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Abstract
Patients with inflammatory bowel diseases, such as ulcerative colitis and Crohn's disease, are at
increased risk of developing colon cancer, confirming that chronic inflammation predisposes to
development of tumors. Moreover, it appears that colon cancers that do not develop as a
complication of inflammatory bowel disease are also driven by inflammation, because it has been
shown that regular use of nonsteroidal anti-inflammatory drugs (NSAIDs) lowers the mortality
from sporadic colon cancer and results in regression of adenomas in familial adenomatous
polyposis (FAP) patients, who inherit a mutation in the Apc gene. Colorectal cancer therefore
represents a paradigm for the link between inflammation and cancer.

Inflammation is driven by soluble factors, cytokines and chemokines, which can be produced by
tumor cells themselves or, more often, by the cells recruited to the tumor microenvironment.
Inflammatory cytokines and chemokines promote growth of tumor cells, perturb their
differentiation, and support the survival of cancer cells.

Tumor cells become addicted to inflammatory stroma, suggesting that the tumor
microenvironment represents an attractive target for preventive and therapeutic strategies.
Proinflammatory cytokines, such as TNFα, IL-6 and IL-1β, or transcription factors that are
required for signaling by these cytokines, including NF-κB and STATs, are indeed emerging as
potential targets for anticancer therapy. TNFα antagonists are in phase I/II clinical trials and have
been shown to be well tolerated in patients with solid tumors, and IL-1β antagonists that
ameliorate several inflammatory disorders characterized by excessive IL-1β production, will likely
follow. Therefore, development of drugs that normalize the tumor microenvironment or interrupt
the crosstalk between the tumor and the tumor microenvironment is an important approach to the
management of cancer.
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Introduction
The link between inflammation and colon cancer

Colorectal cancer is one of the most frequent human neoplasia. The transition from normal
epithelium to malignant tumor is driven by alterations in tumor suppressor genes (such as
Apc and p53) and oncogenes (e.g. K-ras). In addition, tumors become addicted to
proliferative and survival signals from the abnormal tumor microenvironment.
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Tumor progression depends on the interaction of tumor cells with components of the tumor
microenvironment, including macrophages, B and T cells, mast cells, fibroblasts,
myofibroblasts and extracellular matrix. Tumors have the ability to remodel the stroma and
to establish a permissive microenvironment for their progression: they secrete factors that
recruit inflammatory cells and/or activate stromal cells. In turn, cells in the
microenvironment produce soluble factors (cytokines, chemokines, growth factors,
proteases) that regulate growth, differentiation and survival of tumor cells and thus aid in
tumor progression and promotion. In addition to cytokines, these cells produce elevated
levels of reactive oxygen and nitrogen species, which can promote cancer causing genetic
alteration in the epithelium. Although chronic inflammation may be involved in all three
stages of tumor development: initiation, promotion and progression, it appears to play a
major role in tumor promotion and progression.

Inflammatory bowel disease (IBD), which ranks among the top three high risk conditions for
colon cancer [1] is a noticeable example of the tight link between inflammation and cancer.
The risk for colorectal cancer increases with the duration and extent of the disease,
confirming an active role of inflammation in the occurrence of cancer. The regular use of
nonsteroidal anti-inflammatory drugs (NSAIDs) also lowers the mortality from sporadic
colon cancer and results in regression of adenomas in FAP patients, who inherit a mutation
in the Apc gene [2], suggesting that inflammation also contributes to the progression of
tumors that are not initiated by inflammation.

Inflammation is driven by soluble factors, cytokines and chemokines, which are produced
by tumor cells themselves and by the cells recruited to the tumor microenvironment, such as
macrophages and mast cells. Depletion of mast cells [3] or macrophages [4] resulted in a
profound remission of Apc-initiated intestinal polyps in mice, confirming the role of
immune cells and their soluble factors in both initiation and progression of intestinal cancer.
The key role of inflammation in colon cancer has been established by the demonstration that
Apc/Min+/− mice with deficient TLR signaling develop reduced number of tumors [5].

The serum levels of several cytokines, including TNFα, IL-8, IL-6 and VEGF, are elevated
in colorectal carcinoma (CRC) patients, and some studies have suggested that increased
plasma levels of these cytokines may have a prognostic value [6]. Accordingly, cytokines
such as TNFα and IL-1β are emerging as potential targets for anticancer therapy. TNFα
antagonists are in phase I/II clinical trials and have been shown to be well tolerated in
patients with solid tumors [7, 8], and IL-1β antagonists that have been tested in
inflammatory disorders characterized by excessive IL-1β production are also available and
should be tested for their clinical efficacy in cancer patients [9].

Cytokines secreted by the activated tumor stroma modulate tumor growth and enhance
invasiveness of tumor cells by activation of oncogenic signaling pathways in tumor cells,
including activation of NF-κB by TNFα and IL-1β, and activation of STAT3 by IL-6 [10].
In addition, activation of oncogenes, such as k-Ras, has been shown to activate NFκB
signaling in tumor cells and to trigger the production of several proinflammatory mediators
[11–13].

More recently, TNFα [4], Hepatocyte Growth Factor [14], PDGF [15] and FGF19 [16] have
been shown to activate Wnt/β–catenin signaling in tumor cells, the oncogenic pathway
activated in the majority of colorectal cancers. Signaling through the canonical Wnt pathway
results in stabilization and accumulation of β-catenin in the cytoplasm, followed by its
nuclear translocation [17]. Finally, in cooperation with members of the TCF/LEF family, β-
catenin activates a number of target genes that modulate cell growth and differentiation [18]
and stimulates the expansion of cells that have stem cell- like properties. We showed that
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IL-1β is a potent activator of Wnt signaling in colon cancer cells and that, accordingly,
IL-1β and macrophages promote growth and support survival of colon cancer cells [19].

Consistent with the protumorigenic role of inflammation in colon cancer, nonsteroidal
antiinflammatory drugs (NSAIDs) exert a strong chemopreventive activity. Several studies
have confirmed that regular use of aspirin reduces the relative risk of developing colon
cancer by 50% [20]. New findings indicate that aspirin also improves survival of stage I, II
and III colorectal cancer patients [21], establishing NSAIDs as therapeutic agents, not only
chemopreventive agents. NSAIDs exert their anti-inflammatory (and anti-tumorigenic
activity) in large by inhibiting cyclooxygenase 2 (COX-2) [22]. The expression of COX-2 is
elevated in 50% of adenomas and in 85% of adenocarcinomas. In human intestinal tumors
COX-2 is expressed in epithelial and stromal cells, suggesting that NSAIDs exert their
chemopreventive activity by targeting both, tumor cells and cells in the tumor
microenvironment. COX-2 is an inducible gene, and proinflammatory cytokines, such as
IL-1β and TNFα, and hypoxic environment [23] are potent inducer of COX-2 expression.
NF-κB and Wnt signaling have both been shown to regulate the expression of COX-2.
Overexpression of COX-2 increased AOM-induced tumor formation [24] and COX-2
deficiency significantly diminished tumorigenesis in mouse models of colon cancer [25, 26],
confirming its role in tumorigenesis. Accordingly, selective COX-2 inhibitors have been
confirmed to be efficient chemopreventive agents [27], however the enthusiasm about the
use of these drugs has been diminished by their negative effect on the cardiovascular system,
including increased risk of heart attacks and strokes.

Proinflammatory and protumorigenic activities of COX-2 in CRC are mediated by PGE2,
which stimulates growth, angiogenesis and inhibits apoptosis in CRC [28] through
activation of a number of oncogenic signaling pathways, including β-catenin/TCF, Ras and
the PI3K signaling. Therefore, selective inhibitors of PGE2 may turn out to be potent
inhibitors of CRC, but with fewer side effects than nonselective NSAIDs or selective
COX-2 inhibitors.

The role of Toll-like receptor (TLR) signaling in inflammation and colon cancer
Intestinal epithelium is in direct contact with a huge number of commensal bacteria. Patients
with ulcerative colitis display abnormal immune response to bacterial challenge,
accompanied with increased cytokine production [29]. Toll-like receptors (TLRs) which are
expressed on epithelial cells recognize both commensal and pathogen associated molecular
patterns (PAMPs) from the gut flora. TLRs have a dual role in intestinal inflammation:
while signaling through TLRs is required to maintain tolerance to commensal bacterial and
for the removal of pathogenic microorganisms, a deregulated TLR mediated immune
response can also trigger inflammation and contributes to the link between chronic
inflammation and colon cancer [30]. Stimulation of TLRs can directly activate T regulatory
(Treg) cells, which can suppress T cell dependent colitis and bacterial mediated intestinal
inflammation [31]. TLR5 deficient mice develop spontaneous colitis, demonstrating that in
mice flagellin-TLR5 interaction normally curbs intestinal inflammation [32]. TLR2 and
TLR4 are upregulated and TLR3 is downregulated in intestinal mucosa of IBD patients [33].

Stimulation of TLR2 or TLR4 on tumor cells by pathogens activates the expression of a
plethora or cytokines and chemokines that, in turn, promote growth of tumor cells.
Activation of TLR signaling is linked to activation of the NF-κB pathway (Figure 1) and can
therefore result in increased survival of tumor cells, leading to chemoresistance. Indeed,
TLR4 has been shown to promote colitis associated colon cancer [34] and deficiency of
Myd88 (a cofactor for TLR signaling, Figure 1) in IL-10−/− mice [35], or in the ApcMin+/−

mice [5] resulted in abrogation of colon cancer, confirming the essential role of TLR/
MyD88 signaling for development of CRC.
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Inflammation as a prognostic factor
Solid tumors are frequently infiltrated by T cells, B cells, NK cells, mast cells and
macrophages. Although epidemiological studies and experimental evidence suggest that
inflammation accelerates tumor progression, immune cells can also promote anti-tumor
immunity. The nature and the abundance of infiltrating cells and the repertoire of soluble
mediators produced by these cells maintain the equilibrium between tumor promoting
inflammation and antitumor immunity. Analysis of a large number of CRC patients
confirmed that the presence of Th1 cells (and the expression of Th1 specific genes, such as
T-bet, IFNγ) in tumors is associated with the absence of metastatic invasion, tumor
recurrence and better overall survival [36, 37]. High CD3 density in the center of the tumor
or at the invasive margin of the tumor correlated with significantly better survival of CRC
patients [36]. Analysis of >400 CRC patients confirmed that infiltration with CD8 T cells
correlated with lack of metastasis [37]. Likewise, metastatic tumors have reduced density of
CD8 T cells, and CRC with microsatellite instability (MSI), which correlates with good
prognosis, are associated with high infiltration of CD8 T cells [38]. Finally, colorectal
cancer patients exerting high grade inflammation had better 5 year survival [39].

Consistent with the ability of macrophages to modulate the growth of tumors, to suppress
anti tumor response, to promote angiogenesis and to support invasion and metastasis of
tumors, increased density of macrophages is associated with poor prognosis in breast,
prostate, bladder and cervical cancer [40–45]. There are, however, contrasting reports
regarding the prognostic significance of macrophage infiltration in colon cancer [46–48].
Some studies suggested that the location of immune cells determines whether their presence
results in suppression or promotion of tumor growth. For example, while high density of
macrophages in the central region of the tumors appears to be a poor prognostic factor, the
presence of macrophages at the invasive margin correlated with better 5 year survival [39,
47]. It has also been indicated that a high macrophage to cancer cell ratio needs to be
achieved for macrophages to exert antitumorigenic activity [47], underscoring, at least in
part, an inherent cytotoxic activity of macrophages. Consistent with these findings, depletion
of macrophages in rats promoted growth of colon cancer xenografts and impaired survival of
experimental animals [48]. Together, these data demonstrate that the activation and
polarization state of macrophage is likely to determine whether macrophages will promote
or inhibit tumor progression.

Nevertheless, these finding suggested that the analysis of immune infiltration should be an
important factor in establishing a prognosis in colorectal cancer. Indeed, the type, density
and location of immune cells in colorectal tumors had a prognostic value which was
comparable or superior to the established TNM classification [49].

This review is focused on the protumorigenic effects of inflammation in colon cancer. The
role of proinflammatory cytokines including TNFα, IL-6, IL-1β and IL-17, and signaling
pathways utilized by these cytokines, such as NF-κB, STAT3 and Wnt, will be discussed.

TNFα and NF-κB signaling
Human colon cancers are infiltrated by inflammatory cells, including mast cells and
macrophages, which secrete TNFα [3]. Likewise, polyps arising in the ApcΔ468 mice, a
genetic model for intestinal cancer, showed infiltration with mast cells. Serum levels of
TNFα are elevated in tumor bearing ApcΔ468 mice and depletion of mast cells significantly
reduced the levels of TNFα, confirming that mast cells are significant source of TNFα.
Most importantly, depletion of mast cells or anti-TNFα treatment significantly suppressed
polyposis in the ApcΔ468 mice [3].
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TNFα activates oncogenic signaling pathways in epithelial cells, including Wnt and NF-κB
(see below), and thereby regulates their growth and survival. The ability of TNF to induce
DNA damage in vitro and in vivo is linked to the production of reactive oxygen species, and
antioxidants significantly reduced TNFα induced DNA damage. Treatment of cells with
TNFα increased chromosomal instability, gene mutations and gene amplifications [50],
suggesting a direct mechanism whereby TNFα promotes cancer development.

TNFα plays a pathogenic role in colitis. In the azoxymethane (AOM) and dextran sodium
sulfate (DSS) induced mouse model of colitis associated colon cancer, mice lacking TNF-R
p55 showed reduced mucosal damage upon AOM/DSS treatment, and subsequently had
attenuated formation of intestinal tumors. Accordingly, etanercept, a specific antagonist of
TNFα, reduced the number and the size of tumors in the AOM/DSS model, confirming a
role of TNFα in inflammation induced intestinal tumorigenesis. More intriguing was the
observation by Popivanova [51] that inhibition of TNFα blocks the accumulation of β-
catenin mutations, possibly reflecting a mutagenic role of TNFα.

Pharmacological inhibition of TNFα by neutralizing TNFα antibodies is very efficient in
the treatment of IBD patients [52] and inhibitors of TNFα have also been tested as potential
agents for the treatment of colon cancer. Results from phase I and phase II clinical trials
using enbrel or remicade suggest that neutralization of TNFα has some biological activity in
colorectal cancer patients [53]. However, anti TNFα medications have profound effects on
patient's immune system, resulting in a broad range of infections and have been linked to
development of lymphomas and skin and lung cancer. The most remarkable example is
perhaps the case of a patient who developed lung cancer while on anti TNFα therapy, and
whose lung cancer regressed upon discontinuing anti TNFα therapy [54], underscoring a
role of TNFα in immune response and significance of immune system for the immune-
surveillance [55, 56].

Binding of TNFα to its receptor triggers canonical NF-κB signaling, which is a major
signaling pathway activated by TNFα (Figure 1). Signaling is initiated by activation of an
IκB kinase (IKK) complex consisting of catalytic kinase subunits (IKKα and/or IKKβ) and
the regulatory scaffold protein IKKγ. IKK-mediated phosphorylation results in proteasomal
degradation of the IκB inhibitor enabling the active NF-κB transcription factor subunits to
translocate to the nucleus and induce target gene expression. One of the target genes is the
IκBα gene itself, which re-sequesters NF-κB subunits and thus terminates its transcriptional
activity.

Deletion of IKKβ in intestinal cells, or pharmacological inactivation of IKKβ, resulted in
more severe DSS-induced mucosal inflammation and greater ulceration, demonstrating a
protective role of IKKβ in acute colitis [57]. Deficiency of IKKβ in intestinal epithelial cells
had no effect on the incidence of spontaneous colitis in IL-10 deficient mice, however lack
of IKKβ in macrophages or neutrophils significantly attenuated colitis triggered by IL-10
deficiency [57].

Tissue specific inactivation of IKKβ significantly reduced the number of tumors in the
AOM/DSS model [58]. Deletion of IKKβ in enterocytes did not reduce inflammation in the
AOM/DSS model, but resulted in increased apoptosis and markedly decreased tumor
incidence, while deletion of IKKβ in myeloid cells abrogated tumor development through
inhibition of proinflammatory cytokines that promote the growth of epithelial cells [58].
This report underscored the importance of NF-κB signaling in both enterocytes and in
myeloid cells.

LPS (a component of gram negative bacteria) promotes growth and metastatic spread of
CT26 colon cancer cells. Inhibition of NF-κB in intestinal cells has been shown to not only
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inhibit inflammation- induced tumor growth of colon cancer cells (mediated by TNFα), but
also rendered these cells sensitive to LPS-induced TRAIL mediated cell death [59].

Several tumors exert constitutive activation of NF-κB. While persistent activation of NFκB
in tumor cells alters their ability to grow and to differentiate, one of the best studied
consequences of NF-κB activation is enhanced survival of cancer cells. Indeed, NF-κB
directly regulates a plethora of genes that protect tumor cells from apoptosis, including bcl-
x, A20, survivin, cIAPs and others. Commonly used chemotherapeutic drugs have been
shown to activate NF-κB in tumor cells, which can diminish drug-induced apoptosis through
upregulation of the anti-apoptotic genes [60–62]. Selective NF-κB inhibitors should
therefore promote the therapeutic efficiency of chemotherapeutic drugs, however long term
use of such drugs may lead to immunosuppression. Another impediment is that prolonged
pharmacological inhibition of IKKβ resulted in increased IL-1β secretion upon endotoxin
challenge [63].

Mice treated with etanercept, a TNFα antagonist, displayed reduced levels of
unphosphorylated, active, β-catenin in intestinal tissue [51]. Indeed, TNFα has been shown
to promote Wnt signaling in gastric tumor cells [4], and we showed that macrophage-
derived TNFα and IL-1β activate Wnt signaling in colon cancer cells [19], establishing a
direct connection between inflammation and the major oncogenic signaling pathway in
colon cancer. Both TNFα and IL-1β induced phosphorylation of GSK3β in epithelial cells,
which caused its inactivation, and thereby increased canonical Wnt signaling and enhanced
the expression of Wnt target genes. Consistent with these findings, Apc/Min+/− mice treated
with anti-TNFα antibody had significantly reduced levels of c-myc and COX-2 in intestinal
mucosa, two prototypical Wnt target genes [64]. While Oguma et all [4] demonstrated that
TNFα promotes Wnt signaling in an NF-κB independent manner (gastric cells expressing
IκB super-repressor responded to TNFα with enhanced Wnt signaling), we showed that
macrophage-derived factors activate Wnt signaling in colon cancer cells through NF-κB
signaling [65]. Depletion of macrophages in the ApcΔ716 mice significantly reduced
intestinal tumorigenesis [4], confirming the role of macrophage-derived factors for the
progression of colon cancer.

IL-1β, NF-κB and Wnt
Interleukin 1β (IL-1β) is a proinflammatory cytokine, produced mainly by activated
macrophages. In turn, IL-1β induces the expression of TNFα, IL-6, IL8, IL-17, COX-2 and
PGE2, important proinflammatory mediators and promoters of growth of tumor cells [66,
67].

Consistent with the protumorigenic activity of IL-1β, chemically induced tumor formation
was shown to be significantly delayed in IL-1β−/− mice. Likewise, IL-1R antagonist
(IL-1RA) deficient mice, which are characterized by excessive levels of IL-1β, displayed
rapid tumor development and high tumor frequency [67–69]. Injection of IL-1β or LPS (a
strong inducer of IL-1β) increased metastasis in the murine B16 model and treatment of
mice with IL-1RA reduced metastasis and increased survival rates [69, 70]. Liver metastasis
were also reduced in IL-1 KO mice and in the ICE (IL-1β converting enzyme) KO mice, in
which processing of IL-1β is inhibited [70], demonstrating that IL-1β promotes
tumorigenesis at multiple levels.

IL-1β is regulated at the transcriptional, translational and posttranslational level. Maturation
of the inactive IL-1β precursor into secreted biologically active protein is induced by TNFα
or LPS and requires caspase 1 activity [71]. NOD2, an intracellular sensor for bacterial
muramyldipeptide (MDP) directly activates caspase-1 and thus trigger maturation and
secretion of IL-1β [72]. STAT1 deficient cells have defective expression of caspase 1 [73],
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and accordingly, LPS-induced secretion of IL-1β [74] and tumor induced release of IL-1β
[19] are markedly reduced in STAT1 deficient macrophages.

IL-1β signals through two receptor chains, IL-1RI and IL-1RII, and is, like TNF, a potent
inducer of NF-κB activity. Two adaptor proteins, MyD88 and IRAK, rapidly associate with
IL-1R after IL-1β treatment. MyD88 is obligatory for IL-1β signaling as it connects the
receptors with a downstream kinase, IRAK [75]. Deficiency in MyD88, which functions
downstream of both TLR and IL-1R, has been shown to attenuate polyposis in Apc/Min+/−

mice and to increase their survival [5], demonstrating that MyD88 dependent signaling
critically contributes to intestinal tumorigenesis.

We showed that colon cancer cells stimulate macrophages to release IL-1β [19] and
demonstrated that IL-1β induced NF-κB activation is coupled to inactivation of GSK3β and
induction of Wnt signaling in colon cancer cells [65]. The expression of IL-1β target genes
such as c-myc, Snail and c-jun was impaired in tumor cells expressing dnTCF4, an inhibitor
of Wnt signaling, confirming the significance of Wnt signaling for the biological activity of
IL-1β [76]. We showed that macrophages and IL-1β did not induce Wnt signaling in tumor
cells expressing dnIκB or dnAKT, demonstrating that they induce Wnt signaling in NF-κB/
AKT dependent manner [65] (Figure 2).

Although loss of Apc occurs early in adenoma development, in vivo progression from
microadenomas to macroscopic tumors in ApcMin/+ mice is associated with further
augmentation of canonical Wnt signaling and increased expression of Wnt target genes [77],
demonstrating that the enhancement of Wnt signaling beyond a threshold level, such as we
observed in IL1 treated colon cancer cells, might be required for tumor progression and
metastatic spread. Indeed, β-catenin translocation is often detected at the invasive front of
tumor [78, 79], consistent with the interpretation that stromal tissue at the invasion front
provides signals to tumor cells that promote nuclear translocation of β-catenin and thus drive
tumor progression.

Consistent with the requirement of STAT1 for the processing of IL-1β, we showed that
tumor cells failed to induce IL-1β release from STAT1 deficient macrophages. Accordingly,
macrophages with silenced STAT1 expression did not induce Wnt signaling in colon cancer
cells and thus failed to promote their growth [19]. We demonstrated that vitamin D3
inhibited tyrosine phosphorylation of STAT1 in macrophages and thus interfered with tumor
induced IL-1β release from macrophages [19]. Subsequently, the ability of macrophages to
induce Wnt signaling in colon cancer cells and to promote their growth was inhibited upon
vitamin D3 treatment. Vitamin D3 is an important chemopreventive agent for colorectal
cancer in rodents and in humans [80, 81], and a recent study found that individuals with the
highest levels of vitamin D3 had a nearly 40% decrease in colorectal cancer risk compared to
those with the lowest levels of vitamin D3 [82]. Our data established that vitamin D3
interrupted a crosstalk between macrophages and tumor cells and thus stalled growth of
tumor cells, establishing a new pathway whereby vitamin D3 exerts its chemopreventive
activity.

IL-6 and STAT3
IL-6 is secreted by stimulated monocytes, fibroblasts, and endothelial cells, macrophages, T-
cells and B-lymphocytes. Colon cancer cells stimulate macrophages to produce IL-6 which
activates STAT3 in tumor cells [83]. IL-6 is a growth factor for human colon cancer cells
and inhibition of IL-6 signaling interferes with the growth of tumor cells [84, 85]. In
addition, IL-6 protects colon cancer cells from Fas-induced apoptosis through upregulation
of bcl-x [86]. Recently, tumor derived IL-6 (and IL8) were shown to be responsible for self-
seeding of solid tumors by circulating cancer cells, a process whereby circulating tumor
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cells re-seed the parental tumor and thus promote tumor growth, and enhance angiogenesis
and stromal recruitment of primary tumors [87].

Colon cancer patients have increased serum levels of IL-6 compared to healthy controls, and
the levels of IL-6 correlate with tumor stage, size, metastasis and patients survival [6].
Serum levels of IL-6 are also increased in Crohn's disease patients [88], consistent with
increased production of IL-6 by isolated lamina propria mononuclear cells from IBD
patients [89]. In addition, soluble IL-6R (sIL-6R) and circulating complexes of IL-6/sIL-6R
were found to be elevated in IBD patients, suggesting that IL-6 can activate cells that lack
membranous bound IL-6R [90]. Consistent with active IL-6 signaling, lamina propria T
lymphocytes isolated from IBD patients have elevated expression and activity of STAT3
and neutralization of sIL-6R reduced colitis activity [90].

IL-6 −/− mice have reduced tumor number upon AOM/DSS treatment compared to the WT
mice [91]. DSS treated IL-6−/− mice showed increased apoptosis and decreased proliferation
of intestinal epithelial cells. Consistently, treatment of mice with recombinant IL-6 increased
both tumor multiplicity and tumor size in the AOM/DSS model. As we will discuss below,
the ability of IL-6 to activate STAT3 in epithelial cells was critical for its protumorigenic
activity, as targeted deletion of STAT3 in intestinal enterocytes resulted in markedly
attenuated tumorigenesis, associated with increased DSS-induced apoptosis [91, 92].
Consistent with the protumorigenic activity of IL-6, genetic inactivation of IL-6 reduces
tumor load in the Apc/Min+/— mice [93].

Binding of IL-6 to the IL-6 receptor activates STAT3, a major oncogenic transcription
factor. The first step in IL-6 signaling is binding of lL6 to the cell surface receptors which
results in gp130 dimerization and in activation and trans-phosphorylation of Janus kinases
(JAK) (Figure 3). This is followed by phosphorylation of STAT3 on conserved tyrosine,
subsequent STAT3 dimerization and translocation to the nucleus, where STAT3 dimers bind
DNA and modulate the expression of a variety of genes. In addition, the soluble form of the
IL-6R (sIL-6R) can also bind IL-6, triggering biological responses upon association with
gp130. This type of activation, called “trans-signaling”, results in STAT3 activation in cells
that lack cell surface expression of IL-6R. This is significant as the epithelial cells rarely
express membrane bound IL-6R, and colon tumors can have decreased expression of
membrane-bound IL-6R compared to the normal intestinal tissue. However, the expression
of ADAM17, which is responsible for shedding of the IL-6R, is increased in tumors,
suggesting that sIL-6 receptor and IL-6 trans-signaling may play a major role in colon
cancer [85].

While activation of STAT3 in response to IL-6 is transient, tumors often exhibit persistent
activation of STAT3. Enhanced expression and activation of both STAT1 and STAT3 have
been found in patients with ulcerative colitis and Crohn's disease [94–96], conditions that
have been shown to significantly increase the risk of development of colon cancer. It is
unknown whether the presence of activated STATs predicts the risk of developing cancer in
patients with IBD. A subset of human tumors, including colon tumors, is characterized by
elevated levels of unphosphorylated STAT3 [97, 98]. This is important, as STAT3 can
regulate the expression of several genes, such as EGFR, bcl-2, cdc2, cyclin A2, E2 and B1,
in the absence of dimer formation [99].

Mice with targeted inactivation of STAT3 in intestinal epithelial cells and in macrophages
[100] or in macrophages and in neutrophils [101] develop intestinal inflammation. Similarly,
inactivation of STAT3 in myeloid and lymphoid cells resulted in spontaneous colitis and
development of tumor lesions, including carcinomas [102]. Interestingly, in this model
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inflammation and proliferation were linked to activation of the mTOR-STAT3 pathway in
enterocytes, a situation that is commonly found in IBD patients [102].

Conditional deletion of STAT3 in enterocytes resulted in more severe DSS-induced colitis
as these mice displayed reduced proliferation of intestinal cells and increased epithelial
injury after DSS challenge [91, 103]. These mice had increased expression of
proinflammatory cytokines within the colonic mucosa, including IL-1β, IL-6, and IL-11, and
thus displayed an exaggerated inflammatory response to DDS, associated with increased
expression of COX-2. Furthermore, intestinal deletion of STAT3 markedly inhibited
tumorigenesis in the AOM/DSS model, accompanied with increased apoptosis and reduced
expression of STAT3 target genes, including bcl-x [91]. Accordingly, gp130Y757 mice,
which contain a mutant gp130 receptor and display enhanced STAT3 activity, show
enhanced colitis-induced tumorigenesis [104] and deficiency of SOCS3, a negative regulator
of STAT3, is associated with increased tumor numbers [105]. Colonization of Apc/Min+/−

mice with the human colonic bacterium enterotoxigenix Bacteroides Fragilis (ETBF), which
secretes B. fragilis toxin (BFT), triggered STAT3 activation in intestinal epithelial cells,
induced colitis and dramatically increased the number of colonic tumors [106].

Recently, intestinal deletion of STAT3 in Apc/Min+/− mice revealed that although intestinal
deletion of STAT3 reduced the multiplicity of early adenomas, it enhanced growth of
tumors and resulted in formation of invasive carcinomas, suggesting that STAT3 can also
have anti-oncogenic activity [107]. Consistent with that, in rare carcinomas that develop in
the Apc/Min+/− mice, the amount of phosphorylated STAT3 was reduced at the invasive
front. The authors suggested that invasive carcinomas develop due to reduced expression of
CEACAM1 and enhanced nuclear localization of β-catenin in Apc/Min+/− STAT3ΔIEC mice.
Therefore, these data suggest that targeting STAT3 in vivo may have adverse effects on
tumor promotion.

STAT3 has been shown to mediate nuclear translocation of β-catenin, a key event in
colorectal cancer, and co-expression of nuclear STAT3 and β-catenin was associated with
poor survival of colon cancer patients [108]. The nuclear staining for both STAT3 and β-
catenin was observed at the invasive front, confirming their regulation by factors from the
tumor microenvironment. Dominant negative STAT3 was shown to interfere with β-catenin/
TCF transcription and to inhibit proliferation of colon cancer cells. In turn, Wnt signaling
has been shown to upregulate STAT3 mRNA [109], suggesting a positive feedback loop
between the two pathways. STAT3 directly interacts with RelA, thereby contributing to
constitutive activation of NF-κB in tumor cells [110] and NF-B is essential for STAT3
activation in intestinal cells [57], underscoring the intricacy of the interplay between the
signaling pathways in tumor cells.

IL-17, a STAT3 regulated cytokine
IL-17 is produced by a subset of T helper cells, which are characterized by the production of
IL-17, IL-22 and TNFα (Th17 cells). Paneth cells, intestinal cells with a crucial role in
mucosal immunity, also produce IL-17. Accordingly, IL-17 expression was detected at the
bottom of the crypts, and colocalized with Paneth cells [111]. IL-17 positive cells constitute
a considerable proportion of CD4 cells in the intestinal lamina propria, but are rare in
Peyer's patches. The number of Th17 cells was markedly decreased in the large intestine of
germ-free mice [112]. The authors demonstrated that development of intestinal Th17 was
independent of TLR signaling, but was driven by bacterial derived ATP. Consistently,
administration of ATP enhanced Th17 differentiation and aggravated T cell mediated colitis
[112].
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IL-6 and TGFβ have been shown to be required for Th17 differentiation of murine CD4
cells, while in humans, a combination of TGF-β, IL-1β and IL-23 induces Th17
differentiation from naive T cells. In contrast, interferon gamma (IFNγ) and IL-4, the main
stimulators of Th1 and Th2 differentiation, negatively regulate differentiation of Th17 cells.
Several tumor derived factors, including IL-1β, TNFα, IL-6 and TGFβ are important
promoters of Th17 differentiation. Consistent with this, the density of Th17 cells is
increased in the tumor microenvironment [113, 114]. STAT3 is essential for Th17
differentiation [115, 116] and IL-6, a STAT3 activator, together with TGFβ, increased the
expression of RORα and RORγ, signature transcription factors for Th17 cells [117]. IL-17,
in turn, induces IL-6, which activates STAT3, resulting in upregulation of genes that
promote survival, such as bcl-x, in a variety of human cancer cell lines [118].

Although tumor cells express IL-17R and thus respond to IL-17, IL-17 exerts its
protumorigenic role also by acting on fibroblasts and endothelial cells in the tumor
microenvironment. IL-17 induces VEGF, IL-1β, IL-6 and PGE2 and stimulates IL8
production and the density of Th17 cells was positively correlated with microvessel density
in tumors [119] In addition to the effect on the immune system, IL-17 has also been shown
to inhibit growth factor-withdrawal induced apoptosis of colon cancer cells, suggesting that
it acts as a survival factor in vivo.

IL-17A−/− mice appear to be protected from DSS-induced colitis [120], however
neutralizing IL-17A antibodies aggravated DSS-induced colitis [121], underscoring a
complex role of IL-17 in intestinal inflammation. Neutralization of IL-17 inhibited
enterotoxigenix Bacteroides Fragilis (ETBF)-induced colitis and tumor formation in the
Apc/Min+/− mice [106], confirming the role of Th17 in tumor initiation.

It is important to stress, however, that despite numerous reports describing strong
protumorigenic activity of IL-17, some reports have presented convincing data describing
anti-tumorigenic activity for this cytokine, most likely through enhancement of anti-tumor
immunity. Accordingly, tumor growth and metastasis were shown to be enhanced in IL-17
deficient mice [113].

TRAIL and survival of colon cancer cells
Tumor necrosis factor Related Apoptosis Inducing Ligand (TRAIL, also known as Apo2L)
belongs to the TNF family of ligands that activate the apoptotic cascade upon engagement of
death receptor proteins. TRAIL binds to two agonistic receptors, DR4 and DR5, and to
DcR1, DcR2, and osteoprotegerin (OPG), which act as decoy receptors [122]. The
expression of OPG is regulated by β-catenin signaling and confers resistance to TRAIL-
induced apoptosis [123]. Serum concentrations of OPG are elevated in late-stage colorectal
cancer patients and proinflammatory cytokines, including TNFα and IL-1β, have been
shown to increase the secretion of OPG from colon cancer cell lines [124]. Mice injected
with LPS have elevated levels of OPG, and OPG deficient mice display reduced production
of LPS-induced proinflammatory cytokines [125].

TRAIL deficient mice, or neutralization of TRAIL in mice, promotes spontaneous and
experimentally induced tumorigenesis [126] confirming its role in tumor surveillance.
TRAIL has emerged as a promising candidate to be used in cancer therapy, because it kills
selectively cancer cells, while leaving normal cells unharmed [122]. Indeed, in stark contrast
to other members of the TNF family, treatment of mice and primates with recombinant
TRAIL induced significant regression of tumors without systemic toxicity [127, 128].
Recently, the combination of TRAIL with all trans-retinyl acetate (RAc) has been shown to
induce apoptosis selectively in adenomatous polyposis (APC) deficient epithelial cell
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without harming normal cells and treatment of ApcMin mice with TRAIL and RAc induced
apoptosis in intestinal polyps and prolonged animal survival [129]. Although the molecular
basis for the tumor selective activity of TRAIL remains, for now, unknown, TRAIL-based
therapies are in multiple phase I and phase II clinical trials.

Tumor cells can often develop resistance to apoptosis, which limits the efficiency of
therapeutic agents. Resistance to TRAIL has been shown to develop in cells with mutant
DR5 [130] or in mismatch repair deficient tumors with Bax mutations [131]. The Raf kinase
inhibitor Sorafenib sensitized TRAIL resistant colon cancer line to TRAIL induced
apoptosis in vivo by preventing NF-κB dependent expression of two anti-apoptotic genes,
IAP2 and MCl-1, offering a new approach to promote the responsiveness of colon cancer
cells to TRAIL [132]. Inhibition of NF-κB in the CT26 colon cancer cell line, which
responds to LPS with enhanced cell growth and metastasis, resulted in TRAIL mediated cell
death upon LPS challenge [59]. LPS induced the expression of TRAIL in both NF-κB
proficient and NF-κB deficient CT26 tumor bearing lung tissue, and it has been proposed
that selective induction of the TRAIL receptor, DR5, on NF-κB deficient tumor cells,
mediates TRAIL-induced apoptosis in these cells [59].

In addition, soluble factors present in the tumor microenvironment have a significant impact
on the responsiveness of tumor cells to TRAIL [133, 134]. Epithelial cancer cells from
primary colon carcinomas produce IL-4, which increases the expression of antiapoptotic
genes, including bcl-x and bcl-2, and thereby inhibits TRAIL induced apoptosis of tumor
cells [135]. It appears that colon cancer stem cells, CD133 positive cells, are the main source
of IL-4. Neutralization of IL-4 strongly enhanced the therapeutic efficiency of standard
chemotherapeutic drugs, including oxaliplatin, 5FU and TRAIL, both in vitro and in vivo
[136, 137]. These experiments demonstrated that IL-4 protects CD133 positive cells with
stem cell characteristics from undergoing apoptosis [135, 136], establishing a crucial role of
IL-4 in the survival of tumor-initiating stem cells.

We recently demonstrated that macrophage-derived IL-1β protects colon cancer cells from
TRAIL-induced apoptosis through its ability to induce Wnt signaling in tumor cells [76].
Tumor associated macrophages or recombinant IL1 stabilized Snail in colon cancer cells and
thereby inhibited TRAIL-induced apoptosis, demonstrating that factors derived from the
tumor microenvironment can alter the response of tumor cells to therapeutic agents [76].

IL-10 and TGF beta (TGFβ): negative regulators of inflammation
IBD is characterized by the loss of balance between proinflammatory and regulatory
cytokines. IL-10, a cytokine produced by Th2 cells, B cells, tumor cells and macrophages, is
a potent inhibitor of proinflammatory cytokines, including IL-1β, TNFα and IL-6.

Mice deficient for IL-10 develop spontaneous colitis, which requires the presence of luminal
bacteria [138], as germ free IL-10−/− mice remain disease free [139]. Enterocolitis in
IL-10−/− mice has been shown to be perpetuated by uncontrolled production of
proinflammatory cytokines, such as IL-1β, TNFα and IL-6 [140]. AOM treated IL-10−/−

mice show enhanced colorectal tumor progression, which is dependent on MyD88 signaling,
confirming that signaling through TLR/MyD88 is required for tumor development [35].
While the therapeutic efficiency of IL-10 in mice is encouraging, its efficacy in patients with
Crohn's disease is disputed [141].

Another cytokine that is deregulated during inflammation and cancer is TGFβ. Smads are
the main signal transducers in TGFβ pathway. Binding of TGFβ to the TGFβR2 activates
regulatory Smads (Smad 2, 3, 1, 5, 8), which upon binding to Smad4 translocate to the
nucleus and regulate the expression of TGFβ target genes. Mutations in TGFβR2 or Smad4
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inactivation are common in several types of carcinomas, including colon cancer. TGFβ
inhibits growth of tumor cells, it activates apoptotic cell death or autophagy, and can
potently suppress tumor promoting inflammation [142]. Similar to IL-10, TGFβ inhibits
IL-6 dependent colon cancer formation [85]. However, in addition to its tumor suppressive
activity, TGFβ can also promote tumor progression, and increased levels of TGFβ have been
shown to contribute to metastatic spread of tumor cells, at least in part, via its ability to
regulate the epithelial mesenchymal transition [142]. TGFβ has therefore a dual role in cell
proliferation and cell death. Likewise, TGFβ can promote self renewal of cancer stem cells,
or induce their differentiation.

Transgenic overexpression of TGFβ in T lymphocytes significantly delayed development of
cancer in the AOM/DSS model and expression of dnTGFRβII increased the number of
lesions, confirming a crucial role of TGFβ signaling in colon cancer [84]. Consistently,
mucosal T cells from IBD patients display high levels of Smad7, an inhibitor of TGFβ
signaling, and intestinal tissue from these patients show reduced levels of phosphorylated
Smad3.

Concluding remarks
Smoking, obesity, infection and environmental pollutants significant increase the risk of
development of many types of human cancers and all of these factors appear to act by
instigating inflammation. Mantovani and Pages suggested that the model of cancer
formation proposed by Hanahan-Weinberg [143] which comprises six cancer traits (self
sufficiency in growth signals, insensitivity to anti-growth signals, evading apoptosis,
limitless replicative potential, sustained angiogenesis and tissue invasion and metastasis) has
to be updated, and that a seventh hallmark should be immunity and a cancer promoting
proinflammatory microenvironment [49, 144]. NF-κB and STAT3, and the proinflammatory
cytokines that activate these transcription factors, have emerged as potential targets for
cancer therapy. Indeed, anti-inflammatory agents, such as sulindac and vitamin D3, are
potent chemopreventive agents. Curcumin inhibits both NF-κB and STAT3 signaling and
shows promising results for the treatment of familial adenomatous polyposis (FAP) patients
and for the Crohn's disease [145, 146]. We showed that vitamin D3, a potent
chemopreventive agent for colorectal cancer, acts on cells in the tumor microenvironment,
interrupts the crosstalk between tumor cells and inflammatory cells that infiltrate the tumor,
and thereby inhibits the growth and survival of colon cancer cells [19, 76].

Although preclinical data are very encouraging about the effect of drugs that target
proinflammatory tumor microenvironment on tumor cell growth and survival, clinical trials
will need to be designed to confirm their effectiveness in patients, and to determine whether
these drugs will be beneficial as single agents, or they should be used in combination with
standard cytotoxic therapy.
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CRC Colorectal Cancer

Apc gene Adenomatous Polyposis Coli gene

IL-1RA IL-1 Receptor Antagonist

RA Rheumatoid Arthritis

COX-2 cyclooxygenase 2

STAT3 Signal Transducer and Activator of Transcription 3

TNFα Tumor Necrosis Factor alpha

FGF Fibroblast Growth Factor

PDGF Platelet- Derived Growth Factor

PGE2 Prostaglandin E2

AOM/DSS Azoxymethane/Dextran Sodium Sulfate

LPS Lipopolysaccharide

TRAIL Tumor necrosis factor Related Apoptosis Inducing Ligand

IL-1β Interleukin 1β

IL-1R Interleukin 1 Receptor

Myd88 Myeloid differentiation primary response gene 88

IRAK Interleukin 1 receptor Associated Kinase

TLR Toll-Like Receptor

GSK3 Glycogen synthase kinase 3

ICE IL-1beta Converting Enzyme

IL-6 Interleukin 6

IL-6R Interleukin 6 Receptor

IL-10 Interleukin 10

SOCS3 Suppressor of Cytokine Signaling 3

OPG Osteoprotegerin

FLIP FLICE-like inhibitory protein
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Figure 1. NF-κB signaling
Binding of TNFα (or IL-1β) to their respective receptors triggers canonical NF-κB
signaling. Signaling is initiated by activation of an IκB kinase (IKK) complex consisting of
catalytic kinase subunits (IKKα and/or IKKβ) and the regulatory scaffold protein IKKγ.
IKK-mediated phosphorylation results in proteasomal degradation of the IκB inhibitor
enabling the active NFκB transcription factor subunits to translocate to the nucleus and
induce target gene expression. One of the target genes is IκBα gene itself, which re-
sequesters NFκB subunits and terminates transcriptional activity, unless a persistent
activation signal is present. NF-κB is activated also through TLR signaling via Myd88
dependent pathway. Receptor induced association of MyD88 with the TIR domain allows
the formation of a complex, including IRAK1 and TRAF6, resulting in activation of TAK1,
which phosphorylates and activates IKKβ. TLR3 can also induce NFκB in a MyD88
independent manner (not shown).
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Figure 2. Signaling pathway whereby tumor associated macrophages promote Wnt signaling in
tumor cells
Peripheral blood monocytes (Mo) were cultured with control medium or with conditioned
medium from HCT116 or Hke-3 colon cells for 48 hours. As shown here, soluble factor(s)
from HCT116 and Hke-3 cells induced maturation of normal peripheral blood monocytes
(Mo), demonstrated by phalloidin/DAPI staining, coupled to the release of IL-1β. IL-1β,
through activation of NF-κB, induced phosphorylation of PDK1 and AKT, which
inactivates GSK3β, leading to enhanced β–catenin/TCF4 transcriptional activity, and
increased expression of Wnt target genes in tumor cells, including c-myc and c-jun (adapted
from [65]).
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Figure 3. STAT3 signaling
Binding of IL-6 to the receptor triggers receptor heterodimerization with the gp130.
Subsequently, JAKs are activated by phosphorylation which results in the recruitment of
STAT3 to the receptor. Phosphorylated STAT3 dimerize and translocate to the nucleus, bind
DNA and regulate the expression of its target genes.
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