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Abstract Interleukin-1 (IL-1) is a major “alarm” upstream pro-
inflammatory cytokine that mainly acts by inducing cascades of
cytokine and inflammation-promoting mediators. In the tumor
arena, IL-1 is produced by both malignant and microenviron-
mental cells. IL-1oc and IL-1f3 are the major agonists of IL-1,
while IL-1Ra is a physiological inhibitor of pre-formed IL-1. IL-
loc and IL-1§3 differ in their compartmentalization and in the
producing cells. IL-1{3 is only active in its inflammasome de-
pendent processed and secreted form and has been considered as
the major mediator of inflammation. On the other hand, IL-1c is
mainly cell-associated in tissue resident cells, being also active
in its precursor form. The role of the IL-1 molecules in the
unique microenvironment in the colon is largely unknown.
Here, we described the role of IL-1o and IL-1f3 in colon ho-
meostasis, colon inflammation, colon carcinogenesis and inva-
siveness of colorectal cancer. Understanding of the integrative
role of IL-1ox and IL-1f3 in these processes will facilitate the
application of novel IL-1 modulating approaches.
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Instruction
Colon cancer is one of the most common malignancies ob-

served in clinical practice. More than 1.2 million cases of
colorectal cancer (CRC) are diagnosed each year worldwide.
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CRC remains the fourth most common cause of cancer-related
death in western countries, in spite of early screening and
improved treatment, including advances in surgery, chemo-
therapy and biological therapy [reviewed in [1]]. Survival of
CRC patients is highly dependent on the tumor stage at the
time of diagnosis. Over one-third of patients die within five
years of the initial diagnosis, mainly from liver metastasis
[reviewed in [1]]. Colon carcinogenesis is a multistep process,
in which normal colon epithelial cells (IECs) are transformed
to malignant cells. Approximately 20 % of CRC cases have a
familial background, however, the majority have been linked
to environmental causes rather than heritable genetic changes.
Environmental risk factors for CRC include food-borne mu-
tagens, specific intestinal commensals and chronic intestinal
inflammation [reviewed in [2]]. Fifteen percent of all epithe-
lial tumors develop in organs in which chronic inflammation
occurs. As in all solid tumors, the microenvironment of colon
tumors consist of recruited inflammatory cells from the bone
marrow (BM) and stromal cells. In most instances, the micro-
environment supports invasiveness and tumor progression
[(reviewed in [3-5]]. Correlation between prolonged inflam-
mation and susceptibility to CRC is documented in patients
with chronic inflammatory bowel disease (IBD), such as
ulcerative colitis (UC) and Crohn’s disease (CD) [reviewed
in [3—11]]. Patients suffering from UC for more than 35 years
show an increased risk for CRC development from 18 to
35 %, while 8 % of CD patients are at risk of carcinogenesis
[reviewed in [12, 13]]. The CRC subtype that is associated
with IBD is difficult to treat and has a high mortality rate.

The Microenvironment of the Colon

Intestinal mononuclear phagocytes, which normally reside in
the intestinal lamina propria (LP), such as macrophages and
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DCs, are important in preventing harmful responses to food
constituents and commensal bacteria [14]. However, in the
presence of pathogenic bacteria, the immune system can elicit
robust inflammatory and protective host-defensive responses
in the intestine [15—17]. A central question is how the immune
system discriminates between commensal and pathogenic
bacteria. This issue is particularly important in the intestine,
where a large number of commensal microorganisms chal-
lenge the immune system without eliciting pro-inflammatory
responses [ 18]. The signals that program mononuclear phago-
cytes to become anergic to Toll like receptor (TLR) ligands of
commensals and thus maintain intestinal homeostasis have
not yet been elucidated. Induction of anti-inflammatory cyto-
kines following the engulfment and degradation of commen-
sal bacteria in intestinal macrophages are among the possible
mechanisms conferring tolerance. For example, mononuclear
phagocytes of the LP do not produce TNFx and IL-6 when
stimulated with TLR ligands or commensal bacteria [19, 20].
Another possible mechanism for tolerance is the low expres-
sion of TLRs or key components of patterns recognition recep-
tors (PRRs) signaling in intestinal mononuclear cells [21]. Pro-
duction of IL-10 by mononuclear cells and TGFf3 by stromal
cells were also shown to be involved in suppression of colon
immunity to commensals [20, 22]. IL-10 is secreted by Treg
cells, which are abundant in the intestine and play a significant
role in colon homeostasis. Treg cells also suppress the induction
and function of effector T cells, especially pro-inflammatory
Th17, and inhibit the activation/function of mononuclear cells.
Given that resident macrophages and dendritic cells are anergic
to TLR ligands and commensal bacteria, it is unclear if they can
actively promote host defenses against pathogenic bacteria.
Alternatively, infiltrating myeloid cells, such as neutrophils,
myeloid derived suppressor cells (MDSCs), inflammatory
monocytes and macrophages differentiated from them could
be responsible for eliminating pathogenic bacteria.

Major pathological features of colon chronic inflammation,
such as IBD, include intestinal epithelial cells (IEC) injury and
disruption of the mucosa barrier that lead to invasion of bac-
teria into the LP and subsequent colon inflammation. Carci-
nogenesis in the colon is promoted by aberrant interactions of
the microflora with IECs and inflammatory cells through
PRRs, which include cell surface TLRs or receptors recogniz-
ing bacterial or tissue damage ligands in the cytosol (Nod-like
receptors, NLR). Diverse innate and adaptive immune cells
and cytokines have been shown to be involved in chronic
colon inflammation that may lead to CRC development.
These include bone marrow (BM)-derived infiltrating myeloid
cells, colon resident and stromal cells, such as IECs and
fibroblasts (especially myofibroblasts), as well as T cell
subsets, mainly Th17 and to some extent Th1 cells. However,
the relative importance of specific cytokines in the overall
cytokine network of IBD and CRC has not yet been elucidated
[reviewed in [15, 23-32]].
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In this review, we will discuss the multifaceted role of
upstream, pro-inflammatory cytokine molecules from the IL-
1 family in CRC development, based on our results showing
that these molecules can be expressed in the tumor microen-
vironment by cancer, immune and tissue resident cells.

Characteristics of IL-1c and IL-1[3- the Major IL-1
Agonistic Molecules

The IL-1 family consists of 11 agonist and antagonist mole-
cules that are centrally involved in regulating inflammatory
responses. These include IL-1«, IL-1[3, IL-1Ra, IL-18, IL-33,
IL-1Ra, IL-36«, IL-36f3, IL36y and IL-38 [reviewed in
[33-39]]. Here, we will mainly focus on the two major IL-1
agonistic molecules i.e., IL-1oc and IL-1(3, and IL-1 receptor
antagonist (IL-Ra), which is a physiological inhibitor of IL-1
signaling. IL-1 differs from most other cytokines by lack of a
signal sequence, thus not passing through the endoplasmic
reticulum-Golgi pathway. IL-1Ra, which has a signal peptide,
is secreted in the ER-Golgi exocytic pathway. Generally, IL-1
is produced and secreted by various cell types upon inflam-
matory or stress conditions, predominantly by myeloid cells,
which display the strongest capacity to produce and secrete
IL-1. Stimulation of IL-1 production occurs through signaling
of TLRs, which recognize conserved microbial molecules of
pathogens, [reviewed in [40—42]] as well as endogenous mol-
ecules, which are products of damaged cells [reviewed in
[43-45]]. The activation of TLR signaling via the NF-kB
pathway leads to the generation of many cytokines; IL-1 is a
central cytokine produced by this pathway. Signaling through
surface IL-1Rs and most of the TLRs is common and con-
verges from MyD88 to NF-«kB activation and induction of an
inflammatory response, including expression of IL-1.

Processing of the IL-1 Agonistic Molecules IL-1x and IL-
13 are synthesized as precursors of 31 kD that are further
processed by proteases to their mature secreted 17 kD forms.
The IL-13-converting enzyme (ICE), or caspase-1, is a cyste-
ine protease, which is activated in the cytosol on the
inflammasome platform, and subsequently cleaves the inac-
tive precursors of IL-1[3 and IL-18 into their mature secreted
forms [reviewed in [34, 35, 46-52]. Thus, caspase-1 is syn-
thesized as an inactive zymogen and becomes active after
controlled dimerization and activation of the inflammasome.
Here, we restrict our discussion mostly to functional aspects of
the inflammasome [reviewed in [6, 8, 10, 11, 53]].
Inflammasomes are large cytosolic complex proteins that
sense cytosolic perturbations [52, 54—56]. Inflammasome for-
mation is triggered by diverse microorganisms and their prod-
ucts or by stress-associated signals that support the autocata-
lytic cleavage of pro-caspase-1, which activates acute inflam-
mation by cleavage of pro-IL-1f3 and pro-IL-18, and secretion
of the mature forms of these pro-inflammatory cytokines.
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Caspase-1 also induces an inflammatory form of cell death
called pyroptosis, which limits the multiplication of intracel-
lular pathogens, such as Salmonella, in the macrophage
[57]. IL-13 and IL-18 secretion is also induced during
pyroptosis, which leads to recruitment of immune cells to
inactivate the released pathogens [58]. Inflammasomes are
assembled around a set of core components that include a
sensor protein (a member of the NLR and PYRIN families),
an adaptor protein containing the apoptosis-associated speck-
like protein, ASC that also contains a caspase activation and
recruitment domain (CARD), and an inflammatory caspase
(mainly Caspase-1). The most studied inflammasomes until
now are those containing NLR sensors, such as NLRP1,
NLRP2, NLRP3, NLRP6, NLRP7, NLRC4 and potentially
NLRP12 [52]. Each sensor protein has its own ligands and
at present such ligands are being extensively characterized.
For inflammasome assembly and activation, all components
must exist in the same cell. Caspase-1 and ASC are ubiqui-
tously expressed in cells and tissues, while inflammasome
sensors exhibit a restricted expression, suggesting that cell-
type specific mechanisms sense tissue perturbations. It has
recently become evident that inflammasomes in different cell
types may induce different, but often complimentary
responses.

For the secretion of IL-13 and IL-18, two signals are es-
sential. The first is supplied by products of microorganisms or
tissue damage that signal through activated NF-«kB to induce
transcription of ProlL-1f3 or ProIL-18. The second signal ac-
tivates the inflammasome and leads to secretion of the mature
cytokines. The second signal can be supplied by various stim-
uli. For example, extracellular ATP released from dying cells,
signals through the P2X7 adrenergic receptor to form pores in
the membrane, which stimulate potassium efflux from the cell.
This efflux leads to emplacement of large-pored pannexin-1
channels into the membrane, through which products of mi-
croorganisms and tissue damage can access the cytosol and
directly activate NLRP3 or other NLRs. Larger molecules,
such as crystalline or particulate ligands, enter the cell by
phagocytosis and following rupture of the phagolysosome,
can activate the inflammasome directly or through ROS,
which are generated in the process of lysosome damage. The
process of secretion of the inflammasome-dependent cyto-
kines is not yet clear; secretion occurs immediately following
processing, without the accumulation of these cytokines in the
cell. The role of the inflammasome in cancer development and
progression has been studied [reviewed in [46]].

The precursor of IL-1x (ProlL-1x) is processed by the
Ca, '-dependent protease calpain into the mature 17 kD form
and the 16 kD N-terminal cleavage product- the propiece of
IL-1¢, also termed IL-1 o N-terminal peptide (IL-1NTP). The
latent form of calpain is activated in cells under inflammatory
conditions and especially upon loss of plasma membrane in-
tegrity, which occurs during necrosis [59]. However,

intracellular ProIL-1c, which is biologically active, is present
in many cells because they contain calpain inhibitors and are
thus unable to process and secrete IL-1. Recently, some in-
volvement of the inflammasome in IL-1c secretion has also
been demonstrated [60—62]. A biologically active membrane-
associated form of IL-1x (23 kD), which is anchored to the
membrane via a mannose-like receptor, has been found in
activated cells that express the cytokine.

IL-1 Receptors Exogenous IL-1x and IL-1{ signal through
the same IL-1Rs that belong to the immunoglobulin (Ig) su-
pergene family, and are abundantly expressed on many cell
types, suggesting that both IL-1 agonists are synonymous in
their function. IL-1R of type I (IL-1R1) (80 kD) is a signaling
receptor, whereas the IL-1R of type II (IL-1R2) (68 kD) serves
as a decoy target, acting to reduce excessive amounts of IL-1
[reviewed in [33, 34, 36-39, 63]]. Following the binding of
IL-1 to IL-1R1, the IL-1R acceptor protein (IL-1RAcP) is
recruited. This heterodimeric complex triggers IL-1 signaling
by activating the IL-1 receptor-associated kinase (IRAK) and
ultimately leads to activation of NF-«kB and its target genes.
IL-1R2 and the IL-1Ra do not form this heterodimeric com-
plex with the IL-1RAcP and therefore do not recruit IRAK.
Signaling through surface IL-1R1 represents an evolutionary
conserved mechanism homologous to the TLR pathway.

Differences Between IL-1x and IL-13

IL-13 is not present under homeostatic conditions; it is induced
and secreted only upon inflammatory signals and its secretion is
tightly controlled at the levels of transcription, mRNA stability,
translation, post-translational modifications and processing. On
the other hand, IL-1 ¢ is present in the cytosol, nucleus or on the
cell membrane in homeostatic steady-state conditions, as well
as during inflammation, when its expression is upregulated.
IL-1 ¢ is mainly active in its ProlL-1o form, which is expressed
in lumen-lining epithelial cells, as well as in other tissue cells.
Furthermore, IL-1 is only rarely secreted by living cells and
in most cases is undetectable in body fluids. Previously, we
demonstrated that in vivo, in steady-state homeostasis and in
inflammation, IL-1 and IL-1f3 are differentially expressed in
tissues, possibly pointing to their different physiological roles
[64, 65]. IL-1 and IL-1f3 differ in the sub-cellular compart-
ments in which they are active. IL-13 is solely active as an
extracellular secreted product, while its precursor is inactive
and there is no membrane-associated form of IL-13. On the
other hand, IL-1 is mainly present in its cell-associated forms
(ProlL-1¢, IL-INTP and membrane-associated forms), but is
only marginally secreted in its mature form, with the exception
of activated myeloid cells [reviewed in [33-39]]. Very little is
known about the biological activity of IL-INTP. ProlL-1c was
shown to translocate to the nucleus, due to a nuclear localiza-
tion sequence (NLS) located within the structure of ProlL-1c
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and IL-1NTP, but lacking in the mature form of IL-1 . In cells
that express ProlL-1«, but do not secrete it, the cytokine
possibly acts in an intracrine manner from within the cell, via
signaling pathways that are not yet fully characterized. We have
hypothesized that intracellular forms of IL-1x evolved as
intracellular effector molecules undertaking important homeo-
static regulatory functions beyond the realm of immunity and
inflammation. These include effects on gene expression, cell
growth and differentiation, which have been demonstrated in
tissue-resident cells, such as endothelial cells, fibroblasts,
smooth muscle cells, keratinocytes, epithelial cells and brown
fat cells [reviewed in [33-35]]. Thus, IL-1 belongs to a group
of “dual function” cytokines (i.e., HMBG1 and IL-33) that are
expressed in the cytosol and can enter the nucleus, where they
perform homeostatic functions, but upon cell necrosis, they are
released into the microenvironment and serve as alarmins by
inducing inflammation [reviewed in [66, 67]].

Inflammatory Activities of IL-1

IL-1 together with TNFo are defined as “alarm cytokines”
that are secreted by macrophages and initiate inflammatory
responses, by inducing a cascade of other pro-inflammatory
genes [reviewed in [33—-39]]. Of major importance are cyclo-
oxygenase type 2 (COX-2), inducible nitric oxide synthase
(INOS), chemokines/cytokines and matrix metalloproteinases
(MMPs). The IL-1 molecules stimulate their own and each
other’s production; this represents an important amplification
loop of the inflammatory response. Also, IL-1 increases the
expression of integrins on endothelial cells, stromal cells and
leukocytes and thereby promotes cell infiltration into inflamed
tissues. IL-1f induces inflammation in a classical manner,
being secreted from myeloid cells immediately after process-
ing of its precursor. Due to the limited secretion of IL-1«, its
role in inflammation is not yet clear.

Recently, the unique alarmin function of ProlL-1 ¢ in sterile
inflammation has been described by us and others [68—73]. In
tissue cells, such as epithelial cells, endothelial cells and fibro-
blasts, ProlL-1« is located in the cytosol and nucleus. Upon
stress, expression of ProlL-1« increases and it translocates
into the nucleus, where it is bound to chromatin in a highly
dynamic manner. Upon necrotic cell death, ProlL-1« is re-
leased from the chromatin and induces inflammation [74].
However, following apoptotic cell death, the mobility
of chromatin-bound IL-1« is greatly reduced; it concentrates
in dense nuclear foci and is not released into the environment
[69]. This represents a novel mechanism that explains why
inflammatory responses are not generated upon apoptosis. Al-
so, this mechanism indicates that IL-1x released from necrotic
tissue provides an alarm signal that initiates inflammation,
which is manifested by recruitment of neutrophils, while sub-
sequently, infiltrating cells, especially macrophages, secrete
other pro-inflammatory cytokines, such as IL-1{ that
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propagate and/or terminate the inflammatory response [69,
71]. Recently, a novel mechanism to control IL-1x activity
in necrotic cells has been described by Zheng, et al. 2013,
[75] and reviewed in [76]. Thus, under normal conditions,
IL-1x is synthesized as a p33 precursor that is sequestered
in the cytosol by IL-1R2, where it cannot be cleaved by pro-
teases or activate IL-1R1 signaling. However, after
inflammasome activation, IL-1R2 can be cleaved by
caspase-1 and ProlL-1a can be released and further processed
by calpain to the highly active p17 mature form of IL-1«. It is
still debatable whether ProlL-1x and mature IL-1x are active
to the same extent [77]. Moreover, necrosis-induced IL-1c
activity is tightly controlled in a cell type-specific manner
[75]. Thus, in cell types with a silent necrotic phenotype, IL-
1R2 remains associated with ProlL-1c. In contrast, in cells
with an inflammatory, necrotic phenotype, IL-1R2 is either
absent or caspase-1 is activated before necrosis. Overall, the
extent of inflammation in damaged tissues depends on the
concentration of cleaved IL-1¢, as well as the local expression
of IL-1R1. This control mechanism evolved in order to pre-
vent exacerbation of inflammation induced by necrotic cells in
tissues with limited regenerative capacity, such as kidney,
heart and brain [64, 75]. These findings suggest that sterile
inflammation can occur even without activation of IL-13.
Other studies have also demonstrated inflammasome-
dependent IL-1«x release in sterile inflammation, which may
further lead to ProIL-1( caspase-1-dependent processing and
release [reviewed in [34, 76]].

Differential Activities of IL-1x and IL-13
in the Malignant Process

Here, we will summarize in brief our comparative studies on
the role of IL-1o¢ and IL-1{3 in various phases of the malignant
process. We have hypothesized that the cell type that express
IL-1 or the localization of the IL-1 molecules in the context of
the producing cell and its microenvironment dictate the bio-
logical function of the IL-1 molecule in normal homeostasis
and also in the malignant process [reviewed in [33, 78-80]].
Our results demonstrate that in many cases, IL-1oc and IL-13
perform distinct functions in malignancy.

In the tumor arena, IL-1 is an abundant cytokine that can be
secreted by malignant or microenvironment cells and affect
local or even systemic inflammation and anti-tumor immunity.
It is involved in all phases of the malignant process, such as
tumorigenesis, tumor invasiveness and progression, as well as
activation/suppression of anti-tumor immunity. In the malig-
nant process, the target cells of IL-1 can include pre-malignant
or malignant cells, as well as cells of the microenvironment
that are activated by exogenous IL-1, usually to produce in-
flammatory mediators that promote invasiveness. In tumori-
genesis, IL-1 of microenvironment origin can propagate the
initial mutations by ROS or NO, produced by phagocytes,
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other microenvironment cells or mutated epithelial cells. IL-1
can then rescue initiated cells from apoptosis, enable their
proliferation and further accumulation of mutations, ultimate-
ly leading to a malignant phenotype. IL-1 can then potentiate
the invasiveness of malignant cells through stimulation of
growth factors, angiogenesis and tumor cell motility, ultimate-
ly leading to metastasis. In some cases, IL-1 can also enhance
the immunogenicity of malignant cells and consequently re-
duce tumor invasiveness. As IL-1 is an upstream cytokine, its
effects on the malignant process may be direct or indirect,
being mediated by cytokines/mediators that it induces. Thus,
at tumor sites, IL-1 induces a local cytokine network that is
determined by the array of expressed cytokines, their relative
concentrations and the expression pattern of their receptors.
This cytokine network dictates the dominant “net cytokine
effect”, which is dependent on the local repertoire of cytokines
and their receptors in malignant and tumor microenvironment
cells and fluctuates at various phases of tumor development
(Scheme 1).

Effects of IL-1 on Tumorigenesis

Tumorigenesis encompasses the in vivo induction of tumors
cells by carcinogens or oncogenes, as well as in vitro transfor-
mation of normal or immortalized non-tumor forming cells
into overt malignant cells that are capable of tumor formation
in mice. We have demonstrated the role of host-derived IL-1
molecules on susceptibility to chemical carcinogenesis in-
duced by 3-methylcholantrene (3-MCA), which acts both as
an initiator and a tumor promoter, using a battery of IL-1 KO
mice in comparison to wild-type (WT) mice [81]. It was
shown that strong inflammation mediated by IL-1[3 is essen-
tial for tumor development, which was impaired in IL-13 KO
mice and accentuated in IL-1Ra KO mice, which express non-
attenuated IL-1 levels. In contrast, IL-1 was less important in
this inflammatory response, as IL-1o« KO mice displayed tu-
morigenicity patterns similar to WT mice. Our results de-
scribed, for the first time, that 3-MCA-induced carcinogenesis
is inflammation-dependent, while previously it had been sug-
gested that, in this system, tumor development is controlled by
immune surveillance mechanisms that eliminate the arising
malignant cells [reviewed in [82]]. We have hypothesized that
both inflammation and immunosurveillance operate concom-
itantly and the balance between them determines the outcome
of the malignant process. The role of immunosurveillance in
3-MCA- carcinogenesis was observed in IL-1c KO mice. We
found that transplantable 3-MCA induced fibrosarcoma cell
lines obtained from IL-10¢ KO mice failed to generate tumors
in immune intact mice, whereas tumor development was evi-
dent in immunocompetent sublethally irradiated mice [83].
Thus, we demonstrated an impaired immunoedditing in mice
deficient in IL-1oc. We assume that the membrane-associated
form of IL-1x mediates its immunostimulatory effects. IL-1

expression on the membrane possibly acts as a focused adju-
vant that ligates with IL-1R1 that is abundant on immune
cells, at low levels of expression below those that are toxic
to the host. Previously, impaired immunoediting has been
demonstrated in various immunodeficient mice that lack
immunosurveillance cells, especially innate cells or critical
cytokines for the development of anti-tumor cell immunity
[reviewed in [84]]. In the absence of these components, im-
munogenic tumor cells are not destroyed during the process of
tumorigenesis and they prevail in the arising tumors.

Other studies have also described in detail the role of the
IL-1 molecules in promoting carcinogenesis, as previously
reviewed by us [85-88] and have emphasized mainly its
alarmin role. Indeed, IL-1 released from local epithelial cells
further acts to induce secretion of growth factors that induce
cell proliferation that promotes tumor development.

Effect of the IL-1 Molecules on Tumor Invasiveness

Invasiveness of tumors is largely affected by patterns of IL-1
expression by the malignant cells, the host or both. In exper-
imental tumor models in WT mice and in cancer patients,
increased local levels of IL-1 at tumor sites usually correlate
with tumor invasiveness and a bad prognosis [reviewed in [33,
78-80]]. Very little is known about interactions between IL-
locand IL-1f3 expressed at tumor sites either by malignant or
microenvironment cells. Most studies usually assess only one
of the IL-1 agonistic molecules and do not discriminate be-
tween its expression in the malignant cells versus the micro-
environment. Our studies have included fibrosarcoma cells
overexpressing IL-1« or IL-1f3, as well as cell lines that are
deficient in these cytokines that were transplanted into WT or
specific IL-1 KO mice. Overall, IL-1{3 expressed by the ma-
lignant or the host cells promotes tumor invasiveness and
immunosuppression, mediated by myeloid-derived suppres-
sor cells (MDSCs) [89, 90]. On the other hand, overexpression
of malignant cell ProIL-1c, which is located in the cytosol
or membrane-associated, and not secreted, is usually
immunostimulatory and induces an anti-tumor immune re-
sponse, mainly by recruitment of CD8" T cells, leading to
tumor regression [90-92]. Other studies have also emphasized
the effectiveness of membrane-associated cytokines expressed
on engineered tumor cells (i.e., [FNy, GM-CSF, M-CSF,
TNF« and IL-12) [93-95]. When both IL-1 agonistic mole-
cules are expressed and sufficient amounts of IL-1(3 are se-
creted, they induce a MDSC-mediated suppressive response
that either prevents development of anti-tumor immunity or
obscures it, thus resulting in progressive tumor growth. In the
absence of IL-1f3, local IL-1«, possibly due to its compart-
mentalization and low levels of expression, promotes anti-
tumor cell immunity. If both IL-1 molecules exist, usually
the pro-tumorigenic effects of IL-13 are dominant [81, 83,
96-98]. Our studies have also demonstrated the necessity of
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Scheme 1 IL-1 molecules in colon homeostasis, inflammation,
carcinogenesis and CRC invasiveness. IL-13 can be produced and
secreted during colon inflammation by infiltrating myeloid cells, as well
as by IECs and other stromal cells. ProlL-1« is expressed in steady-state
conditions in IECs. Upon tissue damage, ProlL-1« is released from nec-
rotizing IECs and acts as an alarmin to induce inflammation. In addition,

IL-1p for tumor-mediated angiogenesis, which is essential for
tumor invasiveness [98, 99].

IL-1 as a Biomarker of IBD and CRC Development

The expression of IL-1 by both myeloid and epithelial cells of
the mucosa during IBD was reported and its levels correlated
with the severity of inflammation in experimental models of
disease [100] and in patients [101-108]. In contrast, expres-
sion of IL-1Ra is significantly decreased in patients with IBD
[101]. In accordance, expression of inhibitory sIL-1RII was
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IL-1x can also be secreted by recruited infiltrating cells. In CRC, these
patterns of IL-1 expression are also valid. However, malignant cells can
secrete both II-1cc and/or IL-13 upon transformation or during tumor
progression. The IL-1 molecules can act on IECs or transformed colon
cells, as well as propagate local inflammation by activating microenvi-
ronment cells, which in the case of CRC increases tumor progression

associated with amelioration of CD; sIL-1RI was suggested as
a biomarker for disease activity in CD patients [109]. In addi-
tion, neutralization of IL-1 in experimental colitis, by IL-1Ra
or caspase-1 inhibitors, alleviated colitis [110—114]. Thus, due
to IL-1 inflammation-promoting features, its involvement in
the pathogenesis of IBD can be via its effects on infiltration
and activation of myeloid cells. IL-1 was also shown to be
necessary for maintenance of mucosal homeostasis by han-
dling microbiota and by protecting the integrity of the epithe-
lial barrier through effects on tight junctions [115, 116]. It was
found that excessive secretion of pro-inflammatory cytokines,
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for example, TNFx and IL-1 in the tumor microenvironment,
accelerates production of DNA-damage molecules, such as
ROS and nitric oxide that induce mutations in the colon epi-
thelium and thus promote cancer development [reviewed in
[12, 117]]. Dysregulated secretion of these pro-inflammatory
cytokines, like IL-1, can potentiate Wnt/3-catenin signaling in
IECs, which is a major regulator of IEC proliferation in nor-
mal and transformed colon cells [117]. Katsurano et.al. found
a number of measurable epigenetic alterations detected very
early in the colon tissue before the appearance of visible
tumors [118]. In a mouse colitis model induced by dextran
sulfate sodium (DSS), they identified three CpG islands that
are specifically methylated during inflammation in colonic
epithelial cells. Methylation levels started to increase as early
as 8 weeks after DSS treatment and continued to increase until
colon tumors appeared at 15 weeks. In contrast to the temporal
profile of DNA methylation levels, infiltration of inflammato-
ry cells spiked immediately after DSS treatment and then
gradually decreased. Comparative analysis of inflammation-
related genes showed that IFNvy, IL-13 and iNOS2 are
expressed concordant with methylation induction, whereas
IL-2, IL-6, IL-10 and TNF« did not. These results show that
an epigenetic field defect is formed at early stages of colitis-
associated carcinogenesis and it affects genes related to innate
inflammation, including IL-1f3.

Polymorphism of the IL-13 gene, accompanied with ele-
vated levels of IL-1f3 has been associated with an increased
risk of colon cancer development [119]. In contrast, single-
nucleotide polymorphisms (SNPs) associated with abundant
expression of IL-1Ra leads to a greater survival of patients
with advanced CRC [120]. A mutation in NOD2, which cor-
relates with severe forms of CD, resulted in increased produc-
tion and secretion of IL-1f3, indicating its role in the patho-
genesis of severe IBD and possibly its progression to CRC
[121].

These studies have shown an association between colon
IL-1$3 levels, severity of IBD and increased development
and invasiveness of CRC. However, in these studies, no par-
allel expression of IL-1x was examined. In normal cells, IL-
l o is mainly expressed in cell-associated forms. However, in
malignant cells, IL-1 ¢ might be secreted by epithelial cells, as
part of the aberrations of the malignant process, and this has
been associated with increased tumor invasiveness [reviewed
in [33]]. However, the comparative role of IL-1¢c and IL-1f3 in
chronic colon inflammation and carcinogenesis, as well as in
invasiveness of CRC is not yet known.In recent genome-wide
association studies (GWAS) and SNP analyzes, some of the
components of the inflammasome or its processed cytokines
or TLR/IL-1R signaling, such as NLRP3, CARDS, NOD2
and IL-18 and MyD38 were strongly associated with
increased susceptibility for IBD development [6, 8, 10, 11].

This has stimulated intensive studies on the role of the
inflammasome and its derived cytokines in colon inflamma-
tion and its progression to CRC [122—-125].

IL-1 in Colon Inflammation and Carcinogenesis

Following the characterization of extensive association between
inflammasome activation and susceptibility to IBD, as described
above [6, 8, 10, 11], mechanistic studies were performed on the
role of inflammasomes on colon inflammation and carcinogen-
esis [122-125]. KO mice lacking specific components of the
inflammasome and its secreted cytokines were treated with
Dextran Sodium Sulfate (DSS) to induce acute or chronic colon
inflammation. Colon tumorigenesis was initiated with the car-
cinogen azoxymethane (AOM) and promoted with chronic DSS
treatment, as described [126]. Specifically, in KO mice deficient
in components of the inflammasome, such as caspase-1 [127,
128], NLRP3 [127, 129, 130], NLRC4 [128], NLRP6 [131],
ASC [132], or in IL-18 and IL-18R KO mice [133], acute colitis
and the development of colon adenomas following AOM/DSS
treatment are exacerbated, as compared to WT mice. This was
intuitively in contrast with the notion that progression of colon
inflammation to carcinogenesis depends on the inflammatory
potential of BM-derived infiltrating myeloid cells, as well as
IECs and their secreted cytokines/pro-inflammatory products.
If major pro-inflammatory cytokines, such as IL-13 or IL-18
are deleted, disease severity should be attenuated in the above-
mentioned KO mice. However, it became apparent that
inflammasome-processed pro-inflammatory cytokines are
expressed in IECs, especially IL-18, and are crucial for I[EC
homeostasis and repair of the mucosa. Healing of the epithelial
cell compartment, which is highly protective against bacterial
invasion, is also essential to prevent CRC development; aberrant
healing of IECs may promote colon carcinogenesis. These func-
tions of IL-18 include proliferation/differentiation of IECs, ex-
pression of tight junctions that enable the closure of the epithelial
barrier of the colon, secretion of anti-bacterial peptides and pro-
duction of protective mucous by goblet cells. Indeed, it was
recently shown that the NLRP6 inflammasome, which is mainly
expressed in IECs, governs mucus secretion in goblet cells;
NLRP6 KO mice display a deficiency to clear enteric pathogens
due to impaired mucus secretion [134]. In these studies, the [EC
healing capacity was attributed to IL-18 rather than IL-1f3, as in
IL-1R KO mice, colitis and colon carcinogenesis patterns are
similar to those observed in WT mice [133]. In some of these
KO mice, such as caspase-1, IL-18, IL-18R and MyD88 KO
mice, the severity of colon inflammation and carcinogenesis
could be alleviated by injection of recombinant IL-18, but not
IL-13 [129, 132, 133]. Therefore, IL-18 expression in mucosa
of CD patients was examined [135-137]. A causal correlation
between serum and tissue levels of IL-18 and colon epithelial
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repair was shown in colitis induced in caspase-1 KO mice com-
pared to WT mice. In the former, impaired IEC proliferation,
low defensin secretion and low levels of serum and colon tissue
IL-18 were observed, as compared to high levels in WT mice
[130, 132]. Surprisingly, there was no difference in IL-1(3 levels
between caspase-1 KO mice and WT mice. Several mechanisms
were suggested for IL-18 involvement in healing of the IEC
compartment, acting by itself or through the IL-22 pathway.
IL-22 is a member of the IL-10 family, which plays an important
role in maintaining the colonic epithelial barrier and it is also a
key regulator of epithelial cell homeostasis in other organs, such
as the skin, liver and lungs. It was shown that IL-18 produced by
IECs in the inflamed colon increases IL-22 signaling by a neg-
ative feedback loop, downregulating expression and secretion of
the IL-22-binding protein by macrophages [138]. An additional
positive loop between IL-18 and IL-22 was also suggested;
IL-18 enhances transcription of IL-22 in lymphocytes that sub-
sequently promote IL-18 production by IECs [138, 139]. In
addition, it was recently shown that IL-22 secreted from Th22
cells in the microenvironment of colorectal cancer, promotes the
stemness of malignant cells in an experimental model and in
patients and thus increases invasiveness and predicts a poor
prognosis. This occurs through activation of the transcription
factor STAT3 and induction of DOT1L methyltransferase,
resulting in expression of core stem cell genes, such as NANOG,
SOX2 and PouSF1, and an increased concomitant tumorigenic
potential [140, 141].

The role of IL-1[3 as a major pleiotropic pro-inflammatory
cytokine in colon inflammation and carcinogenesis has not
been shown in the above-mentioned studies. In contrast
to the observations described above on induction of DSS-
induced colitis and colon carcinogenesis in NLRP3 KO mice
[127, 129, 130, 135, 136], some studies have shown that
NLRP3 KO mice are significantly protected from colitis,
as compared to WT mice [130, 138, 142]. The protective
effect of NLRP3 deficiency was most pronounced at early
time points of the disease, indicating an important role of
inflammasome signaling during the initiation of the inflam-
matory response. Furthermore, it was shown that in vitro,
macrophages stimulated with DSS secrete IL-1f3 that is
dependent on NLRP3 activation and upstream events, such
as phagocytosis, lysosomal maturation, cathepsins B and L,
as well as ROS. In macrophages deficient in NLRP3, ASC
or caspase-1, IL-13 secretion was abrogated. The authors
suggested that this reflects what occurs in vivo during acute
colitis, where macrophage-derived IL-13 mediates the inflam-
matory response. The protective effect of NLRP3 in mice
associated with an increased frequency of CD103" LP den-
dritic cells, expressing a tolerogenic phenotype under steady-
state conditions, which render these mice more resistant to
colitis development [142].

In subsequent studies on responses to microorganisms or
tissue damage products, in which activation of the
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inflammasome is involved, the role of IL-13 was demonstrat-
ed. Thus, in a model of infectious colitis induced by
Citrobacter rodentium in IL-1R or MyD88 KO mice, an ex-
acerbated form of disease was observed in the KO mice, indi-
cating that IL-1R signaling is essential for colon repair and
resolution of colitis [143].

To directly assess the role of the IL-1 molecules in colon
inflammation, we induced colitis in IL-1 KO mice, lacking
either IL-1o or IL-1f3, and examined their patterns of acute
DSS-induced colitis [144]. To our surprise, we found distinct,
non-redundant functions of both IL-1 major agonistic mole-
cules in acute colon inflammation. In mice deficient in IL-1cx,
a very mild and rapidly self-healing inflammatory response
was observed, as compared to WT mice. Similar results were
found when IL-1oc was conditionally deleted only in IECs.
These findings indicate that in DSS-induced colitis, following
the release of IL- 1« from necrotizing IECs, it acts as an alarmin
and initiates colon inflammation. Thus, for inducing colon in-
flammation, IL-1x of IEC origin is sufficient. Indeed, BM
transplantation experiments have indicated that both IL-1x
and IL-1f3 from later appearing BM infiltrating cells possibly
amplify and sustain the inflammatory response. Others have
also described the alarmin function of IEC-derived IL-1x in
activation of colon myofibroblasts [145, 146]. In contrast,
IL-13 KO mice were much more susceptible to DSS-induced
colitis, as seen by lower survival rates and manifestation of
severe and non-healing tissue damage, with only a marginal
inflammatory response, as compared to WT mice. This may
indicate that in colitis, IL-13 may play a dominant role in colon
repair; in its absence, tissue-damage does not resolve, as previ-
ously indicated by Lebeis et al., showing the role of IL-1R in
IEC healing [143]. Furthermore, in mice deficient in SIGRR
(also named TIRS), which is a negative regulator of TLR4 and
IL-1R signaling, exacerbated colitis and development of CRC
occurs. Specific restoration of gut epithelium by SIGRR, by its
specific knock-in into IECs of SIGGR KO mice, restored the
homeostasis of IECs, possibly by limitation of their response to
the microbiota or local IL-1 [147]. T cell infiltration into dam-
aged crypts, especially Treg and CD8" T cells, correlates with
repair that is apparent in IL-1«, but not IL-1(3 KO mice after
termination of acute colitis. Treatment with anti-IL-1 « antibod-
ies, rather than anti-IL-1(3 or the IL-1Ra, ameliorates colitis.
The contrasting role of the major agonistic IL-1 molecules in
colitis may explain the fact that in IL-1R KO mice patterns of
colitis are similar to WT mice [133]. Further understanding the
differential role of IL-1x and IL-1f3 in colitis may lead to
understanding their involvement in the mechanisms of CRC
development/progression and may help to devise novel
therapeutical targets.

In recent years, the physiological significance of the micro-
biota in inflammasome activation and inflammasome-
dependent cytokines, i.e., IL-13 and IL-18, in intestinal ho-
meostasis, as well as in disease (IBD and CRC) has been
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highlighted. Recent studies demonstrated that during colitis in
inflammasome deficient mice, there is overgrowth of com-
mensal bacteria and antibiotic treatment ameliorated the exac-
erbated disease in these mice [129]. Pioneering studies by
Elinav et al. demonstrated that the exacerbated colitis pheno-
type in NLRP6 KO mice is accompanied by changes in phyla
of certain commensal bacteria in the colon, with prevalence of
Bacteroides (prevotellacae) and TMV7. Furthermore, suscep-
tibility to colitis could be transferred from NLRP6 KO mice to
WT mice by co-housing [131], clearly indicating the crucial
role of the microbiota in the pathogenesis of colitis and CRC
development. The results also indicate that susceptibility
to colitis and colon carcinogenesis does not involve only an
endogenous defect in inflammasomes in IECs and impaired
secretion of cytokines, but it also involved in interactions
between the modified microbiota and with diverse cells in
the colon. Furthermore, dysbiosis, as detected by 16S RNA
sequencing, was observed by the Flavell group in NLRP3,
ASC, Caspase-1 and IL-18 KO mice with an exacerbated
form of colitis, as described above. In these strains of mice,
co-housing with WT mice altered the colitis phenotype of
WT mice to a severe one, due to acquisition of a dysbiotic
microbiota [131]. Antibiotic treatment reversed the colitis
phenotype of inflammasome-deficient mice, indicating the
role of a communicable dysbiotic microbiota that enhances
susceptibility to colitis. Similar results were reported on the
transfer of susceptibility to colitis from susceptible WT mice
to resistant NLRP3 KO mice by co-housing [142]. As a uni-
fying hypothesis, the Flavell group has suggested that interac-
tions between the microbiota (healthy or dysbiotic), functional
inflammasomes and generation of inflammasome-derived cy-
tokines (IL-13 and IL-18) determine patterns of colon inflam-
mation and carcinogenesis. In some mouse colonies, strains
that lack inflammasomes contain dysbiotic microbiota for rea-
sons not yet known. The activation of diverse inflammasomes
in distinct cells of the colon (myeloid cells, IECs, stromal
myofibroblasts) at defined time intervals can result in a pleth-
ora of cytokines and mechanisms that control colitis or colon
carcinogenesis. How inflammasomes and their secreted cyto-
kines in different cell types act in a coordinated manner in
steady-state homeostasis of the intestine and in disease is
largely unknown and should be clarified. This will help to
understand the mechanisms of IBD and CRC, using experi-
mental mouse models and specimens from relevant patients.
It is not yet known whether interactions of defined species
of bacteria with innate intestinal cells would yield in similar or
unique outcomes. The role of specific microbiota on the
differentiation of lymphoid cells in the colon was recently
described. Thus, the ratio between Th17 cells (IL-17") and
FoxP3" Treg cells, which is involved in intestinal homeosta-
sis, is largely affected by the Clostridia-related segmented
filamentous bacteria (SFB) [reviewed in [148]]. SFB stimu-
lates polarization of Th17 cells that secrete IL-17 and 1L-22,

which can further activate IECs to secrete anti-microbial
peptides, thus resulting in increased resistance to microorgan-
isms. However, when these cytokines are produced in excess,
chronic autoimmune inflammation develops. On the other
hand, Treg cells maintain homeostasis in the intestine by
suppressing local immunity, through inhibition of pro-
inflammatory Th17 cells. These studies represent the first ex-
ample of a specific commensal species that skews the mucosal
effector T cell balance and predisposes the host for altered
immunity following insults in the intestine. In another study,
the Nunez group demonstrated the unique involvement of IL-
13 in the development of steady-state Th17 cells in the intes-
tine [149]. IL-1f3 is secreted by intestinal macrophages in
response to microbiota through the TLR-MyD88 pathway.
Subsequently, IL-1{ acts directly on IL-1R-expressing T cells
and polarizes them into Th17 cells, in a pathway that was
previously described [reviewed in [150]]. This does not occur
in germ-free (GF) or MyD88 KO mice, as they do not produce
IL-1f3. Injection of recombinant IL-13 into GF mice induced
the production of steady-state Th17 cells. This effect is spe-
cific to IL-1f3, as other cytokines, such as IL-6, did not acti-
vate this pathway.

The Nunez group further studied the mechanisms of IL-1(3
expression and secretion under steady-state homeostasis
and in response to pathogenic bacteria [reviewed in [151]],
when phagocytes are anergic to TLR ligands or commensal
bacteria. Intestinal resident phagocytes constitutively express
ProlL-1f3, which is immediately cleaved and secreted
only upon infection with pathogenic bacteria (Salmonella
or Pseudomonas) through NLRC4 inflammasomes. Under
these conditions, IL-6 or TNF«, two typical cytokines of
macrophages are not induced. This mechanism is local and
specific to the gut, as susceptibility to Salmonella infection
was observed in NLRC4 or IL-1R KO mice only upon
orogastric, but not intraperitoneal infection. Thus, IL-1f3
production through NLCR4 inflammasomes discriminates
between innate responses elicited by commensal versus
pathogenic bacteria. The role of IL-13 in neutralization of
the pathogenic bacteria Clostridium difficile, which induces
pseudomembranous colitis, was further analyzed [152].
During infection, microbiota translocate across the damaged
colon barrier followed by massive recruitment of neutrophils.
IL-1f3 is secreted through NLRP3 activation and IL-1(3 further
induces CXCLI1 production, which represents the actual
chemoattractant for neutrophils. The role of tissue damage in
the intestine in induction of IL-1R-mediated inflammation by
commensal bacteria was further demonstrated [153—155].
Thus, in the normal host, Proteus mirabilis is considered as a
commensal bacteria (parabiont) and its toxins do not affect the
host by inducing inflammation or immunity. However, in
mice treated with DSS, which induces intestinal injury, the
toxin hemolysin hpmA of P. micrabilis interacts with circulat-
ing LyC6"€"CCR2" inflammatory monocytes, rather than
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with anergic colon resident macrophages, which results in
activation of the NLRP3 inflammasome and robust secretion
of IL-1f3, in amounts equivalent to those induced by patho-
genic Salmonella. This leads to a potent inflammatory re-
sponse in the colon. Many species of isolated, commensal
bacteria induced expression of mRNA of ProIL-1f3 in inflam-
matory macrophages, but only P.mirabilis and pathogenic Sal-
monella activated the secretion of mature IL-13. As P.
mirabilis is a parabiont bacterium, which becomes pathogenic
under certain circumstances, it is not yet clear whether intes-
tinal damage induced by DSS transformed it to a pathogenic
bacterium. The unique patterns of IL-13 expression in re-
sponse to various bacterial species or the different molecules
originated from tissue damage may point to this possibility.

In summary, results show that the IL-1 molecules
play a major role in host defense mechanisms against
microorganisms. During infection with pathogens, tissue
damage occurs and microorganisms stimulate IL-1{3 pro-
duction and inflammation. Some of these conditions
also occur during chronic colon inflammation and carci-
nogenesis. We observed the distinctive role of IL-1a
and IL-1f in acute colon inflammation. Studies in prog-
ress are aimed at assessing the role of both IL-lo and
IL-13 in chronic colon inflammation and carcinogene-
sis, as well as in invasiveness of CRC. These results
will hopefully lead to therapy based on neutralization
of specific IL-1 molecules. These include the IL-1Ra,
soluble receptors, specific antibodies and inhibitors of
specific inflammasomes. Many of these agents are
FDA-approved and currently used safely and efficiently
in the treatment of autoinflammatory disorders, as well
as some autoimmune diseases, such as Rheumatoid
arthritis (RA). There are agents being now tested in a
variety of diseases with a pronounced inflammatory
component, such as myocardial infarction (MI) and
Diabetes type 1.
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