation. 
Secreted sST2 skews macrophage polarization 
toward antitumoral M1-like phenotype in  vitro. 
In addition, Rab37-mediated sST2 secretion sig-
nificantly increases the ratio of M1 vs. M2  in 
tumor specimens from lung cancer patients and 
thus reduces tumor growth [34] (Fig.  7.3b). 
Collectively, sST2, the decoy receptor in TME, is 
an important target for cancer therapy and the 
biomarker for cancer prognosis.

7.1.4	 �Targeting IL-33/ST2 Axis 
for Cancer Therapy

IL-33/ST2 axis plays a dual role in tumor devel-
opment in a context-dependent manner. This axis 
is able to modulate tumor-associated immunity 
by remodeling the TME to either enhance the 
recruitment of immunosuppressive cells to create 
a tumor-promoting environment or enrich natural 
killer and cytotoxic T cells to suppress tumor 
growth. Thus, targeting the IL-33/ST2 axis 
becomes a promising immunotherapy in treat-
ment of cancers. The widely used pharmacologi-
cal strategies to target IL-33/ST2 axis are 
anti-IL-33 and anti-ST2 blocking antibodies, 
recombinant IL-33, and soluble ST2.

7.1.4.1	 �Treatment via Enhancing 
an Antitumor Immunity

There are several studies demonstrating a reduc-
tion of tumor growth by administration of these 
blocking antibodies in mouse models. For exam-
ple, one study has delineated that IL-33 blockade 
using either anti-IL-33 or anti-ST2 antibodies 
restricts tumor growth, dampens M2 polarization 
of TAMs, and reduces regulatory T cell (Treg) 
accumulation in tumor sites, suggesting a prom-
ising treatment against NSCLC [36]. In head and 
neck squamous cell carcinoma, the level of IL-33 
is known to be dramatically upregulated in 
advanced tumor stage and is positively correlated 
with increased infiltration of Tregs in tumor tis-
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sues. Blockage of IL-33/ST2 signaling by anti-
ST2 monoclonal antibodies reduces the 
population of Tregs as well as their functional-
ities to suppress the antitumor immunity in the 
TME and tumor growth [37]. In a 4T1 breast can-
cer mouse model, blockage of ST2 by anti-ST2 
antibodies suppresses accumulation and function 
of myeloid-derived suppressor cells and hence 
inhibits tumor growth [38].

On the other hand, IL-33/ST2 signaling also 
shows a tumor-suppressing characteristic in cer-
tain cancers such as melanoma. A study showed 
that exogenous inoculation of IL-33 induces 
strong antitumor immunity via activating CD8+ T 
cells as well as myeloid dendritic cells in estab-
lished cancers. Recombinant IL-33 therapy 
restores the tumor-suppressive function of cyto-
toxic T cells and increases antigen cross-
presentation in the TME, suggesting a prospective 
use of recombinant IL-33 as a new immunother-
apy choice to treat established cancers [8]. In a 
similar observation, increased production of 
IL-33 in tumor-bearing mice via a DNA vaccine 
setting boosts antigen-specific CD4+ and CD8+ T 
cell responses in human papilloma virus-
associated cancer and hepatocellular carcinoma 
models [16, 35].

7.1.4.2	 �Treatment via Inducing 
an Allergic Microenvironment

The signaling of IL-33/ST2 is primarily associ-
ated with Th2-related inflammation and is 
involved in allergic reaction. Significant reduc-
tion of eosinophils and Th2-related cytokines is 
observed in IL-33 or ST2 knockout mice. 
Blockage of IL-33 or ST2 by neutralizing anti-
bodies attenuates Th2-mediated allergic airway 
inflammation [17, 22]. This IL-33/ST2-mediated 
allergic reaction is also induced in response to 
cancer growth. One study has demonstrated that 
IL-33 is capable of activating eosinophils to effi-
ciently eliminate melanoma cells, while adminis-
tration of IL-33 shows a promising treatment 
against melanoma growth [20]. In a recent report, 
Perales-Puchalt A et  al. revealed that direct 
peritoneal administration of IL-33 delays the 
progression of metastatic ovarian cancer. The 
IL-33-triggered increased recruitment of acti-

vated Th2 cells, eosinophils, and peritoneal mac-
rophages is responsible for this IL-33-mediated 
anticancer activity [25].

In addition to suppression of cancer progres-
sion, blockage of IL-33/ST2 signaling may be ben-
eficial for attenuating intestinal damage caused by 
cancer chemotherapeutic agent. In a CT26 colon 
carcinoma mouse model, Guabiraba et  al. have 
revealed that IL-33/ST2 axis mediates the severe 
intestinal mucositis in mice treated with a com-
monly used chemotherapeutic drug, irinotecan 
(CPT-11). Treatment with anti-IL-33 antibodies or 
soluble ST2 reduces mucositis and further amelio-
rates the therapeutic efficacy of CPT-11 [11].

7.1.5	 �Conclusion and Perspectives

Collectively, these studies have shed light on the 
potentiality of IL-33/ST2 axis as a therapeutic tar-
get. The immunoregulatory effects of IL-33/ST2 
signaling are highly context-dependent and vary in 
different cell targets, phases of immune response, 
and experimental models. Therefore, more investi-
gations on the mechanism of targeting IL-33/ST2 
axis in treating cancers are still needed.
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Abstract
The ability of the immune system to prevent 
or control the growth of tumor cells is criti-
cally dependent on inflammatory processes 
that lead to the activation, expansion, and 
recruitment of antitumor effector cells into the 
tumor microenvironment (TME). These pro-
cesses are orchestrated by soluble cytokines 
produced in tissues that alarm local immune 
surveillance cells (such as dendritic cells, 
DCs) to mobilize protective antitumor immune 
populations (B cells, T cells). The interleukin 
(IL)-36 family of pro-inflammatory cytokines 
plays an  important  role in multiple disease 
processes, ranging from an instigator of auto-
immune psoriasis to an initiator of therapeutic 
immune responses against tumor cells. This 
chapter will focus on the biologic role of 
immunomodulatory IL-36 family cytokines in 
the cancer setting and their potential utility in 
the design of effective interventional thera-
pies. (127 words)
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8.1	 �Introduction

The immune system has evolved to quickly 
mobilize an army of cells that can circulate 
throughout the body to regulate local or systemic 
sites of infection or disease. Signals contributed 
by soluble interleukins (ILs) interacting with 
their corresponding receptors expressed on 
immune cells serve to activate, functionally con-
dition, and direct immune cell populations in a 
disease-relevant manner. Cancer is a disease that 
progresses in concert with its ability to evade 
immune surveillance, and, here, interleukins can 
play key roles as rheostats to either enhance or 
extinguish protective antitumor responses. This 
chapter reviews one such family of interleukins, 
interleukin-36 or IL-36, and their effects within 
the evolving TME. A brief history on the discov-
ery of IL-36 will first be discussed followed by a 
closer inspection of various IL-36 family mem-
bers. Since IL-36 is initially synthesized as a pro-
interleukin, we will then discuss recent studies 
regarding proteolytic activation of IL-36. The 
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IL-36 receptor (IL-36R) and the downstream 
effects of IL-36-mediated IL-36R signaling on 
various cell populations within the TME and its 
impact on tumor growth and disease progression 
will then be reviewed. Finally, we will discuss the 
relevance of IL-36/IL-36R-targeted interventions 
as possible cancer immunotherapies.

8.2	 �IL-1: An Extended Family 
of Interleukins

Cytokines have been well characterized as 
orchestrators of inflammation over the past sev-
eral decades, although the idea that inflammation 
can be induced by a soluble protein factor ini-
tially surprised scientists in the 1950s. Pioneering 
work by Eli Menkin established that the transfer 
of cell-free supernatants from leukocytes isolated 
from rabbits with sterile peritonitis was sufficient 
to elicit fever in healthy, naïve animals [2]. Paul 
Beeson further demonstrated that an endotoxin-
free protein extract from supernatants of rabbit 
leukocytes could cause fever [5]. Together, these 
works laid the foundation for discovery of solu-
ble inflammation-inducing factors called inter-
leukins. The first interleukin to be identified was 
unsurprisingly designated interleukin-1 (IL-1). 
IL-1 is a classic pyrogen produced by cells as a 
response to sterile inflammation [23]. Over the 
years, IL-1 has been given a number of names 
including leukocytic pyrogen (LP), endogenous 
pyrogen, and leukocyte-activating factor (LAF). 
It was only in 1979 that this pyrogenic factor was 
given its consensus name of interleukin-1 [21].

The study of mechanisms through which IL-1 
causes inflammation has since led to the discov-
ery of other interleukin families, the identifica-
tion of the inflammasome, the identification of 
MyD88 as an adaptor protein, and the character-
ization of the TIR domain that is central to the 
signaling of both the IL-1 receptor and the Toll-
like receptor (TLR) families. IL-1 is produced in 
two isoforms, i.e., IL-1α and IL-1β. IL-1α is pro-
duced in a biologically active form primarily by 
epithelial cells of the lung, kidney, and liver and 
by endothelial cells (ECs) and serves as an alar-

min. IL-1β, however, is produced primarily by 
the cells of the immune system in a pro-/full-
length form wherein pro-IL-1β demonstrates an 
inability to even bind the IL-1R. However, pro-
teolytic processing of pro-IL-1β by enzymes like 
NLRP3 inflammasome-activated caspase-1 
enables interaction between the IL-1β and its 
receptor which facilitates further downstream 
signaling [23, 37]. Activated IL-1 was one of the 
earliest pleiotropic immune factors to be identi-
fied as it acts at extremely low concentrations to 
influence the physiology of a wide variety of 
cells. IL-1 binding to its cognate receptor induces 
fever, activates the hypothalamic-pituitary-
adrenal (HPA) axis, initiates acute phase 
responses, increases the expression of adhesion 
molecules in the endothelium, and provides 
recruiting/survival signals to infiltrating mono-
cytes and macrophages. In addition to mediating 
signals through its receptor, IL-1α possesses a 
nuclear localization sequence (NLS), which 
allows it to translocate into the producer cell 
nucleus where it may directly impact cellular 
transcriptional programming [17].

The unprecedented pleiotropic nature of IL-1 
led to the identification of pro- and anti-
inflammatory cytokines sharing significant 
sequence homology with IL-1. This set of cyto-
kines constitutes the extended IL-1 superfamily, 
containing seven receptor agonists (IL-1α, IL-1β, 
IL-18, IL-33, IL-36α, IL-36β, IL-36γ), three 
receptor antagonists (IL-1Ra, IL-36Ra/IL-1F5, 
IL-38), and one anti-inflammatory cytokine (IL-
37). Correspondingly, there are 10 different sub-
units that differentially dimerize to form receptors 
for IL-1 family cytokines (IL-1R1, IL-1R2, 
IL-1R3 [IL-1RAcP], IL-1R4 [ST2], IL-1R5 
[IL-18Ra], IL-1R6 [IL-1Rrp2, IL-1RL2, IL-36R], 
IL-1R7 [IL-18Rb], IL-1R8 [TIR8, SIGIRR], 
IL-1R9 [TIGIRR-2], and IL-1R10 [TIGIRR-1]) 
[23].

Although many IL-1 family cytokines opera-
tionally participate at many levels in regulating 
immune responses within the setting of cancer, in 
this chapter, we will focus on the tumor immuno-
biology of extended IL-1 family members 
IL-36α, IL-36β, and IL-36γ.
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8.3	 �IL-36: A Family of Cytokines

Genomic mapping showed that IL-1α, IL-1β, and 
IL-1Ra, the first three members of the IL-1 cyto-
kine family to be identified, were all localized to 
a short region of 450 kb on human chromosome 
2, where they are postulated to represent the 
product of gene duplication events occurring 
nearly 350 million years ago [10]. The IL-1 gene 
locus has since become the subject of many sub-
sequent genomic analyses to identify novel IL-1 
homologs. Briefly, two groups independently 
reported similar discoveries of IL-1 homologs 
found on chromosome 2. The first report detailed 
three novel IL-1-like cytokines, designating them 
IL-1-related protein 1 (IL-1RP1), IL-1RP2, and 
IL-1RP3 based on their order of discovery [10]. 
A second report by Sims and colleagues identi-
fied four novel IL-1-like proteins, designating 
them as family of IL-1 (FIL1) FIL1-epsilon, FIL-
eta, FIL1-delta, and FIL1-zeta [51]. Through 
comparison, it was later concluded that indeed 
FIL1-zeta and IL-1RP1 and FIL1-delta and 
IL-1RP3 were synonymous proteins. The two 
studies together described five new members of 
the IL-1 family. These proteins have since been 
reclassified using current cytokine nomenclature. 
An overview of the properties of all IL-36 cyto-
kine family members is presented in Table 8.1.

IL-36 cytokines share several features with 
other IL-1 family members. Specifically, protein 
modeling of IL-36α (aka IL-1F6), IL-36β (aka 
IL-1F8), IL-36γ (aka IL-1F9), and IL-36Ra has 

confirmed that like IL-1β and IL-1Ra, these mol-
ecules share an evolutionarily conserved 
12-stranded β-sheet structure [51]. At the 
genomic level, IL-36 cytokines also contain 
exactly four exon segments, like other IL-1 fam-
ily genes. Further, besides sharing similar sec-
ondary protein structures and having similar gene 
segment arrangements, all IL-36 cytokines also 
demonstrate a 20–35% genetic sequence homol-
ogy to IL-1, a threshold commonly used to con-
sider inclusion of proteins into larger family units 
[51]. Therefore, a comparison of genetic and pro-
tein sequences places IL-36α, IL-36β, IL-36γ, 
and IL-36Ra firmly within the IL-1 cytokine 
superfamily.

8.4	 �IL-36 Processing

In some cases, IL-36 cytokines, like IL-1α, are 
secreted and function as unprocessed full-length 
proteins. Poly(I:C)-treated keratinocytes release 
full-length IL-36γ following the induction of 
pyroptosis, a highly inflammatory form of cell 
death [34]. Unprocessed IL-36α is also found to 
be secreted from skin in a murine model of pso-
riasis, where it is able to signal through IL-36R to 
induce IL-1α expression through a feed-forward 
loop [36]. However, the vast majority of studies 
highlight the critical importance of proteolytic 
processing of IL-36 cytokines for optimal bio-
logic activity.

Table 8.1  The IL-36 family of cytokines

Cytokine 
(size) Alternative names

% Homology

Tissues/cells found in
To 
IL-1β

To 
IL-1Rα

IL-36α
(18 kDa)

FIL1-epsilon, IL-1F6 27 30 Spleen, lymph node, thymus, tonsil, bone marrow, T cells, 
monocytes, B cells

IL-36β
(20 kDa)

FIL1-eta, IL-1F8 32 30 Tonsil, bone marrow, placenta, lung, testis, colon, 
monocytes, B cells

IL-36γ
(18 kDa)

IL-1RP2, IL-1 epsilon, 
IL-1F9

21.2 23.0 Keratinocytes, epithelial cells

IL-36Ra
(17 kDa)

IL-1RP3, FIL1-delta, 
IL-1 delta, IL-1F5

24.6 49.6 Lymph node, thymus, tonsil, brain, placenta, lung, prostate, 
testis, monocytes, B cells, activated dendritic cells

IL-37
(24 kDa)

IL-1RP1, FIL1-zeta, 
IL-1F7

24 24.2 Lymph node, thymus, bone marrow, placenta, lung, NK 
cells, monocytes, activated B cells
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One of the hallmark features of pro-
inflammatory cytokines is their ability to induce 
immune cell recruitment/activation when present 
in even miniscule amounts within tissue sites. At 
the time of discovery of the IL-36 cytokine fam-
ily, IL-1 cytokines had already been reported to 
have EC50 values in the nM range, and it was 
expected that other IL-1 family members would 
share this property. However, while initial studies 
characterizing IL-36/IL-36R signaling confirmed 
ligand-receptor specificity, they intriguingly sug-
gested that IL-36 cytokines only effectively func-
tioned at much higher concentrations, i.e., in the 
μΜ range [19]. Separately, challenges in under-
standing the antagonist function of IL-36Ra ini-
tially reported by the Sims group [55] led to 
protein sequencing analyses which revealed that 
the N-terminus of all IL-36 family members con-
tained a consensus cleavage site for methionine 
aminopeptidases. This suggested a conserved 
requirement for proteolytic activation prior to 
IL-36 signaling [56] and that, like IL-1β, IL-36 
cytokines require enzymatic cleavage prior to 
achieving their optimal signaling potential. 
Specifically, posttranslational cleavage of IL-36 
cytokines at the N-terminus preceding an A-X-
aspartic acid domain has shown to improve their 
biologic EC50s from the μM to nM range. Indeed, 
enzymatic cleavage has been observed to improve 
the specific activity of IL-36α, IL-36β, and 
IL-36γ by 3000-, 8000-, and 1500-fold, respec-
tively [56]. Additionally, the truncated forms of 
IL-36α, IL-36β, and IL-36γ demonstrated 
improved binding to the IL-36R by 36,000-, 
13,000-, and 980-fold, respectively [56]. This 
improved signaling ability is further demon-
strated by the requirement of a molar excess of 
the antagonist IL-36Ra to inhibit IL-36R signal-
ing when stimulated with truncated/activated 
IL-36 agonists in Jurkat cells [56]. While most 
evidence suggests that proteolytic cleavage of 
IL-36 family cytokines is necessary for optimal 
signaling efficacy, the enzyme(s) responsible for 
IL-36 family member activation remains 
unknown. Nevertheless, several candidate 
enzymes have been implicated to cleave IL-36 
and are briefly discussed below.

8.4.1	 �Cathepsin S and Cathepsin G

Cathepsin S is a cysteine protease produced by 
numerous cell types including DCs, epithelial 
cells, keratinocytes, and macrophages. Cathepsin 
S expression is markedly increased in human 
psoriatic skin lesions, which represent sites of 
high IL-36 production/bioactivity. Among cell 
types found in the skin, cathepsin S has been 
reported to be coordinately upregulated with 
genes downstream of IL-36γ-mediated signaling. 
This positive feedback relationship is presumed 
to be necessary for processing existing and/or 
newly secreted IL-36 under pro-inflammatory 
conditions [1].

Another cathepsin, cathepsin G, has also been 
posited to cleave IL-36. Both in vitro and in vivo 
studies in mice and humans demonstrated that 
cathepsin G cleaves IL-36γ. In vitro, combina-
tion of full-length IL-36γ  +  cathepsin G led to 
IL-36γ cleavage, and administration of this trun-
cated IL-36γ to a human keratinocyte cell line led 
to increased secretion of pro-inflammatory 
CXCL1 and CXCL8 compared to full-length 
IL-36γ. Administration of cathepsin G to the pso-
riatic skin of mice increased the expression of 
truncated IL-36γ [27], and skin eluates from 
human psoriasis patients produced high levels of 
biologically active cathepsin G that could cleave 
IL-36β [28]. Further evidence supporting the 
ability of cathepsin G to cleave the IL-36 cyto-
kines was shown when peptide antagonists of 
cathepsin G inhibited the cleavage of IL-36β and 
IL-36γ [53].

8.4.2	 �Neutrophil Proteases

It was reported that in the skin an alternate class 
of protease that may be capable of enzymatically 
activating IL-36γ are neutrophil-associated pro-
tease 3 and elastase [28]. These enzymes are 
involved in a wide variety of functions from bac-
terial killing to chemokine processing but appear 
to play a more prominent role in the cleavage of 
IL-1 family cytokines, including IL-36 [14, 43]. 
Antagonism of elastase inhibited the cleavage of 
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IL-36β and IL-36γ [53]. However, the IL-36 
cleavage events mediated by active neutrophil 
proteases give rise to biologically suboptimal 
forms of IL-36γ. Interestingly, neutrophil prote-
ases show a superior capacity to cleave/activate 
the IL-36R antagonist, IL-36Ra [35]. Thus, a 
range of proteases may be involved in customiz-
ing/fine-tuning regulation of the bioactivity of 
IL-36 family member cytokines in peripheral 
tissues.

8.5	 �IL-36 Signaling

The IL-1 cytokine superfamily contains a pleth-
ora of ligand-receptor pairs, and the IL-36 family 
is no different in its use of a unique receptor 
chain. A novel receptor chain, IL-36R(IL-1R6), 
in combination with the IL-1 receptor accessory 
protein (IL-1RAcP), comprises the receptor for 
the IL-36 cytokine family. Not all cells express 
the IL-36R under resting state conditions but can 
be induced to express it upon cell activation by 
inflammatory stimuli, leading to coordinate 
responsiveness to all three IL-36 agonists. 
Analogous to the IL-1R signaling cascade, 
IL-1RAcP serves as the active signaling subunit 
of the receptor. Indeed, cells lose their capacity to 
sense IL-36 when IL-1RAcP is blocked by spe-
cific antibodies. Furthermore, the cytoplasmic 
tail of IL-1RAcP is critical for delivering the 
IL-36-mediated signal into the cell cytoplasm, 
with ectopic expression of an IL-1RAcP cyto-
plasmic tail dominant-negative mutant rendering 
cells incapable of responding to IL-36 ligands 
in vitro [55] (Fig. 8.1).

Successful activation of the IL-36R is initiated by 
binding to IL-36 ligands. Activation of IL-36R initi-
ates the hetero-dimerization of the IL-36R with the 
IL-1RAcP which can be identified as complexes in 
immunoprecipitation assays. Formation of IL-36R/
IL-1RAcP heterodimers activates the transcription 
factors NFκB and MAPKs JNK and ERK, as early 
as 15–30 minutes post-receptor activation [55]. The 
kinetics of IL-36/IL-36R signaling recapitulates that 
of IL-1/IL-1R signaling in transfected Jurkat cells 
[55] likely due to the common requirement of 
IL-1RAcP in facilitating the signaling cascade. This 

confers on cells the ability to produce acute phase 
cytokines IL-6 and IL-8, IFNγ, IL-23, IL-12, IL-18, 
IL-4, IL-17, and IL-2, among others [59, 60, 62, 63]. 
Like other IL-1 family cytokines including IL-1α 
[45] and IL-33 [38], IL-36γ also exhibits an alarmin 
function due to its induction of antimicrobial pep-
tides including LL37 [33] .

The IL-36R is expressed predominantly on 
mammalian cells of epithelial origin especially in 
the skin, GI tract, ovaries, lung, kidney, and lym-
phoid organs [55]. In epithelial cells, IκBζ, a 
selective and atypical downstream mediator of 
NFκB, turns on the transcription of inflammatory 
mediators including IL-8, IL-36α, IL-36β, and 
many antimicrobial peptides, downstream of 
IL-36R signaling [39]. Several different cells of 
the mammalian immune system have also been 
reported to express the IL-36R [20, 40, 62, 63]. 
Given the secretory nature of the IL-36 ligands 
and the distribution patterns of the IL-36R, 
assigning an important role for IL-36 cytokines 
in barrier immunity appears well justified.

8.5.1	 �IL-36 Receptor Antagonist: 
IL-36Ra

IL-36Ra is a natural antagonist to IL-36R, shar-
ing significant homology with IL-1Ra, the recep-
tor antagonist to the IL-1R.  Although IL-36Ra 
was initially predicted to inhibit the activating 
function of IL-36α [19], it has since been shown 
to antagonize signaling by all IL-36 agonists. 
IL-36Ra competitively binds the extracellular Ig 
domains of IL-36R and prevents the activation-
induced hetero-dimerization of IL-36R with 
IL-1RAcP, thereby preventing downstream 
receptor conformational changes and recruitment 
of signaling proteins.

IL-36Ra is expressed by many cell types 
including DCs, B cells, and macrophages, where 
it appears to serve as a regulatory “rheostat” to 
control IL-36-mediated inflammation [51]. Of 
note, IL-36Ra expression is acutely upregulated 
in LPS-activated dendritic cells (DCs) where it 
may represent a potent negative regulator of these 
important antigen-presenting cells and major 
secretors of IL-36 cytokines [51].
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IL-36Ra suppresses IL-36-mediated inflam-
mation not only by competing for binding 
domains on the IL-36R but also by binding to 
other receptors like SIGIRR, which was previ-
ously thought to represent an orphan receptor in 
the IL-1R family. IL-36Ra binding to SIGIRR in 
brain cells in vitro and in vivo leads to the inhibi-
tion of downstream production of IL-6 and IL-8. 
It also prevents phosphorylation of downstream 
transcription factors including 
pJNK.  Interestingly, IL-36Ra/SIGIRR binding 
also acts as a trigger for the production of the 
immunomodulatory cytokine IL-4 [15]. 
Curiously, this IL-36Ra-SIGIRR-IL-4 signaling 
event appears to be isolated to cells in the CNS 
and has not been observed in the case of hemato-
poietic cells (i.e., bone marrow-derived DCs and 
macrophages) [15] or other organ systems (i.e., 

liver) [49]. This indicates the possibility of mul-
tiple independent signaling interactions of 
IL-36Ra in different compartments of mamma-
lian tissues, suggestive of the context-dependent 
nature of IL-36-associated biology.

The importance of IL-36Ra is readily appar-
ent in patients with generalized pustular psoria-
sis (GPP), a lethal skin inflammatory condition. 
Patients with severe GPP express loss-of-
function mutations in the IL-36Ra gene locus. 
Thus, given the inflammatory presence of IL-36 
cytokines in epithelial (skin, gut, etc.) surfaces, a 
loss of function of the corresponding inflamma-
tory regulator, IL-36Ra, causes dysregulated, 
severe, and even lethal dermatological condi-
tions which speaks to the necessity for controlled 
IL-36/IL-36Ra balance in normal tissue homeo-
stasis [42, 44]. In the cancer setting, expression 

Fig. 8.1  IL-1 family cytokines and their cognate recep-
tors: All IL-1 family receptors are heterodimers com-
posed of a ligand-sensing monomer and a signal 
transduction monomer. Signal-activating ligands IL-1α, 

IL-1β, IL-38, IL-18, IL-33, IL-36α, IL-36β, and IL-36γ 
are represented with circular shapes, while signaling 
antagonists IL-1Ra, IL-36Ra, and IL-37 are represented 
with triangular shapes
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of IL-36Ra is positively correlated with expres-
sion of the immune checkpoint molecules PD-1, 
PD-L1, and CTLA-4, further supporting its role 
in regulating inflammation [64].

8.5.2	 �MyD88: An Important IL-36R 
Adaptor Protein

Several proteins are involved in the signaling cas-
cade initiated by the IL-36R, but none is more 
important in this context than the signaling adap-
tor protein MyD88. RNAseq profiling of IL-36-
stimulated keratinocytes revealed the coordinate 
upregulation/downregulation of unique sets of 
MyD88-dependent gene products and confirmed 
that signaling via IL-36 is dependent on MyD88. 
The profile of up- and downregulated genes 
revealed that the IL-36 signaling pathway con-
trols the expression of many pro-inflammatory 
cytokines and chemokines (e.g., components of 
the interferon signaling pathway, PD-L1, 
CXCL10, and CXCL11) and is also self-
regulatory (i.e., signaling upregulates IL-37 and 
IL-36Ra) [54]. CRISPR-engineered MyD88 
knockout keratinocytes failed to exhibit such 
gene expression changes after stimulation with 
IL-36 [54]. This study supports earlier reports in 
other cell types showing a role for MyD88  in 
IL-36 signaling. MyD88 is required for NLRP3 
inflammasome activation and the secretion of 
pro-inflammatory cytokines (i.e., IL-1β) down-
stream of IL-36α signaling in bone marrow-
derived macrophages (BMDM). BMDM derived 
from MyD88-deficient mice are defective in 
NLRP3 activation or secretion of IL-1β [13]. 
IL-36R signaling in colonic fibroblasts also 
depends on MyD88. This pathway leads to the 
secretion of cytokines, including GM-CSF and 
IL-6, in support of mucosal tissue healing [48]. 
Together, these studies support a central role for 
MyD88 in IL-36R signaling in both hematopoi-
etic and non-hematopoietic cell types. This is not 
surprising, as MyD88 is the canonical adaptor 
protein for many IL-1 family receptors. It directly 
associates with IL-1RAcP, a shared subunit of 
several IL-1 family receptors [9, 32] (Fig. 8.2).

8.6	 �IL-36 Biology in the TME

8.6.1	 �Dendritic Cells

Dendritic cells (DCs) are found in a variety of 
tissue niches in mammals. In their immature 
state, they continuously sample the tissue micro-
environment for foreign signals/antigens and 
therefore serve as sentinels for the conditional 
activation of our protective immune effector 
cells. DCs employ a range of receptors, including 
TLRs and cytokine receptors, to sense danger/
disruption to tissue homeostasis. An immature 
DC becomes mature when one or more of these 
receptors gets activated [18]. The hallmark fea-
tures of DC maturation include an upregulation 
in expression of major histocompatibility com-
plex (MHC) molecules, increased expression of 
co-stimulatory molecules, and increased secre-
tion of (pro-inflammatory) cytokines that serve as 
“signal 3” for the activation of adaptive immune 
responses, the nature of which depends on the 
context of DC activation based on environmental 
cues (Fig. 8.3).

In this context, all three isoforms of IL-36 have 
been shown to induce maturation of many subsets 
of human and mouse DC directly via IL-36R 
stimulation. In humans, monocyte-derived den-
dritic cells (MDDCs) express IL-36R and, when 
stimulated with IL-36β or IL-36γ, undergo matu-
ration as evidenced by increased expression of 
HLA-DR and CD83 and decreased CD1a expres-
sion. IL-36β also increases human MDDC expres-
sion of co-stimulatory molecules including CD40 
and CD80 and promotes their production of the 
pro-inflammatory cytokines IL-12 and IL-18, 
which leads to potent induction of T cell prolifera-
tion [40]. Murine monocyte-derived DCs and 
myeloid DCs both express IL-36R and demon-
strate more mature phenotypes following stimula-
tion with IL-36 cytokines, based on increased 
secretion of cytokines IL-1β and IL-6 and 
increased expression of surface co-stimulatory 
markers CD83, HLA-DR, and CD86. IL-36α-
treated monocyte-derived murine DCs also 
exhibit increased capacity to induce the prolifera-
tion of alloreactive murine CD4+ T cells [22].
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Genome-wide association studies in murine 
DC demonstrated a Tbet binding site in the pro-
moter region of IL36G, with Tbet representing a 
master regulator of type 1 (pro-inflammatory) 

immunity [3]. Activation of Tbet in DCs plays a 
central role in the upregulation of genes involved 
in the promotion of pro-inflammatory Th1 
immune responses and coordinate suppression of 

Fig. 8.2  Ligand-dependent activation of IL-36R: (a) The 
IL-36R is a heterodimer composed of a monomer of the 
ligand-binding IL-36R (IL-1Rrp2) and a signal-initiating 
IL-1RAcP subunit which do not exist as a dimer under 
resting state conditions. IL-36 cytokines IL-36α, IL-36β, 
and IL-36γ have activating roles, while IL-36Ra serves as 
a competitive receptor antagonist to the IL-36R subunit. 
(b) Upon successful binding of one of the IL-36 cyto-

kines, IL-36R dimerizes with IL-1RAcP which recruits 
signaling mediators such as MyD88 and IRAKs. Such 
proximal signaling results in the activation of transcrip-
tion factors AP-1 and NFkB via activation of MAPKs 
(JNK) and IKKs, respectively. (c) Ligand-induced activa-
tion of AP-1 and NFkB leads to the nuclear translocation 
and subsequent transcription of IL-36-dependent cyto-
kines and transcription factors
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genes involved in Th2 differentiation, suggesting 
a key role for the IL-36 cytokines in the develop-
ment of polarized type 1 antitumor response [68]. 
IL-36R/IL-36γ signaling in DC was subsequently 
shown to upregulate Tbet, highlighting a novel 
feed-forward loop downstream of the IL-36R that 
potentiates type 1 immunity [63].

8.6.2	 �T Cells

T cells play a central role in the elimination of 
transformed mammalian cells. Tumor-specific 
CD4+ T cells orchestrate global antitumor 
immune responses by recruiting, activating, and 
functionally polarizing DCs, NK cells, macro-
phages, and CD8+ T cells. On the other hand, 
activated antigen-specific cytotoxic CD8+ T cells 
migrate to the site of tumor, recognize tumor-
specific antigens, and program tumor cells for 
apoptosis via the production of cytotoxic factors 
such as granzyme B, perforin, and IFNγ [6]. 
Hence, the development of functional type 1  T 
cell responses is predictive of response to 
immunotherapy.

8.6.3	 �CD4 T Cells

Naïve CD4+ T cells (Th0) can differentiate to 
become Th1, Th2, Th17, or T regulatory cells, 
depending on the environment in which activa-
tion occurs and the nature/balance of condition-
ing cytokines. Key cytokines responsible for Th1 
differentiation include IL-12 and IFNγ [66]. As 
previously mentioned, IL-36 can indirectly pro-
mote Th1 differentiation by inducing the produc-
tion of IL-12p70, IL-18, and IFNγ by DCs. IL-36 
can also directly influence Th1 CD4+ T cell dif-
ferentiation. Among spleen cells, Th0 CD4+ T 
cells express the highest levels of IL-36R [60], 
with direct IL-36 signaling in Th0 cells inducing 
the production of T cell growth factor (aka IL-2), 
wherein IL-2 promotes the proliferation of tumor 
antigen-specific CD8+ cytotoxic T cells [60]. 
Furthermore, stimulation of CD4+ T cells with 
IL-36β promotes their production of IFNγ [60]. 
Thus, by licensing Th0 cells to coordinately 
produce IL-2 and IFNγ, IL-36 skews naïve CD4+ 
T cells toward a Th1 functional phenotype. The 
pathway responsible for this cascade in CD4+ T 
cells replicates that seen in myeloid cells. 

Fig. 8.3  Impact of IL-36 signaling in the TME.  While 
IL-36 responses by immune cells and vascular endothelial 
cells play an important role in a number of cancer types, 

responses by keratinocytes [3, 61] are expected to be lim-
ited to skin-associated cancers such as in melanoma, basal 
cell carcinoma, and squamous cell carcinoma
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Coordinate stimulation of CD4+ T cells with 
IL-36β and IL-12 leads to the expression of Tbet 
by these cells, which can subsequently induce the 
production of IL-36 by these cells [60].

8.6.4	 �CD8 T Cells

Both naïve and effector CD8+ T cells express 
IL-36R. Naïve T cells greatly benefit from IL-36 
signaling during activation. CD8+ T cells show an 
increase in proliferation potential, size, biomass 
production, and IFNγ secretion when the IL-36R 
is stimulated by IL-36γ coordinately with TCR 
stimulation by anti-CD3/anti-CD28 agonist anti-
bodies [62]. Effector CD8+ T cells, interestingly, 
lose sensitivity to IL-36R signaling, i.e., restimu-
lation of effector CD8+ T cells with anti-CD3/
anti-CD28 plus IL-36γ fails to increase secretion 
of IFNγ. Addition of IL-12 in combination with 
anti-CD3/anti-CD28 stimulation and IL-36γ, 
however, drastically improves CD8+ T cell secre-
tion of IFNγ [62]. In the cancer setting, effector 
CD8+ T cells that can perform aerobic glycolysis 
can also be reconditioned to secrete IFNγ in 
response to IL-36R signaling following exposure 
to IL-2 [57]. These data support a synergistic 
relationship between TCR, IL-2R, IL-12R, and 
the IL-36R-mediated signaling in potentiating 
optimal (antitumor) CD8+ T effector cell 
responses. The mechanism responsible for CD8+ 
T cell activation downstream of IL-36β/IL-36R 
signaling has recently been elucidated to be 
dependent on mTORC1 and MyD88 in the TME 
[67]. A similar pathway has already been 
described in other T cell subsets; mTORC1 and 
MyD88 are both required for CD4+ Th17 [11] 
and CD8+ Tc17 [41] responses.

8.6.5	 �NK Cells

Natural killer (NK) cells play an important role in 
antitumor immune responses by limiting early 
tumor growth and metastatic seeding, allowing 
time for the development of specific adaptive 
immune responses [12]. Notably, NK cell deple-
tion in mice prior to tumor implantation reduces 

overall survival. NK cells express the IL-36R, 
and IL-36γ stimulation of NK cells enhances 
their ability to produce IFNγ. Specifically, NK 
cells co-stimulated with IL-36γ and IL-2 produce 
six times more IFNγ than NK cells stimulated 
with IL-2 alone [62]. IL-36γ also synergizes with 
IL-2 to improve the survival of NK cells in vitro. 
In a transplantable murine melanoma model, 
B16.F10 cells transfected to ectopically express 
IL-36γ showed a significant increase in infiltra-
tion by NK cells in vivo vs. wild-type B16.F10 
tumors [62]. Therefore, IL-36γ directly and indi-
rectly influences NK cells by improving NK cell 
infiltration in the TME, promoting NK cell sur-
vival, and enhancing NK cell IFNγ production 
leading to facilitated type 1 antitumor immune 
responses [62].

8.6.6	 �Macrophages

Macrophages are commonly found in peripheral 
tissues and evolving tumor lesions in  vivo. 
Macrophages are prolific phagocytes that can 
sample antigens in their local environment and 
serve as antigen-presenting cells. In addition to 
presenting antigens, macrophages can produce a 
number of pro- and anti-inflammatory factors 
that directly and indirectly sustain immune 
responses under diverse physiologic conditions. 
Such diversity in functionality is predicated on 
the segregation of macrophages into differen-
tially polarized subsets, such as pro-inflammatory 
M1 macrophages and the anti-inflammatory/
tissue-healing M2 macrophages. Undifferentiated 
(M0), M1, and M2 macrophages all express the 
IL-36R, but only M2 macrophages retain the 
ability to respond to IL-36β and produce IL-6 and 
TNFα, while M1 macrophages fail to respond to 
further stimulation by IL-36β [20].

The density of M1 macrophages in tumors 
serves as a positive prognostic indicator in the 
setting of a number of human cancers, where they 
are believed to assist in the initiation of a type 1 
antitumor immune response [31, 65]. However, a 
recurring theme for macrophages in the TME is 
in their heavily skewed maintenance of an immu-
nosuppressive phenotype (i.e., a specialized 
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M2-like phenotype referred to as tumor-
associated macrophages, TAM), characterized by 
an abundant production of regulatory factors 
such as arginase I, HIF1A, TGFβ, IL-4, and IL-10 
within the TME [46, 50]. IL-36 cytokines, IL-36β 
in particular, stimulate M2 macrophages in the 
TME to produce M1-like pro-inflammatory cyto-
kines [20]. Transcriptomic analysis of human 
immune cell subsets revealed that M1 macro-
phages express high levels of IL36G and CD68+ 
macrophages in tumors were shown to be a 
source of IL-36γ in the TME [64].

These data suggest that IL-36-based interven-
tional therapies in the cancer setting may invigo-
rate antitumor immune responses in the TME by 
targeting and converting pro-tumorigenic M2 
macrophages into cells bearing an antitumor 
M1-like phenotype [64].

8.6.7	 �Endothelial Cells

Endothelial cells (ECs) express IL-36R, with 
IL-36γ reported to promote the phosphorylation 
of NFκB and MAPKs, the upregulated expres-
sion of cell adhesion molecules VCAM-1 and 
ICAM-1, and the production of inflammatory 
factors IL-8, CCL2, and CCL20 in ECs in a dose-
dependent manner [7]. T cells expressing VLA-4 
and LFA-1 interact with cell adhesion molecules 
VCAM-1 and ICAM-1, respectively, on the lumi-
nal surface of ECs, allowing for their local adher-
ence and extravasation into the (inflamed) tissue 
space, while CCL2 and CCL20 serve as chemo-
kine attractants for rolling T cells [7].

IL-36 cytokines have been strongly linked to 
local inflammatory diseases of the skin, most 
notably in psoriasis. Scaly psoriatic lesions 
exhibit robust infiltration of inflammatory T cells 
and a dense network of aberrant blood vessels 
(leaky, high degree of vascular complexity, lim-
ited perfusion) [4, 8, 16]. The tumor vasculature 
bears similarity to the vasculature found in psori-
atic plaques, in being leaky and tortuous, but it 
commonly fails to support T cell infiltration via 
growth factor-dependent downregulation of vas-
cular adhesion molecules ICAM-1 and ICAM-2 
[25, 26]. In such a context, activation of the 

IL-36R on tumor-associated ECs with IL-36γ 
would be expected to promote enhanced T cell 
infiltration via the upregulation of adhesion mol-
ecules on ECs and the local production of T cell 
chemo-attractants.

8.7	 �Discussions on IL-36 
Signaling in Cancer Therapy

8.7.1	 �IL-36γ Promotes 
the Development/
Maintenance of Tertiary 
Lymphoid Structures (TLS) 
in the TME

A common challenge in cancer therapy is improv-
ing protective T cell infiltration into tumor 
lesions, particularly in the disseminated disease 
setting. Patients receiving immune checkpoint 
blockade have variable response rates, where 
failure to respond has been correlated to poor 
CD8+ T cell infiltration in the lesion at the time of 
initiating the therapy [58]. Hence, many adjuvant 
strategies have been developed to improve “base-
line” T cell infiltration in tumors prior to deliver-
ing standard of care immune checkpoint blockade 
antibodies. One observed effect of boosting type 
I inflammation in the TME is the development of 
compact organizations of DCs, T cells, B cells, 
and high endothelial venules akin to those 
observed in lymph nodes. These aggregates of 
immune and specialized endothelial cells are 
called tertiary lymphoid structures (TLS), which 
serve as sites of local DC-mediated tumor anti-
gen sampling and T cell (cross)priming [24]. 
TLS, which typically form at the tumor margin 
(i.e., the interface between tumor and normal 
adjacent tissue), are thought to improve antitu-
mor immune responses by facilitating T cell acti-
vation proximal to sites of (neo)antigen load and 
active disease, limiting the inefficient process 
associated with distal T induction and subsequent 
recruitment into the TME [30, 47].

IL-36γ supports TLS formation within the 
TME.  In untreated human colorectal cancer, 
IL-36γ can be expressed by the tumor vascula-
ture, and this expression pattern is correlated 
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with an increase in the density of CD20+ B cells 
within TLS in tumors, indicating that local 
IL-36γ production may have a role in maintain-
ing TLS [64]. In a therapeutic setting, murine 
DCs engineered to overexpress Tbet (i.e., 
DC.Tbet) were particularly effective in sponsor-
ing TLS development upon direct injection into 
tumor lesions [63]. This effect was strictly depen-
dent on production of IL-36γ by DC.Tbet cells, 
as both the therapeutic benefit and TLS formation 
were lost in IL-36R−/− mice receiving DC.Tbet 
treatment. Further experiments with DCs engi-
neered to express IL-36γ suggested that DC.
IL36γ consequently upregulate expression of 
Tbet, highlighting an operational positive feed-
back loop between IL-36γ and Tbet associated 
with the ability of these genetically modified 
DCs to instigate the formation of therapeutic TLS 
in a transplantable mouse model of colon cancer 
[63]. Several factors that appear to be intimately 
involved in  local TLS formation, including but 
not limited to LTα, IFNγ, Tbet, CXCL9, and 
CXCL10, are likely produced via the autocrine/
paracrine activation of the IL-36R expressed by 
immune and stromal cells found in the TME.

Therefore, IL-36γ signaling in the TME can 
improve innate cell activation, T/B cell and DC 
infiltration, and TLS formation and facilitate 
local T cell (cross)priming in support of robust 
therapeutic antitumor responses.

8.8	 �IL-36-Based 
Immunotherapies: Current 
and Future

The discovery of immune checkpoints has 
changed the course of clinical treatment of can-
cer. While antibodies against PD-(L)1 and 
CTLA-4 represent standard of care for many can-
cer types, response rates to checkpoint blockade 
is highly variable across the various cancer types. 
New experimental treatment approaches are 
shifting their focus away from simply blocking 
checkpoint molecules and moving toward coordi-
nate activation of T cells via the provision of co-
stimulatory and/or pro-inflammatory signals. 
IL-36 cytokines have been used in this context 

due to their ability to coordinately activate APCs 
and helper T cells in the TME in support of strong 
antitumor CD8+ T cell responses. To this end, 
IL-36γ has been explored as a treatment option 
via gene (cDNA or mRNA) therapy and demon-
strated to be effective against cancer types that 
have proven inherently refractory to immune 
checkpoint blockade.

In murine fibrosarcomas, direct transfection of 
WEHI-164 cells with mIL-36 cDNA resulted in 
reduced tumor growth as compared to WT fibro-
sarcoma cells. Resected IL-36 transfected tumor 
cells expressed increased levels of IFNγ, suggest-
ing that intrinsic production of IL-36 by tumor 
cells may promote antitumor responses via 
IL-36-mediated signaling in immune cells, endo-
thelial cells and stromal cells located within the 
TME [52].

Co-delivery of IL-36γ mRNA along with 
mRNA encoding OX40L and IL-23 into tumors 
also improves infiltration by antigen cross-
presenting Batf3+ DCs, NK cells, and T cells in 
HT22 hepatoma, MC38 colon carcinoma, and 
B16 melanoma. This increased infiltration of 
therapeutic immune cells corresponds with an 
enhanced pro-inflammatory gene signature in the 
TME.  When further combined with immune 
checkpoint blockade, this treatment regimen pro-
vided superior systemic benefit against untreated 
distal tumors [29]. Therefore, IL-36γ appears to 
play an important role in supporting the effective 
treatment of disseminated tumors when adminis-
tered in combination with conventional T cell-
activating/T cell-sustaining modalities.

The study of autoimmune conditions such as 
inflammatory bowel disease and psoriasis 
strongly supports the pro-inflammatory potential 
of IL-36 family cytokines, with their therapeutic 
utility in the cancer setting being increasingly 
evaluated in monotherapy and combined modal-
ity approaches. IL-36 gene delivery via oncolytic 
viruses and the extended, timed-release of IL-36 
protein via nanoparticles are also expected to 
expand the range of translational IL-36-based 
treatment strategies by facilitating the targeted 
and/or controlled delivery of biologically active 
IL-36 into (disseminated) tumor lesions in cancer 
patients. Given the alarmin nature of IL-36 and 
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its ability to strongly activate epithelial cells, the 
sustained release of IL-36 via dissolvable trans-
dermal microneedle patches is also being 
explored for (accessible) cutaneous malignan-
cies, such as melanoma and cutaneous squamous 
cell carcinoma. Additionally, systemic delivery 
of activating/agonist monoclonal antibodies tar-
geting the IL-36R would be expected to initiate 
and/or bolster antitumor immune responses in 
situ in inaccessible non-cutaneous lesions. Such 
new developments in gene/drug delivery hold 
great promise for the therapeutic utility of IL-36 
and IL-36R signaling agonists as cancer thera-
peutic agents.
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