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ABSTRACT

Chemokines (CXCR3) and their ligands (CXCL9, CXCL10, and CXCL11) exert
exquisite control over T-cell trafficking and are critical for activation, differentiation
and effector T cell function. CXCR3 is important for CD4 Th1l cells, CD8 effectors,
memory cells, and for the function of natural killer and natural killer T cells. The
presence of high cytotoxic CXCR3 ligand expression on CD8 T cells in colorectal
cancerous tissue has been well documented in the past. CXCR3 and its ligands are
differentially expressed at sites of inflammation and within the tumors. Further, the
expression of CXCR3 and its ligands has been correlated with both the presence of
effector T cells within tumor tissue and disease-free survival of patients. However,
effector T cell infiltration into primary and metastatic tumors is highly variable and, in
fact, often absent. Thus, understanding why T cells fail to infiltrate into tumors and
determining the way to improve effector T cell entry into tumors would be important
advances in efforts to harness the power of the immune system to fight cancer. To this
end, the recent exciting discovery that CXCR3 is functionally expressed on regulatory
T cells and also induces the differentiation of peripheral CD4 T cells into regulatory T
cells, might address the novel clinically relevant question of the therapeutic potential
of the CXCR3 system. This is also coupled with the fact that increases in CXCR3
expression also improves effector T cell function. This review describes the differential
role of CXCR3 induction on peripheral and tumor microenvironment inflammation.
Further, this review, tied with important findings from our laboratory, demonstrates
that polyphenols induce CXCR3 expression on regulatory T cells and increases CXCR3
ligands in the tumor microenvironment, which act together to suppress colorectal
cancer through a differential mechanism discussed herewith.

INTRODUCTION

Chemokines are heparin binding chemotactic
cytokines that regulate trafficking and position of cells
by activating the seven-transmembrane G-protein-
coupled chemokine receptors (GPCR). The target cell
specificity of each chemokine is determined by the
expression pattern of its cognate receptors. Chemokines
are structurally divided into four subgroups, namely C,
CC, CXC and CX3C based on the first two N-terminal
cysteine residue [1]. Chemokines can be functionally
classified as inflammatory or homeostatic based on their

expression patterns after insult [2]. Inflammatory stimuli
induce the expression of chemokines to induce cellular
infiltration including T cells, granulocytes, and monocytes/
macrophages. Till date, over 50 chemokines and 20
signaling chemokine receptors have been identified [3].
Chemokines not only coordinate the migration of immune
cells, but also play an important role in maturation
of immune cells and generation of adaptive immune
responses [4]. Dysregulation of chemokines impacts a
broad range of human diseases including autoimmune and
inflammatory diseases [5]. Chemokines play an important
role in complex tumor microenvironments (TME) made
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up by many different cell types. In the TME host and
cancer cells release an array of chemokines, resulting
in recruitment and activation of various cells to induce
a pro-or anti-tumor response. To this end, the CXCR3
chemokine system received a lot of attention especially
for differential function in both the TME and peripheral
immune response. CXCR3 has been strongly associated
with tumor progression in advanced colorectal cancer
[6]. Further, CXCR3 has been considered as a potential
therapeutic target for many inflammatory diseases and
a few cancer models. In this review, we discussed the
differential role of CXCR3 during peripheral inflammation
and TME in colorectal cancer.

CXCR3 family of chemokines

Chemokines can be defined as small (8—15 kD)
proteins that induce chemotaxis, tissue extravasation,
and modulators of the functional properties of leukocytes
during inflammation. CXCR3 and its ligands CXCL9,
CXCL10, and CXCLI11 are from the non-ELR CXC
chemokine group of structurally and functionally related
molecules. CXCR3 is not detectable in normal conditions
in most non-lymphoid tissue, but are strongly induced
by the cytokine IFN-g during infection, injury and
immuno-inflammatory responses. Thus, the CXCR3
family of chemokines is highly inducible by IFN-g and
shares the ability to promote the directional migration of
activated and memory, but not naive T cells. Recently
attention has been focused on the differential function
of CXCR3 and its ligands on systemic inflammation in
the TME. Even though CXCR3 is highly expressed on
activated effector T cells in peripheral inflamed tissue,
inhibition of CXCR3 pathways therapeutically for
human disease has been unsuccessful so far. Further, in
some murine models, global CXCR3 inhibition paints
a confusing picture on the outcome of disease. To this
end, previous studies have shown unique, but sometimes
contradictory results, thus providing a strong rationale
for more in-depth investigation in this area. Therefor in
this review, we discuss the divergent roles of CXCR3 and
its ligands on the induction of peripheral inflammation
vs suppression of tumor number and size via different
mechanisms in colorectal cancer associated with
intestinal inflammation.

Role of CXCR3-ligands in mediating inflammation and
autoimmune diseases

CXCR3 ligands are CXC chemokines secreted by a
variety of cells including endothelial, epithelial, T, natural
killer (NK), natural killer T cells (NKT), fibroblasts,
neutrophils, monocytes, and dendritic cells (DCs). As
a group CXCR3 and its ligands have been extensively
studied during inflammation and in autoimmune diseases
[7]. CXCR3 ligands are chemotactic for leukocytes, as
well as for activated T lymphocytes of the Th1 phenotype
that express CXCR3 [8-15]. In addition, CXCR3 ligands

can also compete with eotaxin for the binding of CCR3"
cells to inhibit migration and Ca?' changes, thereby
enhancing the polarization of Thl cells and inducing
inflammation [16]. CXCR3 ligands differentially induce
chemotaxis efficiency during inflammation [17], through
the initiation of IFN-g, which is associated with Thl
type immune responses [18]. In between three CXCR3
ligands, the C-terminal region of CXCL10 has a high
affinity for surface heparan sulfate glycosaminoglycan
(GAG), which is expressed on epithelial, endothelial,
and hematopoietic cells [19, 20], as compared to other
ligands. Our laboratory and others have shown that all
three CXCR3 ligand expression is elevated in many
autoimmune diseases [21], as depicted in part in Table 1.
Further, in particular, CXCL10 expression has been shown
to increase in periodontal and autoimmune liver diseases
[22, 23]. CXCL9 is upregulated during Alzheimer’s
[24] and Hodgkin’s diseases [25, 26], infection of the
central nervous system [27], Grave’s disease [28],
asthma [29, 30], and glomerulonephritis [31]. All of the
CXCR3 ligands play a role in multiple sclerosis [27,
32], bronchiolitis [33], and skin/mucosal inflammation
[34, 35]. We have shown that blocking CXCR3 ligands
ameliorate colitis and interstitial cystitis severity through
reduction of inflammatory Th1 cells from mucosal sites.
Taken together, these studies suggest the importance of the
CXCR3 chemokine family in initiation and progression of
inflammation during infection and autoimmune diseases.

Role of CXCR3 and its ligands in colitis associated
with colorectal cancer

It has been well established that colitis is induced,
in large-part, by the infiltration of T cells, macrophages,
and neutrophils that produce Th1 cytokines in the mucosa
[36, 37]. Further, it has been shown that CXCR3" T cells
increase in the lamina propria (LP) of inflammatory bowel
disease (IBD) patients as compared with normal healthy
donors [38]. For the past 15 years our laboratory has
worked on this chemokine and have shown that CXCR3
and its ligands are upregulated at sites of experimental
colitis [39]. We have also shown that systemic CXCR3
ligands increase significantly in Crohn’s disease (CD)
patients, as compared to normal healthy individuals [21].
In a similar study, we noticed changes in the intestinal
pathology from patients with the highest levels of CXCR3
ligand expression, including heavy cellular infiltration
that mainly constitutes by T cells, neutrophils and
macrophages. Further, the colorectal histology of normal
healthy individuals showed hypertrophied epithelial
layers at multiple sites, with only a few inflammatory
infiltrates mainly composed of lymphocytes, plasma
cells and macrophages [21]. In particular, CXCL10 has
received considerable attention in recent years and has
been shown to be upregulated during colitis [40], while
CD tissues have been shown to express another ligand,
CXCL9, as well as CXCR3 [41-44]. We have shown that
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Table 1: Summary of CXCR3 ligands expression in various disease

Disease Ligands Receptors Cell type effected References
Autoimmune Nishioji K. et al. Clin. & Exp. Immunol.
Liver disease CXCLY/10 CXCR3 Hepatocytes 2001; 123:271-9.
Alzheimer’s Discase CXCL10 CXCR3 Astrocytes Xia M.Q. et al. J. Neuroimmunol, 2000,
108:227-35.
Hodgkin’s CXCLY/10 CXCR3  Hodgkin RS cells Onshima K. et al. Int. J. Cancer, 2002;
98:567-72.
Central Nervous Liu MT. et al. J. Immunol. 2001;
System CXCLY/10 CXCR3 T cells 166:1790-5.
, Romagnani P. ef al. J. Pathol, 2002;
Grave’s CXCL9/10 CXCR3 Glomerular 161:195-206.
Medoff B.D. et al. J. Immunol. 2002;
Asthma CXCL10 CXCR3 T cells 168-5278_86.
Glomerulonephritis CXCL9/10 CXCR3 Mesangial Romagnani P. et al. J. Am. Soc. Neprol.
10; 2518-26.
. . Salmaggi A. et al. J. Inter. Cyto. Res.
Multiple Sclerosis CXCL9/10/11 CXCR3 Astrocytes 2002; 22:631-40,
C Belperio J.A, et al. J. Immunol. 2002;
Bronchiolotis CXCL10 CXCR3 Mononuclear 169103749,
Mucosal Inflammation CXCL9/10/11 CXCR3 Keratinocytes Z(l)l;:r 1, et al. J. Pathol. 2001; 194:398-
Rotondi M. et al. Endocr. Rev. 2007;
Lupus CXCL10 CXCR3 T cells 18:497-520.
. Shiozawa F. et al. Arthritis Res Ther.
Diabetes CXCL10 CXCR3 T cells 2004: 6:R78_RS6.
. . Singh UP. ef al. 1. Immunol. 2003;
Interstitial cystitis CXCL9, CXCL10 CXCR3 T cells 1:171(3):14011406.
Colitis CXCL10 CXCR3  Teells Singh UP. ef al. Plos One 21; 8(11)

e79751.

Summary of the various cell types in autoimmune diseases mediated by CXCR3 and its ligands.

CXCL10 blockade ameliorates spontaneous experimental
colitis [39], which is mediated predominantly by Th1-type
ab TCR* CXCR3" cells [45]. We have also shown that
anti-CXCL10 antibody treatment dramatically reduced
IFN-g levels and other proinflammatory cytokines in
mice during chronic colitis as compared to vehicle
treated mice. However, CXCR3 and its ligands have been
shown to increase during colitis, but the role that these
chemokines play in pathogenesis, disease susceptibility
and progression of colorectal cancer is not very clear.
Colitis is strongly linked to the development of
colorectal cancer [46]. The etiology of the third most
common form of cancer, colorectal cancer, is complex and
involves many factors including genetic, immunologic,
environmental influences, and presents a significant
disease burden Worldwide. Biological determinants that
influence the probability of developing [47] colorectal
cancer can include, but are not limited to, immunological
disorders associated with cellular or humoral responses.
Interestingly, colitis patients have an increased lifetime

risk for developing inflammation associated with induction
of colorectal cancer [48, 49]. The literature unequivocally
shows the importance of CXCR3 expression on Tregs,
Teffs, and macrophages in colorectal cancer induction and
progression. To this end, it has been shown that CXCR3
promotes colorectal cancer metastasis to lymph nodes
[50].

We are excited by our recent finding that shows,
polyphenol 3, 5, 4’ trihydroxy-trans-stilbene (TS)
treatment induces CXCR3 expression on Tregs at
peripheral sites in lamina propria lymphocytes (LPLs) and
in TME as compared with vehicle-treated mice (Figure 1).
This exciting data provides a wide-open opportunity to
determine whether induced CXCR3 expression on Tregs
by the natural TS compound: 1) Limits the effectiveness
of peripheral (colorectal) CXCR3 inhibition; 2) Whether
CXCR3 ligands released from antigen presenting cells
(APCs) attract CXCR3" Teffs to the TME; 3) Further
activating CXCR3 ligands (CXCL9 and CXCLI10)
to eradicate tumor cells and suppress the severity of
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colorectal cancer. Further, in a similar study, we noticed
that CXCR3 and its ligands are important during Teff
entry into colon tumors in the Azoxymethane (AOM)
and dextran sodium sulphate (DSS)- induced models of
colorectal cancer (Figure 2). Interestingly, we noticed that
TS reduced the level and expression of peripheral CXCR3,

IFN-y and CXCL10 (Figure 2A and 2C). In contrast TS
also induces CXCR3 and its ligand level and expression
in the TME of DSS-AOM induced colorectal cancer as
compared to normal mice (Figure 2B and 2D). This is
exciting data on TS induction of differential CXCR3
expression and function on peripheral versus tumor sites
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Figure 1: TS differentially induces the expression CXCR3* Tregs in periphery and CRC Tumors IL-10 knockout mice
on a C57BL/6 background were given 100 ml of vehicle or TS (100 mg/kg body weight) every 3 days by oral gavage
from 8 weeks after the onset of symptomatic colitis through week 16. The cells from LPLs were stained for FoxP3 and CXCR3
gated on CD4 T cells, then analyzed by flow cytometry. Changes in the mean percentage of FoxP3+CXCR3+ cells are shown in upper right
quadrants (A). Azoxymethane (AOM) and Dextran sodium sulphate (DSS) induced BL/6 mice were given similar dose of TS for three
weeks and tumor were isolated and stained for Foxp3 and CXCR3 gated on CD8 T cells (B). Experimental groups consisted of 5 mice;
experiments were repeated three times.
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Figure 2: TS reduced systemic CXCR3 lignads and enriched in tumor infiltrating T cells and tumor microenvironment.
Lamina propiria (LP) lymphocytes and tumor cells were isolated from the Azoxymethane (AMO) and DSS induced BL/6 mice treated with
vehicle (m), TS ([J) and changes in the numbers of CD3 T cells expressing IFN-g and CXCR3 were determined by flow cytometry and
expressed as the total number of cells/mice + SEM. Data shown are from a representative experiment; three independent experiments
involving 6 mice/group yielded similar results (A). Panel (B) shows CXCR3 expression from Tumor of DSS induced CCR mice; (C) shows
suppression of systemic CXCL10, a ligands for CXCR3 after TS treatment and (D) shows increase in CXCR3 ligands levels in tumor
microenvironment in CCR mice. Asterisks indicate statistically significant differences (p < 0.01) between different experimental group.
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that might affect cancer progression. These exciting
results have led us to believe that, TS-induced CXCR3
expression on CD8 Tregs contributes to dampening of the
suppressive capacity of Tregs and facilitates more Teffs
recruitment to tumor sites thus inducing Teffs function
that reduces the tumor number and size. In contrast, TS
induced CXCR3 expression of CD4"Tregs at peripheral
sites suppress the immune response and systemic
inflammatory cytokines, thus reducing inflammation
and leading to effective suppression of both colitis and
associated colorectal cancer.

How CXCRa3 ligands differentially mediate peripheral
and tumor microenvironments

The control of T-cell migration is absolutely critical
for the differentiation, activation and Teff function at
inflammatory sites. In most cases, Teffs fail to infiltrate
into certain tumors and for this reason, finding a way
to increase Teffs entry into the TME would be an
important advance to move the cancer field forward. It
is well known that CXCR3 facilitates Thl and Teffs
recruitment to the site of inflammation and facilitates
Tregs recruitment to the same site, thus limiting the
effectiveness of CXCR3"Teffs function in anti-tumor
immunity. This observation is coupled with impressive
results by using adoptive cell transfer models where
CXCR3-deficient Thl and Teffs have impaired ability
to enter into tissue and cause disease. The presence of
tumor-infiltrating leukocytes is now considered to be an
indication of the host immune response to tumor antigens
[51, 52]. Various studies have suggested that host CD4
and CDS cells can also control tumor growth [53, 54]. It is
well known that Teffs can eliminate tumor cells, whereas
Tregs suppress Teffs to dampen this response. Thus far,
only a few immunotherapies, such as PD-1, have been
used to attenuate Tregs suppressor function and reverse
Teffs cell dysfunction to eliminate certain cancers [55,
56]. In a mouse cancer model, immunotherapy promoted
the anti-tumor response by enhancing infiltration,
proliferation, and CD4+CDS8 Teffs activity [57]. The
differentiation of naive CD4 and CDS into Th1 and Teffs
can be maintained by sustained upregulation of CXCR3.

Summary

Peripheral

CXCR3 —= S|RT1== Foxo1 mm -

NF-kB==— inflammation _

We have shown that TS also activates Sirtl, reduces
colitis-associated colorectal cancer, and inhibits tumor
formation and size [58, 59]. Further, we have also shown
that CXCR3 ligands are upregulated during colitis [45]
and anti-CXCLI10 treatment inhibits colitis symptoms
[39]. Thus, it is safe to believe that CXCR3-expressing
Tregs interact with antigen-activated CXCR3 ligands
secreting APCs at the site of inflammation and identifying
these APCs for Teffs suppression. However, at tumor
sites, inhibition of CXCR3 expression on Tregs limits
the effectiveness of Teffs recruitment and suppression of
size and number of colorectal tumors. The current shift
in paradigm on T cell based immunotherapy is crucial to
improve the clinical outcome in colorectal cancer patients.
Thus, innate and Teffs response can be successfully
expanded by introducing a potent adjuvant in the tumor
microenvironment [60]. CXCR3 expression on Tregs and
Teffs in tumors represents an under investigated area and
functional characterization of CXCR3 induction on Tregs
and Teffs function in colorectal cancer needs further in-
depth study.

CXCR3 axis as a therapeutic option for both
inflammation and colorectal cancer

The complex etiology of inflammation and
colorectal cancer involves immunologic, genetic,
and environmental factors as well as the intestinal
microenvironment. To date, treatments available for
inflammation and associated colorectal cancer can only
reduce periods of active disease, but often bring marginal
results and the disease becomes refractory. Therefore
a safe, effective, non-toxic and low-cost prevention of
inflammation and associated colorectal cancer is urgently
needed. The literature on systemic CXCR3 inhibition
in murine models of inflammation is contradictory and
a therapeutic trial of CXCR3 blockade of inflammatory
disease has been disappointing till date [61]. In an
inflammatory condition CXCR3 is highly expressed
at peripheral inflammatory sites and global inhibition
of CXCR3 therapeutically in human autoimmune
disease is not giving predicted results. To this end,
results on infiltration of Teff in primary and metastatic
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Schematic showing possible mechanism and differential role of CXCR3 in inflammation and colorectal cancer. The differential effects of
CXCR3 by reducing peripheral inflammation and lessens Tregs function that enhances Teff function to mediate colorectal cancer.

www.oncotarget.com

17932

Oncotarget



tumors are highly variable. Recent studies in humans
have emphasized the potential importance of CXCR3
expression on T cell infiltration into tumors and patient
survival [62, 63]. The overexpression of CXCR3 might be
implicated as a favorable prognostic biomarker for human
advanced gastric cancer. CXCR3 ligand expression has
been correlated with T cell infiltration status in colitis,
metastatic melanoma, colorectal carcinoma and disease
free survival [64]. Current immunotherapy targeting T
cell checkpoints, such as programmed cell death (PD-
1), are currently one of the promising and exciting new
therapeutic approaches for cancer therapy [65]. PD-1
is an inhibitory immune receptor that is expressed on
T cells after activation. The possible mechanism by
which PD-1 works is by increasing the recruitment of
non-exhausted T cells and enhancing Teffs function in
tumor microenvironment [66]. This is clearly linked with
increases in CXCR3 ligand expression and recruiting new
Teffs to the tumor site as observed by others and in our
study presented in this review. The notion of enhanced
CXCR3 expression has been supported by a recent murine
study that shows anti-PD-1 therapy increases CXCL10
expression in renal cell carcinoma tumors [65]. This
suggests that CXCR3 might play a role in the efficacy
of anti-PD-1 therapy. Further, a recent discovery shows
that CXCR3 expression on Tregs plays a critical role in
limiting the endogenous anti-tumor response as well as
limiting the clinical efficacy of therapeutic anti-tumor
response [67]. Thus recruitment of Tregs into tumors
and their interactions with APCs within tumors, as well
as recruitment and interactions of Teffs in the TME are
crucial for cancer therapeutics. Further, CXCR3 ligands
produced by APCs increase the frequency and duration
of T-cells and dendritic-cells contacts in the TME. These
findings and our preliminary results provide strong
support that induction of CXCR3" expression enables
CXCR3"Tregs to license APCs to attract and activate
CXCR3" Teff function through cytokine (IFN-g) induction
in the TME. This might be beneficial for colorectal
cancer amelioration. In contrast, during inflammatory
and autoimmune disease inhibition of CXCR3 and its
ligands reduces the activated T cells and enhances Tregs
in peripheral inflammatory sites to mitigate inflammation
by reducing inflammatory cytokines. Thus, CXCR3 can be
beneficial for both reducing systemic inflammation as well
as for anti-tumor responses.

CONCLUSIONS AND FUTURE DIRECTIONS

CXCR3 and its ligands influence the TME by
regulating angiogenesis, recruiting activated immune
cells and affecting tumor cells in divergent roles either
by promoting or inhibiting tumor progression. In addition
to inducing chemotactic migration, CXCR3 ligands
cause expansion of CD4 and CD8 T cells to induce Thl
polarization and persuade inflammation. The function of

CXCRS3 ligands is to attract T cells, co-stimulate their
proliferation, differentiation, and activation suggesting that
these ligands are important for priming T cell responses.
CXCR3 induced response have therapeutic implications
in peripheral inflammation and the TME. Thus CXCR3
ligands that attract effector lymphocytes into the tumor
site can serve as therapeutic agents for colorectal as well
as for many cancer models.
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