1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cancer Treat Rev. Author manuscript; available in PMC 2019 February 01.

-, HHS Public Access
«

Published in final edited form as:
Cancer Treat Rev. 2018 February ; 63: 40-47. doi:10.1016/j.ctrv.2017.11.007.

CXCL9, CXCL10, CXCL11/CXCR3 axis for immune activation - a
target for novel cancer therapy

Ryuma Tokunagal, Wu Zhang!, Madiha Naseem?, Alberto Puccinil, Martin D Berger?,
Shivani Sonil, Michelle McSkanel, Hideo Baba?, and Heinz-Josef Lenz!

1Division of Medical Oncology, Norris Comprehensive Cancer Center, Keck School of Medicine,
University of Southern California, 1441 Eastlake Avenue, Los Angeles, CA 90033, United States

2Department of Gastroenterological Surgery, Graduate School of Medical Sciences, Kumamoto
University, 1-1-1 Honjo, Kumamoto 8608556, Japan

Abstract

Chemokines are proteins which induce chemotaxis, promote differentiation of immune cells, and
cause tissue extravasation. Given these properties, their role in anti-tumor immune response in the
cancer environment is of great interest. Although immunotherapy has shown clinical benefit for
some cancer patients, other patients do not respond. One of the mechanisms of resistance to
checkpoint inhibitors may be chemokine signaling. The CXCLY9, -10, -11/CXCR3 axis regulates
immune cell migration, differentiation, and activation, leading to tumor suppression (paracrine
axis). However, there are some reports that show involvements of this axis in tumor growth and
metastasis (autocrine axis). Thus, a better understanding of CXCL9, -10, -11/CXCR3 axis is
necessary to develop effective cancer control. In this article, we summarize recent evidence
regarding CXCL9, CXCL10, CXCL11/CXCRS3 axis in the immune system and discuss their
potential role in cancer treatment.
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Introduction

Chemokines are small proteins (8-15 kD) which interact with a subset of G protein-coupled
receptors. They play key roles to induce chemotaxis, promote differentiation and
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multiplication of leukocytes, and cause tissue extravasation.[1] In 1987, Yoshimura et al.
first reported about CXCL8 (IL-8), which regulates neutrophil trafficking.[2] Since then,
much attention has been devoted to understanding the functions and role of chemokines in
immune response. The CXCL9, -10, -11/CXCR3 axis has been a major focus of research,
since it regulates differentiation of naive T cells to T helper 1 (Th1) cells and leads migration
of immune cells to their focal sites.[3] Due to this pivotal role, this axis is essential for
immune system on command. Recent data has suggested its clinical significance, but little is
known about clinical outcomes in patients with cancer.

The CXCLD9, -10, -11/CXCR3 axis mainly regulates immune cell migration, differentiation,
and activation. Immune reactivity occurs through this axis by recruitment of immune cells,
such as cytotoxic lymphocytes (CTLs), natural Killer (NK) cells, NKT cells, and
macrophages. Furthermore, Thl polarization by this axis also activates the immune cells in
response to IFN-y.[4] Tumor-infiltrating lymphocytes are a key for good clinical outcomes
and prediction of the response to existing checkpoint inhibitors.[5, 6] However, in vivo
studies suggest the axis plays a tumorigenic role as well by increasing tumor proliferation
and metastasis.[7, 8] Thus, a better understanding of this axis in the tumor environment is
necessary to discover its role as a potential target for immunotherapy or as a predictive
indicator for existing cancer treatments.

In this review, we discuss the current evidence about the role of the CXCLY9, -10, -11/
CXCR3 axis in tumor environment (TME) and immune response, and discuss the
opportunities for novel therapies.

The expression and implication of CXCL9, CXCL10, CXCL11 and CXCR3

Immune cells are regulated by many different cytokines (including chemokines) not only for
differentiation, but also for promptly infiltrating focal tissues through chemotactic gradients.
The selection of immune cells that respond to chemotaxes is based on their surface
receptors. Therefore, discrimination of the chemotactic gradients must be affected by the
complicated interactions between cytokines and their receptors. CXCL9, -10, -11 are
selective ligands for CXCR3. The ligands are usually expressed at low levels in homeostatic
conditions, but upregulated by cytokine stimulation. CXCLD9, -10, -11 are mainly secreted by
monocytes, endothelial cells, fibroblasts, and cancer cells in response to IFN-y, which are
synergistically enhanced by TNF-alpha.[9, 10] CXCR3 is a receptor preferentially expressed
on the surface of monocytes, T cells, NK cells, dendritic cells, and cancer cells.[11, 12]
CXC chemokines are classified into two groups with and without ELR (Glu-Leu-Arg) motif.
[13] Those with the ELR motif can allow neutrophils to migrate and have an angiogenic
effect, whereas those without the ELR motif primarily allow lymphocytic migration and
inhibit angiogenesis. CXCL9, -10, -11 are ELR-negative CXC chemokines that generally
attenuate angiogenesis, leading to an anti-tumor effect. Interestingly, some reports show that
CXCLY9, -10, -11 increase tumor proliferation and metastases.[7] This may be due to the
different effects of the ligands on the variants of CXCR3 (CXCR3A, CXCR3B and CXCR3-
alt). Previous studies have shown that these ligands have different temporal and spatial
patterns of expression through different regulatory elements in distinct cell types. As far as
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the CXCR3 receptor is concerned, there are three variants with different roles in
tumorigenesis. The features of each protein are described below.

CXCLY9, also known as monokine induced by gamma interferon (MIG), is located on human
chromosome 4, and is induced by IFN-y but not by IFN-a./B.[14] CXCL10 and CXCL11 are
also located on human chromosome 4. CXCL9 predominantly mediates lymphocytic
infiltration to the focal sites and suppresses tumor growth.[15] In vivo models by Gorbachev
et al. showed that CXCL9-deficient cancer cells are more tumorigenic than cancer cells
expressing both CXCL9 and CXCL10.[15] Menke et al. reported that both CXCR3 and
CXCL9 deficient mice had fewer loss of kidney function than CXCL10 deficient mice,
showing the mice had fewer intrarenal T cells and macrophages in immune-mediated
nephritis.[16]

CXCL10, known as interferon y-induced protein 10 (IP-10), is strongly induced by IFN-y
as well as by IFN-a/B[17] and weakly by TNFa.[10] In vitro, CXCL10 can also be induced
by NF-kB, and has been shown to have an early role in hypoxia-induced inflammation.[18,
19] Activation of IFN-regulatory factor 3, toll-like receptors, retinoic acid-inducible gene
(RIG)-1, and melanoma differentiation-associated gene (MDA)-5 work in synergy with IFNs
for CXCL10 induction.[17, 20] Serum CXCL10 concentration, but not CXCL9, was
reportedly correlated with the number of circulating lymphocytes in head and neck cancer
with radiation therapy.[21] Ming-Fang et al. revealed that CXCL10-deficient mice had
higher mortality rate with the dengue virus infection.[22]

CXCL11, also known as interferon-inducible T-cell alpha chemoattractant (I-TAC) or
interferon-gamma-inducible protein 9 (IP-9), is induced by IFN-y and IFN-p, and weakly by
IFN-a..[23] The affinity of CXCL11 for CXCR3 is the highest of the three selective ligands,
followed by CXCL10 and CXCL9.[24, 25] The binding domain of CXCL11 on CXCR3 is
located at a different site from that of CXCL9 and CXCL10.[26] Furthermore, CXCL11 can
bind to CXCR7, which is associated with invasiveness and reduces apoptosis of tumor cells.
[27]

CXCRS, also known as G protein-coupled receptor 9 (GPR9) or CD183,isa 7
transmembrane domain G-protein coupled receptor, which was first reported in 1989.[28]
Like CXCL9, -10, -11, CXCR3 is also predominantly driven by IFN-y.[29] CXCR3 has two
distinct intracellular domains for activation: one is a carboxy-terminal domain for CXCL9
and CXCL10, and another is in the third intracellular loop for CXCL11.[26] CXCR3 is
heavily expressed on Th1 cells, CTLs, NK cells and NKT cells. CXCR3 is downregulated
on naive T cells, but is rapidly upregulated by antigen-presenting dendritic cells,[30] leading
to Th1l polarization. After polarization, Thl cells induce activation of CTLs, NK cells, and
NKT cells through IFN-y.[4] Biochemical studies have revealed that there are at least three
CXCR3 variants; CXCR3A, CXCR3B and CXCR3-alt, with unique characteristics.[31]
CXCR3A represents classical CXCR3 roles which include chemotaxis and cell proliferation
in IFN-y-inducible immune responses; CXCR3B, which is spliced at an extension of the N
terminus by 52 amino acids, induces cell apoptosis and inhibits cell migration; CXCR3-alt, a
101-aminoacid-truncated version, mainly mediates CXCL11 function.[31-33] Importantly,
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CXCR3B can also bind to CXCL4, which is released from activated platelets during platelet
aggregation, in addition to CXCLJ9, -10, -11.[32]

The immune response for host disorders through CXCL9, -10, -11/CXCR3 axis appears to
depend on both the ligands and the variants of its CXCR3 receptor. In addition, the ligands
can act as antagonists for CCR3 which stimulates Th2 polarization, and only CXCL11 can
bind to CXCR?7, also known as atypical chemokine receptor 3 (ACKR3), which has
tumorigenic potential.

CXCL9, CXCL10, CXCL11/CXCRS3 axis for immune response

This axis works primarily for immune cell migration, differentiation, and activation. Immune
reactivity for each disorder is dependent on the types of leukocytes infiltrating the focal

sites. Therefore, it is critical to understand which immune cells are involved in migration,
differentiation, and activation through this axis. The axis also acts directly on cancer cells
and promotes cancer cell proliferation and metastasis. (Figure 1)

For immune cell migration, each of the CXCR3 ligands are equally effective on activated
Th1 cells, CTLs, and NK cells in vivo models of cell recruitment. [34, 35] All three variants
of CXCR3 are expressed on T cells, where CXCLD9, -10, -11 collectively stimulate the loss
of surface CXCR3 expression and elicit directional migration responses to the focal sites.
[36] Chheda et al. demonstrated a critical role of CXCR3 for CTLs migration using CXCR3
knock-out mice in a syngeneic murine model of B16 melanoma, which revealed clear tumor
growth and reduced survival.[37] Furthermore, CXCLD9, -10, -11 attrac Th1 cells, and block
the migration of Th2 cells in response to CCR3 ligands due to their ability to serve as
antagonists for CCR3.[38] On the other hand, NK cell subsets, the anti-tumor effectors that
express CXCR3, are also recruited to the site in a CXCR3-dependent manner.[35] Wende et
al. reported that tumor-infiltrating NK cells significantly decreased in CXCR3 knock-out
mice, where the CXCL10-controlled NK cell recruitment was not only correlated with tumor
cell suppression, but with a good prognosis as well.[39] Furthermore, the accumulation of
¥8T cells, which shows an autoimmune response to infections or cancers, is reportedly
governed by CXCL9/CXCR3 axis-dependent mechanisms.[40] Interestingly, although
CXCL4 induces apoptotic signals through CXCL4/CXCR3B axis,[32] Korniejewska et al.
showed that CXCL4 could not elicit T cell migration in spite of intracellular calcium
mobilization as well as phosphorylation of Akt and ERK. It means CXCL4 may have other
roles in T cell function.[36] Experimental studies in various disease models indicate that
deficiency of the three ligands for CXCR3 significantly impairs cell-mediated immunity.[34,
35, 37, 39] However, some reports conversely show that the axis regulates immune
suppression by inducing Treg migration to the focal sites.[41, 42]

For immune cell differentiation, some reports show that CXCL9, -10, -11 all lead to Th1l
polarization through CXCR3, whereas other reports present different functions.[41, 43, 44]
In vivo model by Zohar et al[44] showed that CXCL10, like CXCL9, drove increased
transcription of T-bet and ROR'y, leading to the polarization of Foxp3~ type 1 regulatory
(Trl) cells or T helper 17 (Th17) from naive T cells via STAT1, STAT4, and STAT5
phosphorylation. In contrast, CXCL11 decreased transcription of RORy, but not T-bet,
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leading to Trl or Th2 cells polarization from naive T cells via p70 kinase/mTOR pathways,
similar to the mechanism involving TGFB and 1L-27.[45, 46] Unfortunately, these studies
did not investigate variants of CXCR3. However, considering that CXCL11 has high affinity
for CXCR3 and has such functions, CXCL11 might work to stimulate cancer growth.
Several studies have shown that tumor associated macrophages (TAMSs) play modulatory
activities in the TME, and the CXCLDJ9, -10, -11/CXCR3 axis impacts TAMs polarization.
The TAMs have opposite effects; M1 for anti-tumor activities, and M2 for pro-tumor
activities. Interestingly, Oghumu et al clarified that CXCR3 deficient mice displayed
increased IL-4 production and M2 polarization in a murine breast cancer model, and
decreased innate and immune cell-mediated anti-tumor responses.[47] However, on the
contrary, Liu et al. reported that CXCR3-positive B cells infiltrated to tumor site and
operated in immunoglobulin G—dependent pathways to induce M2 polarization in
hepatocellular carcinoma. This difference might be explained by the difference in the tissue
background, the degree of inflammation, and the induced immune cells depending on organs
and cancer types.

For immune cell activation, CXCLJ9, -10, -11 stimulate immune cells through Thl
polarization and activation. Thl cells produce IFN-y, TNF-a, IL-2 and enhance anti-tumor
immunity by stimulating CTLs, NK cells, NKT cells, and macrophages.[4, 48] Furthermore,
the IFN-y-dependent immune activation loop also promotes CXCLS, -10, -11 release.
Importantly, NK cells can display immune activity by modulating dendritic cell function,
and also provide an early source for IFN-y production.[35]

Naturally, immune cells, mainly Thl, CTLs, NK cells, and NKT cells, show anti-tumor
effect against cancer cells through paracrine CXCLD9, -10, -11/CXCR3 axis in tumor models.
[15, 49, 50] However, the autocrine CXCL9, -10, -11/CXCR3 signaling in cancer cells
increases cancer cell proliferation, angiogenesis, and metastasis. Past reports have already
shown the possibility that cancer cells with CXCR3 have a propensity to metastasize due to
autocrine signaling from the pre-metastatic niche in vitro and in vivo.[7, 8] The axis for
metastases facilitates the migration of CXCR3 expressing cancer cells to ligand rich
metastatic sites. As CXCR3-A plays a key role in metastasis,[51] treatment targeting only
CXCR3A, not CXCR3B and CXCR3-alt, in the CXCLD9, -10, -11/CXCR3 axis could be
effective in metastatic disease.

The expression level of CXCR3 in clinical cancer samples is associated with metastatic
potential and patients’ prognosis.[52, 53] Hence, it is feasible to use this axis as a predictor
for treatment efficacy or as a prognostic indicator. Although Wightman et al. identified the
critical role of CXCL10/CXCR3 co-expression in increasing metastatic potential,[54] the
relationship between the expression levels of three ligands and metastasis or prognosis are
still controversial. The reduction of not only CXCR3, but also of CXCL9 and CXCL10
could suppress cancer metastatic frequencies in melanoma,[55] colon cancer,[7, 52, 56] and
breast cancer models[57, 58]. There is a consensus among some groups about the
association between CXCL9 [59, 60] and CXCL10 [54, 61] expression and poor prognosis
or negative response to existing therapy, whereas others report that CXCL9 [62-64] and
CXCL10 [65, 66] are related to opposite results. These differences in reports may be due to
complex relationship between each ligand depending on the cancer types. Weisi et al.
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reported the interesting strategy which systematically made a score using the expression
levels of CXCL9, -10, -11 to predict the patients outcome.[61] In the future, we may have to
consider the expression levels of CXCLD9, -10, -11 to predict patient prognosis.

CXCL9, CXCL10, CXCL11/CXCR3 axis, a target for cancer treatment

The CXCLY9, -10, -11/CXCR3 axis is a promising target for drug development by activating
the paracrine axis, and inhibiting the autocrine axis. Agents that augment paracrine CXCL9,
-10, -11 expression, and deactivate CXCR3 expression on cancer cells have shown anti-
tumor activity in several tumor models. (Table 1)

The use of ligands that attract Th1l cells, CTLs, NK cells, NKT cells, and M1 macrophages
into tumor sites can serve as an effective anti-tumor strategy. Zhang et al. reported that the
combination of plasmid-borne CXCL9 plus cisplatin augmented colon and lung cancer
reduction and CTLs activation.[67] In renal cell carcinoma tumor model, intratumoral
CXCL9 and systemic IL-2 reduced tumor growth and angiogenesis through tumor-
infiltrating CXCR3+ mononuclear cells.[68] Arenberg et al. reported that administration of
CXCL10 by intratumor injections induced better survival of mice inoculated with lung
carcinoma cells.[69] Using retroviral CXCL10 gene transduction, the usefulness of CXCL10
overexpression to inhibit tumor growth was reported in melanoma, sarcoma, and lung
carcinoma models.[70, 71] Interestingly, Barash et al. showed promising results of a
CXCL10-Ig fusion protein in a myeloma mouse model. This fusion protein is likely to have
a longer half-life while maintaining the features of the recombinant protein, and inducing
tumor infiltrating CTLs and NK cells into tumor sites.[72] Furthermore, a novel CXCL10-
EGFRvIII fusion protein (IP10-scFv) with CTLs administration succeeded to induce tumor
infiltrating lymphocytes and prolong survival, using a glioma mouse model.[73, 74] Since
CXCL11 contributes to inducing Treg migration or promoting Trl and Th2 cells
polarization, CXCL11-dependent therapy may be controversial as a new target for cancer
therapy. In a mesothelioma mouse model, a tumor-selective oncolytic vaccinia virus with
CXCL11 reportedly enhanced tumor-infiltrating CTLs and NK cells, but not CD4+ T cells,
and prolonged survival.[75] In an autoimmune encephalomyelitis mouse model, the
treatment with CXCL11-Ig fusion protein induced rapid disease remission through a
downregulation of T cell migration and upregulation of Treg polarization,[44] suggesting the
complexity of targeting CXCL11. Although these reports have not shown the role of CXCR3
variants, they might be targets of drug development by activating paracrine signaling.

The anti-CXCR3 therapy is promising. In murine models, pharmacological antagonism of
CXCR3 reduced tumor growth and the development of metastasis. An antagonist for
CXCR3, named AMG487, inhibited the implantation and growth of colon cancer and
osteosarcoma cells in vitro, and suppressed lung metastasis in a vivo model.[7, 76]
Interestingly, AMGA487 could inhibit lung metastasis, but not local growth, in vivo in breast
cancer.[8, 57] Cambien et al also showed that AMG487 could not suppress liver metastasis
and the growth of metastatic tumor.[7] These findings indicate that anti-CXCR3 may
specifically inhibit tumor metastasis while also adversely inhibiting anti-tumoral host
response through paracrine CXCLJ9, -10, -11/CXCR3 axis. AMG 487 targets all variants of
CXCR3, so suppression of paracrine axis may have a pro-tumor effect. Therefore,
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administration of the combination of ligands for immune activation and pharmacological
inhibition of CXCR3A to prevent metastasis may be a promising new approach.

CXCL9, CXCL10, CXCL11/CXCR3 axis, an enhancer for other immune

pathways

Although the clinical relevance of the IFN-y/CXCL09, -10, -11/CXCR3 axis is getting
established, it is critical to understand how this pathway crosslinks with other immune
consistent pathways. (Table 2)

The relationship between CXCL9, -10, -11/CXCR3 axis and the PDL-1/PD-1 axis is an
important area of research. Programmed cell death-1 (PD-1) is heavily expressed on T cells
at the tumor site than on T cells present in the peripheral blood,[77] and anti-PD-1 therapy
can inhibit “immune escape” and strengthen the immune activation.[37, 77, 78] Peng et al.
showed that anti-PD-1 could not only enhance T cell-mediated tumor regression but also
increase the expression of IFN-y and CXCL10, not CXCL9 and CXCL11 by bone marrow—
derived cells.[77] Chheda et al. demonstrated a critical correlation between CXCR3-induced
T cells homing to tumor site and anti-PD-1 treatment effect in a vivo model. Anti-PD-1
failed to shrink the tumor in CXCR3 knock out mice, suggesting that anti-PD-1 therapy is
not effective without CXCLD9, -10, -11/CXCR3 axis.[37] Blockade of the PDL-1/PD-1 axis
in T cells may trigger a positive feedback loop at the tumor site through the CXCLS9, -10/
CXCR3 axis. Also using anti-CTLA4 antibody, this axis was significantly up-regulated in
pretreatment melanoma lesions in patients with good clinical response after ipilimumab
administration.[79] These results are in consensus and show the usefulness of tumor-
infiltrating lymphocytes for anti-PD-1 therapy.

Recently, Barreira da Silva et al. showed that dipeptidyl peptidase 4, known as degradation
of incretins, truncates the N-terminal of CXCL10 and limits lymphocyte migration to tumor
sites. In vivo evidence showed that DPP4 inhibition enhanced tumor rejection by increasing
lymphocytes homing into tumor sites through CXCL10/CXCR3 axis, which boosts the
effect of immunotherapy.[80] Decalf et al. showed that DPP4 inhibition in humans can
preserve the bioactive form of CXCL10, using a clinically approved DPP4 inhibitor.[81]
Since DPP4 inhibitors are safe drugs with a few side effects, they are expected to be used in
future therapeutic strategies.

The significance of CXCL9, -10/CXCR3 axis for cancer treatment is also further
underscored by the observations that COX-inhibitors increase CXCL9, CXCL10 release
from cancer cells in vitro, and promote anti-tumor effects in vivo.[63, 82] The expressions of
COX2 and CXCL9 had an inverse correlation in human breast cancer tissue.[82] These
reports support the important preclinical data that overexpression of both COX isoenzymes,
COX-1 and COX-2, is significantly associated with a lower number of tumor-infiltrating
lymphocytes and a worse prognosis in human cancers.[83-85] Furthermore, Li et al.
demonstrated that the combination of COX-2 inhibitor and anti-PD1 through alginate
hydrogel delivery system synergistically enhanced the presence of Thl cells and CTLs, and
increased the expression of CXCL9 and CXCL10 within the tumor.[86] Interestingly, these
effects are accompanied with reduced Tregs and myeloid derived suppressor cells (MDSCs)
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in the tumor microenvironment. Anti-PD-1 treatment alone could not reduce Treg and
MDSCs within the tumor,[77] and therefore, effective drug combinations such as anti-PD-1
and anti CTLA4,[78, 87] or anti-PD1 and a COX inhibitor, may show increased efficacies.

Other existing treatments, such as lapatinib with doxorubicin,[88] all-trans retinoic acid
(ATRA), [89] and existing chemotherapies[90, 91] have been reported to exert therapeutic
effects through the CXCLD9, -10, -11/CXCR3 axis, suggesting that activation of CXCLJ9, -10,
-11/CXCR3 axis may increase efficacies of cytotoxic and targeted therapies. (Table 2)

CXCLY9, -10, -11, and CCLS5 have also been identified as candidate biomarkers of adoptive T
cell transfer therapy in metastatic melanoma.[92] For MAGE-A3 cancer immunotherapy,
Ulloa-Montoya et al. have suggested that the pretreatment expression of CXCL9, -10
reflects the clinical response of patients with melanoma or non-small cell lung cancer
through gene expression signature analysis.[93, 94] In addition, the association of this axis
with immunotherapy, such as dendritic cell vaccine therapy,[95] IL-2,[96] or IL-7[97, 98]
administration therapy was reported and showed the importance of CXCL9, -10, -11/
CXCR3 axis in the efficacy of immunotherapy. Although there are few reports showing
epigenetic involvements in this axis, miR21, an oncogenic miRNA, was reported to be a
regulator of CCL5 and CXCL10 in breast cancer cells.[99] (Table 2)

These new approaches targeting CXCL9, -10, -11/CXCR3 axis treatment highlight the role
of synergy in cancer treatment. Further understanding of this pathway is warranted.

Concluding remarks

The current review paid attention to exploring the role of CXCLJ9, -10, -11/CXCR3 axis in
TME and immune response. This axis plays a critical role in immune activation through
paracrine signaling, impacting efficacy of cancer treatments. Based on pre-clinical data, the
combination of pharmacological ligands and inhibition of CXCR3A may lead to new
opportunities for more efficient immune therapies, and enhance the effectiveness of existing
chemotherapies. Further understanding of the regulation of this pathway could provide a
gateway to more effective strategies in the treatment of cancer.
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Highlights

. Chemokines induce chemotaxis, promote differentiation of immune cells, and
cause tissue extravasation.

. The CXCLY, -10, -11/CXCR3 axis regulates immune cell migration,
differentiation, and activation through paracrine axis.

. The axis induces tumor growth and metastasis through autocrine axis.

. Preclinical researches are defining the axis as a promising target for cancer
treatment.

. Other immune consistent pathways strongly crosslink with this axis.
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Figure 1.
CXCLY9, -10, -11/CXCR3 axis in the tumor environment. CXCLD9, -10, and -11 are mainly

secreted by monocytes, endothelial cells, fibroblasts, and cancer cells in response to IFN-y.
The work of CXCL9, -10, -11/CXCR3 axis is mainly divided into two directions; paracrine
signaling for immune activation and autocrine signaling for proliferation and metastasis of
cancer cells. As for paracrine signal, this axis works primarily for immune cell migration,
differentiation, and activation. Immune reactivity is occurred with recruitment of CTLs, NK
cells, NKT cells, and macrophages through this axis, and Th1 polarization by this axis also
activate the immune cells in response to IFN-y. On the contrary, as for autocrine signal,
cancer cells have a propensity to metastasize due to the tumor-derived ligands activity
mainly through CXCR3A. Tumor-derived chemokines are also responsible for recruitment
of Th2 cells, Tregs, and MDSCs, which play the role of creating a pro-tumoral
microenvironment. Abbreviations: CTLs, cytotoxic lymphocytes; NK, natural killer; NKT,
natural killer T; M®, macrophage; MDSCs, myeloid derived suppressor cells; ThO, naive T;
Th1, T helper 1; Th2, T helper 2; Th17, T helper 17; Tregs, regulatory T cell

Cancer Treat Rev. Author manuscript; available in PMC 2019 February 01.



Page 17

Tokunaga et al.

“JUBLLUOAIAUB0IDIW JOWN] ‘JALL “ewouloled [189 [eual ‘Q0y 18dued Buny (189 |[ews uou ‘O1OSN

1189 9] [e4nyeu ‘s|190 SN 180ued Bun| simaT ‘077 ‘seikooydwA| 1 21X0103A0 ‘STTLD SUONRIABICIY

(oA ur) yolb

[9/] 1189 J22Ued pue ‘(OAIA ul) ul pue 0 :_w,>$ - BUWO02.1eS08)S0
siseselaw Bunj Jo uonigiyug : I
1M046 182URd [220] 10U INg ONIA
ksl o : - isealg
SISEISEILI BUN| 40 UORIGIYUT Ut pug OIA Ul (€4OXD 40 1s1U0BRIUE LB) J8FOINY  EHOXD
Il ymwolb Jaoued eao] 10U Ing OAIA poojq etayduiad seal
8 ‘sisejselaw Bunj Jo UOIIQIYU] Ul pUB OJNIA Ul 8U} Ul STLD pue TYL JO uonanpuj iseald
siselselalll JaAl| Jou g ONIA _
] ‘sisejselsw Bunj Jo UOIIQIyu] Ul puB OJNIA Ul uo1oo
uouniqiyurosiig
uonezirejod
[¥] ( OAIA UI S]199 | Aso1enbas jo uononpul  siijaAwoleydadus sunwwioiNy uiayoid uoisny BI-TT1OXD)
pue ‘uonesBiw (132 | ul uonINpay
(suehb TT10XD
S]189 MN pue (suefiio
[6/] Mwwmwmﬁ:mﬂ_\,m%%__ u%m OAIA Ul ydwA| pue uss|ds ay ui os|e g BLOIIBYIOSIIN snJiAxod 21AJ02U0 PAUIY-TTTOXD
s } Ul LoRoNpaY JNL 1 Ajuo Jou) S0 J0 uononpu|
[y ‘e/] Ew_,%mwm%:mﬂ_\,m%%%%m OAIA UI S0 J0 uonanpu| BWOID utajoud uoisny 1AB3-0TTIXD
ONIA uisjoud
[22] ymolb Jown) ul uononpay Ul pUE OIA Ul S99 SN pue ST1D Jo uononpuj BWOIRAN uoIsny BI-0T 719X ‘0TT1OXD 1UEUIqUI0oaY
ymoub Jowny pue OAIA
: ‘ . ¢t . S|[89 Jown}
[tz ‘Aunnoe o_w%_cEE m__mm%wwﬁ%m Ul pue OIHA Ul patens|s pue uonen|uul sbeydoioey (O77)bunj “ewodres 0] uonanpsue.] auab OTTIXD [elinoNeY 0T19X5
Ywmoid OAIA S]190 Jowin
]
[02]  1owny pue Ajisusp |assanoloIW i (uonaigas uigoid 0T1DXD) BUWOURIDN I
10U Ul UONONPaY Ul pue oJ3IA Ul 0} uononpsues} 3uab OTTOXD [elIN0NRY
SIselselaw Jo uonigiyul
[69] pue ‘sisauaboibue pue OAIA UI - (019SN) Bun 0T 1DXD uRUIqUIOda) Jownenu|
YyImouB Jowny ur uononpay
sisauabolbue pue -
(8] ImolB Jowny ul uoRanpay onA Ul S1139 Jeaponuouow Jo uofanpu (00w) Aaupr 21WA1SAS puB DX UBUIGUIOID] Jownieiu|
sisoydode Buisealoul unedsio 6710X0
[20] pue Alsuap |9ssanoIoIW OAIA U ST 10 uononpuj Bunj ‘uojod . . : g
10U} Ul UoRaNpaY 3S0pP-MO| pue 61X aulog-piuwse]d J1WaIsAS
UOITeAINOR BuNnwW|
. OAIA
19y awoANO Ul 10 01 U (IINL ul) SIxe 8y} 40} SHION 13oued Jo adA ] yoeouddy 19bae]

Author Manuscript

S|apow [ealuljo-aid uo paseq sixe S4IXD/ TT- ‘0T- ‘610X D Buisn sayoeoidde Juswirean Jsoued
T 3lqelL
Author Manuscript

Author Manuscript Author Manuscript

Cancer Treat Rev. Author manuscript; available in PMC 2019 February 01.



Page 18

Tokunaga et al.

aJam siowny Juswieanaid ul ONIA UI _ SPU
[26] [ 1o7-610%D 10 SUOISSAIAXD UYL PUE JONIA Ul BwOUBlBN - TT-'0T- '6710X0 Adessyy 1OV
sbnip aAnoadsoid
sisouboud OAIA UI . . ,
[te] Buinoidwi pue sjjeol 1o uononpu]  pueomauy 0T 19XO PUR 610X Jo uonanpu BWOUBIBIA  0TTOXO ‘6T1OXO  Une|dsIo ‘8piliojozows} ‘sulzeqledeq
(a1dwres
S4@ pabuojoid yim pare1dosse sem _
[06] 610X 10 S|aAs| UOISSaIdxd YBIH c%\ﬂ,_ﬁv_ Iseaig (610%2) B}
[68] - oniAul - 0T10XD pue 6710XD 40 uondonpu| BWOUBRIN  0TTTOXD '610X0 Vdlv
ymoub Jowm 11V1S yBnoiyy 7.
1881y uononpas pue sijeaL 4o uononpuy OMA UL TT-'0T-'671DXD 40 Uononpu| lseaid  T1- 01- '610XD (urargnioxop ynm) giunede]
ymolb Jowny Buniqiyui o}
log] " mw_wows_mw% wom m%“%%_:_ﬁuod OAIA UL QTTTOXO PUE TOXD 4O UoHINpu| ewouR|aW ‘Isealg 0T~ '610X9 T-Qd -Nhue YIm J0NgIyul-X00
-1JUB U GIX023]32 4O UOIUIGUWIOD U]
uonigiyul sypads-z-X0o
Aq 1ey) Jo uononpai A|gsIaAu0d .
(e8] e .cw_w_mﬂ:_ x.mo w>_s_®_wm§ Aq omA UL OTTOXO PUE 619X 4O uononpu Isealg 0T~ '610X9
0T 710XD pue 619X 40 uonanpuj
lo)qiyur-xod
uonigiyul sypads-g-X0d
Aq Tey} J0 uonaNpal A|gsIanu0d .
[E9] e ‘ubmaIIU XOD sAmosiasun Aq CA UL OTTIOXO PUE 6T1DXO 40 UoRoNpul UBLIEAO 01- ‘§10X0
0T1OXD pue 6710XD 40 uonanpuj
[18] (101779 JO wiio} aAnIeOIg mum_mcezmw 0TT1DXD 8A10BO0Iq JO UoIONpU| D siireday 21UOIYD YIM SIUsITed 0T10XD)
3y} anseasald pInod ydda-nuy OAIA Ul e ; e : : :
(v 1L0-nue) Adessyrounwiwi .
[og] 0} asuodsai ayy Buirosdwi onA Ul 01719X3 40 uononpu EuioUE[aW U0J0D 0T19X0 dda-huvy
(a1dwres
[61] S[I99.1 J0 uonadnpuj uewiny) - BUWOUBISIN TT- '0T- '6710XD PVI1LO-huy
ONIA UI
Adesal IM 046 Jown , ,
) SR Loy ) o et ONAUL  OTTOXO PuE ANl J0 uononpul BwOUBIOW “U0j0D  (A-N4i1) ‘0TTOXD
‘sol1w T-ad-huvy
[2€] 10 320U3 €4IXD Ul Yamouh Jowny OAIA UL OTTTOXO pPuUB 6710XD J0 uononpuj BLIOUB|3W ‘I1Seslg 0T- '6710X2
8y} 82npal Jou p|nod T-dd-1ue Uy
sbnip Bunsix3
. (snyers OAIA UL
19y 1504 PUE JIALL 101) SW0AING 10 01IA U (3L ui) SIxe ay3 40} SHIO0M Jaoued Jo adA]  sixe ay3 ui 1ebue] JuBWIeal |

Author Manuscript

JUSWIEa] 32U JO) SIXe SHDXD/TT-

¢ 9lqeL

Author Manuscript

‘0T- ‘612X 01 parejas sayoroidde anndadsold

Author Manuscript

Author Manuscript

Cancer Treat Rev. Author manuscript; available in PMC 2019 February 01.



Page 19

Tokunaga et al.

“JUSLUUOJIAUR0JOIW Jown) ‘JIAL ‘s]190 1 AtoreinBal ‘sBai] ‘ewouloed |89 [eual ‘DY ‘T-yresp pawwelboid ‘T-ad ‘1 48]y [ednreu ‘s|ad 1N 's|182
18]I JeInieU ‘s[18d MN ‘s|189 Jossaiddns paALIsp plojaAw ‘sDSAIN ‘€ Uabiiue pareldosse-ewoue|aW ‘E-JOVIA 2oued Bun| sima ‘07 ‘y-esepndad |Apndadip ‘ddd ‘[eAians 9aiy asessip ‘sS4 ‘i uisioad
pare100sse-21A00ydwA|-1 91X010140 ‘P10 ‘aseusbAx00[aAd ‘XD ‘8]19einolon|y-G pue arexasioyiaw ‘apiweydsoydooko ‘HIND (pIoe d10ullal suell-|[e ‘Y 1V ‘Jajsuel) |18 aAndope ‘] QW :SUOIRIASIGIQY

'sRemuyred
d493 nau/zy3H sidnuisiul Ydrym Jo)giyul aseury aulsoAl ‘fenpigiuirede] ‘aurxolAa o1reIsoawoy oA ouBwWIYd ‘94-0y/-T1/2-71 L2-(T1) uynapiaiul Buissaidxa 10399A snuiAouape ‘2-T71PV-0d 310N

[66]  uonesBiu a1Ko0ydwiA| Jo uononpay Ol Ul 0TTOXD J0 uonoNpay 1sealg 0T10XD TZHIW

[86] UamoJf Jowny ur uonaNpay OAIA UL OTTTOXD PUE 61OXD JO UONONPU|  BWOUIDJED |[8D JejosAleoyduolg  0TTOXD ‘610X (Z-mpv-00) 21

sisouboud Buinosdwi pue yimolb ONA Ul

[26] Jowny ur uononpai ‘afeydosew puesonau;  OF19X PUB 619X 4O uonanpul (077 BunT  0T1DXD ‘6T10XD (o4-2d-T1/2-71) L1
TIN pue s||32] 40 uononpu| S

(ajdwies
[96] - uewiny) TT-'0T-6710XD 40 uondNpuj (00Y) Asupryt  TT-'0T- '610X0 1
OAIA UL
[s6]  s19LMN pue s|122 N Jo uononpul o)A Ul TT-'0T-'6710XD 40 uondnpul  elwaxna| ankdoydwA alwolyd  TT- '0T- ‘610X Adesayp au1a0eA |12 OB1IPURQ
(920SV 10 TSV ‘uBInWASOUNWW]
ue Yim) ‘quawieas) (ajdwies
[¥6 ‘e6]  au1 01 SsauanIsuodsal Yiim paje1oosse uewiny) - eWOouelaN TT- '0T- '6710XD uabnue -JOVIN JUBUIqUWOJaY
81aM siown] Juawieanald ui OAIA UL
TT-'0T-'610XD J0 suoissaldxa ay |
“juswiyeall
3y} 01 ssauaAISuOdsal UJIm pajeloosse
(snyers OAIA Ul

JEN (IINLL 1) sixe ay3 10§ SYI0MN Jaoued Jo adAl  sixe ayy ui 1abue] Juswieal]

150y pue JIAL 10}) BW0INO 10 0JJA U]

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Cancer Treat Rev. Author manuscript; available in PMC 2019 February 01.



	Abstract
	Introduction
	The expression and implication of CXCL9, CXCL10, CXCL11 and CXCR3
	CXCL9, CXCL10, CXCL11/CXCR3 axis for immune response
	CXCL9, CXCL10, CXCL11/CXCR3 axis, a target for cancer treatment
	CXCL9, CXCL10, CXCL11/CXCR3 axis, an enhancer for other immune pathways
	Concluding remarks
	References
	Figure 1
	Table 1
	Table 2

