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Abstract

Purpose of Review To evaluate the clinical potential of chemokine receptor antagonists for the treatment of patients with
cancer.

Recent findings Chemokine receptors and their ligands can have a significant impact on the infiltration of cells into the tumor
microenvironment. The receptors are increasingly being investigated as targets for the treatment of cancers. Recent studies
are demonstrating the promise of chemokine receptor antagonists in this setting.

Summary There are many chemokine receptors, and each can have different functions depending on the cellular context.
Targeting chemokine receptors is a promising strategy in both pre-clinical research and clinical trials. Inhibiting chemokine
receptors that either recruit suppressive cells or improve cancer mobility and viability while sparing those necessary for
proper immune trafficking may prove to dramatically improve treatment responses. Further research in this area is warranted
and has the potential to dramatically improve patient outcomes.
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Introduction

The expression of chemokine receptors and their cognate
ligands can dramatically alter the tumor microenvironment
(TME), changing both the composition and function of the
cells and leading to resistance to chemotherapy, radiation,
and immunotherapy treatment strategies. Understanding
and targeting the mechanisms underpinning this resistance
is likely to lead to novel treatment options for patients with
cancer. Here, we review the importance of chemokine recep-
tors in cancer biology and the data evaluating the targeting
of these receptors as anti-neoplastic agents.
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Chemokine receptors are critical for recruiting lympho-
cytes and stromal cells to the site of disease, ensuring the
induction of a proper response to any threat. These receptors
are also expressed on cancer cells themselves altering their
behavior to meet the demands of their environment. There
are two major classes of chemokine receptors: typical, which
are members of the GPCR superfamily, and atypical, which
act through the beta-arrestin pathway, the former being more
traditionally associated with inflammation and the latter act-
ing in a regulatory fashion. Each class has been implicated
in cancer, with unique effects associated with the individual
receptors.

Typical chemokine receptors are further subdivided
by structure, differentiated by the number and spacing of
cysteine residues. The four classes are CXC, CC, CX3C,
and XC, with X being any other amino acid. These recep-
tors are Ga GPCRs consisting of three subunits (o, §, and
y) which will change conformation upon binding of the cor-
rect chemokine. This causes the Ga and Gyp subunits to
separate, allowing the Gy subunit to initiate chemotaxis
through either the phospholipase-C-DAG pathway or PI3K
signaling. Several other pathways can also be activated upon
chemokine binding, such as Ras, ERK, and the MAPK cas-
cade, dramatically altering cell function.
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Atypical chemokine receptors are not GPCRs and inter-
nalize upon binding to their ligands. They can act to trans-
port chemokines across cellular boundaries, such as in and
out of the bloodstream to allow lymphocytes to sample our
blood and act accordingly if a pathogen is found. Addition-
ally, these receptors work in concert with typical receptors
to coordinate chemotaxis, recycling ligands on the trailing
edge and focus signaling to the leading edge [1].

CXC Chemokine Receptors

The CXC (o) family of chemokines is named according to
the structural arrangement indicating an amino acid separat-
ing the first two N-terminal cysteine residues. Associated
CXC ligands play important roles in immune cell recruit-
ment and trafficking among other functions.

CXC Receptor 2 (CXCR2)

CXCR?2 is broadly expressed in a range of leukocytes, most
notably in polymorphonuclear (PMN) cells. CXCR?2 has
been implicated in neutrophil trafficking, recruitment, and
tumor development under inflammatory conditions [1].
Several agents have now been developed targeting CXCR2
including SX-682 [3e], reparixin [4], danirixin [5], elubrixin
[6], and navarixin [7]. While these agents are showing prom-
ising anti-inflammatory activity, their anti-neoplastic effects
are just beginning to be explored. CXCR2 is potentially a
therapeutic target in natural killer (NK) cell-based immu-
notherapy [8, 9]. CXCR2 inhibitors have demonstrated anti-
neoplastic activity in gastric cancer and pancreatic cancer
mouse models.

CXC Receptor 3 (CXCR3)

CXCR3 is most notably expressed on activated T cells after
activation in lymph nodes; its expression allows effector T
cells to traffic to the sight of disease via CXCL9 and CXCL10
gradients. Outside of lymphocytes, however, expression of this
chemokine receptor has been found in several cancer types.
Recent studies have indicated that CXCR3 plays a role in
the metastasis of a variety of tumors. AMG487 is a CXCR3
antagonist that has inhibited tumor metastasis across multi-
ple injectable mouse tumor models, including osteosarcoma
[10] and breast cancer [11]. Additionally, mice treated with
AMG487 also showed increased levels of CD3+4CD4 +and
CD3 + CD8 +cells, suggesting that AMG487 also improves
host immune responses [12]. In colon cancer models,
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AMGH487 resulted in a reduction in the number of pulmonary
nodules but did not alter the number of liver metastases [13].

CXC Receptor 4 (CXCR4)

CXCR4 is involved in numerous cell signaling pathways,
such as enhancing MAPK signaling, AKT signaling, and
binding LPS to activate a bacterial immune response
[14-16]. In cancer, overexpression of CXCR4 has been
associated with a worse clinical course [17]. Plerixafor
(AMD3100) is a selective CXCR4 antagonist that interferes
with the CXCL12-CXCR4 chemokine axis [1]. Plerixafor
has shown promise in reducing cell proliferation, migra-
tion, and inducing cell apoptosis in various cancer types
[17]. Additionally, AMD3100 has been studied as an adjunct
therapy to paclitaxel [18]. In combination, AMD3100 and
paclitaxel significantly reduced cell proliferation in ID8
and TOV-112D cell lines compared with either drug alone.
AMD3100 has also been shown to be a potent radiosensi-
tizer in a triple-negative breast cancer cell line [19].

In a recent phase II clinical trial, the safety and efficacy of
a combination treatment of CXCR4 antagonist motixafortide
(BL-8040) and pembrolizumab in pancreatic ductal adeno-
carcinoma (PDAC) were evaluated [20ee]. The combina-
tion of pembrolizumab and motixafortide results in a disease
control rate of 34.5%, including one patient with a partial
response in patients with treatment refractory disease. The
treatment increased tumor CD8 T cell infiltration, decreased
myeloid suppressor cells, and further decreased circulatory
regulatory T cells. However, the median overall survival was
only 3.3 months. In a second cohort, 22 patients received
pembrolizumab, motixafortide, liposomal irinotecan, 5-fluo-
rouracil, and leucovorin. The objective response rate (ORR)
was 32% and disease control rate was 77%, which is dra-
matically improved upon what would be expected for this
chemotherapy regimen alone. These are promising results
that deserve validation in a randomized studied.

CC Chemokine Receptors

Numerous CC-type chemokine receptors have been impli-
cated in cancer progression, growth, and resistance to
treatment, with many acting through a stromal mediator
to accomplish these effects. Inhibiting these interactions
broadly, and in some cases more specifically, may prove to
be beneficial in treating some cancers.

CC Receptor 1 (CCR1)

CCR1 is predominantly expressed on monocytes, T cells,
dendritic cells, and neutrophils and can interact with the
following ligands: CCL3, CCL5, CCL7, CCL14, CCLS,
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CCL15, and CCL23. Due to its wide variety of cognate
ligands, this receptor has been found to function in sev-
eral capacities in cancer progression, development, and
survival, most notably in metastasis and immune ther-
apy resistance. CCR1 has been implicated as important
for metastatic establishment in multiple cancer models
[21-24]. Jung, et al. demonstrated in a breast cancer model
that the use of CCX9588, a CCR1 antagonist, was capa-
ble of reducing tumor growth and lung metastasis in an
orthotopic mouse model [25]. When studied in combina-
tion with anti-PD-1 antibodies, synergistic activity was
observed with significantly reduced tumor size and metas-
tasis in mice. They also identified that CCX9588 reduced
the number of tumor-infiltrating myeloid-derived sup-
pressor cells (MDSCs), a diverse subset of cells from the
myeloid lineage that can be strongly immunosuppressive
in cancer, possibly allowing for improved T cell function.
Together indicate this could be a beneficial combination in
subsets of patients with either high CCR1, CCL3, or CCL5
expression in their tumors.

CC Receptor 2 (CCR2)

CCR?2 is predominantly associated with monocyte recruit-
ment, which contributes to several different lymphocyte
populations heavily involved in tumor growth and main-
tenance. The most notable of these populations are tumor-
associated macrophages (TAMs). The CCL2-CCR?2 axis is
important for macrophage recruitment in esophageal can-
cer as TAMs are both important for tumor initiation and T
cell suppression [26]. CCR2 or CCL2 knockouts dramati-
cally reduced the incidence of gastric tumors and reduced
the number of invading TAMs [26]. CCR2 aids in cell
invasiveness through the induction of MMP2 and MMP9
by cancer cells, allowing for invasion and intravasation
into circulation [27]. Once there, TAMs and MDSCs are
recruited to the site of colonization and aid in cancer cell
acclimation and survival [28]. However, along the way,
CCR?2 expressed on the cancer cells themselves or sup-
porting cells have individual roles crucial for the cells to
reach their final destination.

CCR?2 also stimulates fibroblasts and MDSCs to traf-
fic into the TME [29, 30]. MDSCs are also implicated in
immune therapy resistance in cancer. Flore-Toro et al.
report that CCR2 is important for MDSC recruitment in
glioblastoma mouse models and that combining the CCR2
antagonist CCX872 with anti-PD-1 antibodies synergized to
improve survival of glioma-bearing mice. Functional stud-
ies also revealed this dual therapy increased T cell function,
with increases in IFNy and a reduction in CD3+/PD-1+/
Tim3 + cells [30].

CC Receptor 3 (CCR3)

CCR3 is highly expressed on several immune cell types,
including eosinophils, basophils, and Thl and Th2 CD4s.
It is also expressed in airway epithelial cells, with a decent
amount of research associating its expression with asthma.
It also appears to play an important role in cancer, showing
both pro-tumor and anti-tumor functions in many differ-
ent cancers. Like many of the other chemokine receptors,
however, it has several cognate ligands which make CCR3s
function very situational.

CC Receptor 4 (CCR4)

CCR4 is a negative prognostic marker in several cancers,
including gastric, breast, lung, and renal cells [31]. It is
expressed on a variety of cells relevant to cancer biology,
such as macrophages and dendritic cells, but its associa-
tion with CD4 T cells appears to be especially important.
It is found on Th2, Th17, and FOXP3 regulatory T cells,
all of which have been implicated in immune suppression
and cancer development. CCR4 blockade with the Affi-5
antibody in the RENCA mouse model of renal cancer car-
cinoma increased NK cells and Thl cytokine levels while
reducing the presence of immature myeloid cells [32]. Addi-
tional studies have also demonstrated the ability of CCR4
to recruit FOXP3 T regulator cells (T regs) to the site of the
tumor [33]. Similarly, inhibiting the CCL17-CCR4 signaling
axis with mogamulizumab, a humanized monoclonal CCR4
antibody, in a canine-engrafted mouse model reduced tumor
growth and the number of tumor-infiltrating T regs [34].
This agent has now been FDA-approved for the treatment
of mycosis fungoides and Sezary disease.

CC Receptor 5 (CCR5)

CCRS is expressed by many different cell types making its
role in cancer complicated. Immunologically, it is neces-
sary for proper CD103 + dendritic cell trafficking within
tumors, allowing for the activation and trafficking of CD8 T
cells. However, CCRS is also expressed on cancer cells. Two
preclinical studies have shown that blocking CCRS, via the
FDA-approved drug maraviroc, can prevent or at the very
least reduce the size of metastases, decrease cell motility,
and even induce apoptosis [35, 36]. Maraviroc was originally
developed for the treatment of HIV, however is now being
explored for its potential anti-neoplastic properties.
Clinically, maraviroc has also been studied in metastatic
colorectal cancer (CRC) [37]. At the invasive margin of CRC
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metastases, T cells secrete CCLS5 resulting in tumor cell
proliferation, invasion, and increased production of matrix
metalloproteinases by TAMs. Inhibition of CCL5/CCRS5
signaling in CRC tumor explants result in morphologic
changes consistent with tumor cell death and mitigation of
tumor-promoting cytokines. Further investigation as part of
a phase I clinic trial was performed in a total of 14 patients
with late-line treatment-refractory metastatic CRC. Pre- and
post-treatment biopsies were obtained for pharmacodynamic
analyses and demonstrated that maraviroc as a single agent
reduced tumor proliferation and reduced certain cytokines
and morphologic changes consistent with tumor cell death.
As a single agent, no objective responses were seen in these
patients and the median PFS was only 1-1.5 months across
two cohorts. Interestingly though, 5 patients went on to
receive maraviroc in combination with chemotherapy, pre-
sumably chemotherapy they had previously been resistant to,
and 3 out of these 5 patients had objective partial responses.

CC Receptor 6 (CCR6)

Unlike many of the other chemokine receptors, CCR6 has
only one identified ligand, CCL20. It is predominantly
expressed on immature DCs and several subsets of T cells
and directs these cell subsets to the site of inflammation in
skin epithelial and mucosal tissues. Also, CCR6 is expressed
on cancer cells as well, aiding in survival and metastasis. As
with other chemokine receptors, CCR6 appears to be asso-
ciated with the severity of several cancers, correlating with
more severe disease, playing a role in EMT transitions, and
increasing metastatic potential [38—41].

CC Receptor 7 (CCR7)

Dendritic cell uptake of antigens from the site of infection/
inflammation, their subsequent trafficking to a neighboring
lymph node, and presentation to naive T cells are essential
to the initiation of an adaptive immune response. CCR7
appears to be essential at multiple points in this process,
showing an association with changes in cytoarchitecture
and antigen endocytosis, a role in presentation to T cells,
migration speed, and even survival [42]. It has also been
found that CCR7 is essential in the overall process of
lymph node migration for DCs [43, 44]. This brings us to
how this receptor can aid in cancer development. Numer-
ous publications have found CCR7 expression on cancer
cells, many of which showing its presence associates with
higher levels of metastasis [45-47]. A reduction in CCR7
has been shown to decrease cell migration, viability,
and reduced several EMT markers [48-50]. Navarixin, a
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CXCR2 and CCR7 antagonist, is being evaluated clinically
as a treatment for prostate cancer, and a combination of
navarixin and pembrolizumab in patients with advanced/
metastatic solid tumors is now underway (NCT03473925).

CC Receptor 8 (CCR8)

There are several important functions CCRS. In the setting
of cancer, its primary role is in the trafficking of T regs
to the TME. CCR8 is an important functional marker for
tissue-resident FOXP3 T regs, with its expression on cir-
culating T regs being much lower [51, 52]. In an allograft
CT26 CRC model, a monoclonal antibody against CCRS8
resulted in a reduction in tumor volume, higher frequen-
cies of IFNy 4+ CD8 and CD4 T cells, and lower frequency
of FOXP3 + T regs [53¢]. Additionally, synergistic poten-
tial was observed when CCRS blockade was paired with a
listeria-based vaccine expressing an antigen derived from
CT26 tumors [53e].

Several CCR8 antagonists have been created, such
as the oral CCR8 antagonist AZ084 or the neutralizing
antibody JTX-1811; however, it may also be relevant to
consider blocking CCL-1 or CCL-18. CCL-1 is released
from conventional T regs to increase the functional state of
driver T regs, increasing the expression of IL-10, FOXP3,
CD39, Granzyme B, and CCR8. CCL-18 is produced when
IL-10 producing T regs acts on tumor-associated mac-
rophages (which themselves also produce IL-10, which
then circles back to further increase suppressive potential
upon binding of CCR8 + T regs) [54-56].

CC Receptor 9 (CCR9)

CCR9 is predominantly found on naive lymphocytes and
GI tissues with prominent roles in thymocyte trafficking
and differentiation, specifically for T cells, DCs, and mac-
rophages [57], as well as proper immune responses in the
small intestine [58]. CCR9 expression has also been found
in several cancers, with involvement in several signaling
pathways such as the PI3K-AKT pathway, the PI3K-B-Cat
pathway, and STAT signaling [59]. All these pathways are
crucial in several ways to cancer growth, invasiveness, and
immune modulation. One approach was to block CCR9
signaling with a monoclonal antibody, 91R, in mouse leu-
kemia xenografts, noting a significant reduction (85%) in
tumor volume. The primary source of cell death was found
to be associated with complement-dependent cytotoxic-
ity, with their antibody showing a strong ability to induce
complement-dependent cell lysis [60, 61].
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CC Receptor 10 (CCR10)

CCRI10 is important for the induction of a proper immune
response in both skin and mucosal epithelium; however,
the type of cell recruited to each of these tissues via CCR10
depends on the chemokine that is released. CCR10 has two
cognate ligands, CCL28 and CCL27, which are expressed in
mucosal tissues and skin epithelium, respectively. Mucosal-
expressed CCL28 recruits IgA secreting plasma cells express-
ing CCR10 and the proper adhesion molecules to associate
with gut epithelium. CCR10+ CLA + (cutaneous lymphocyte-
associated antigen) CD8 + T cells however lack mucosal inte-
grins and therefore cannot traffic via this axis and are instead
attracted to skin epithelium via CCL27 secretion [62].

CCR10’s ability to either act in a pro-tumor or anti-tumor
fashion is highly context specific. CCR10 is critical for proper
T cell trafficking in skin epithelium via CCL27 so any attempt
to block this pathway could dramatically favor tumor immune
escape, a mechanism identified in skin cancer [63]. In a
study using myeloma cells, however, CCL27-driven CCR10
signaling can induce drug resistance via IL-10 secretion by
CCR10+ stromal cells [64]. Gastric cancer also benefits from
CCRI10 signaling, as beta-catenin-induced CCL28 expression
correlated with increased tumor growth and T reg infiltration
[65¢]. In addition to immune-modulatory properties, CCR10
has been found to affect cancer cell invasiveness. This includes
the attraction of lymphatic endothelial cells to the sight of
the tumor via CCL27 and CCL28 expression by tumor cells
[66]. CCRI10 also appears to aid in breast cancer metastasis
and avoidance of apoptosis induction via MAPK signaling
[67]. In liver cancer, CCR10 was found to be important for
inflammation-driven carcinogenesis, with high levels of TNF,
CCR10, and CCL28 expression found in tetrachloromethane-
and diethylnitrosamine-induced models of liver cancer. In
these models, CCL28-CCR10 signaling led to increases in
PI3K-AKT signaling, with a CCR10 knockout model show-
ing a significant reduction in tumor formation and growth
in-vivo. Akt inhibition was also found to reduce cell growth
in vitro, offering a possible alternate route of inhibition [68].
There is however an exception to these findings, with CCL28-
CCRI10 signaling increasing the expression of RARp in oral
squamous cell carcinoma (OSCC) and a concurrent decrease
in bone invasion. High levels of CCL28, CCR10, and RARp
in OSCC patients correlated with overall better survival and
lower levels of bone invasion [69].

CX3C Chemokine Receptors

CX3CRI1 is a chemokine receptor that has been shown to
support tumorigenesis across multiple cancer types. In pan-
creatic cancer, overexpression of CX3CR1 in VCaP and

PC-3 cells caused an increase in cellular proliferation and a
decrease in cellular apoptosis [70]. In prostate cancer mod-
els, overexpressing CX3CR1 facilitated spine metastasis for-
mation [71]. In breast cancer, CX3CL1 and CX3CR1 did
not affect breast cancer cell proliferation but did promote
the migration and invasion of CX3CR1-expressing MDA-
MB-231 cells [72]. In osteosarcoma, MiR-485-5p inhib-
ited metastasis and proliferation by targeting the CX3CL1/
CX3CRI1 axis [73]. CX3CR1/CX3CL1 axis also increases
cell migration and invasion in gastric cancer [74]. Transwell
migration and invasion assays showed that cells overexpress-
ing CX3CRI1 had a significant increase in migration and
invasiveness. The group also showed the CX3CR1/CX3CL1
axis promotes gastric cancer cell proliferation and survival
via activation of AKT. In a conflicting study, CX3CR1
expression correlated with a better patient prognosis by
increasing the number of CD8 + T cells and natural killer
cells [75].

Atypical Chemokine Receptors
ACKR1

The expression of ACKR1, also known as the Duffy anti-
gen receptor for chemokines (DARC), has shown antitumor
effects across multiple studies. ACKR1 expression inhibits
tumorigenesis and metastasis in breast, prostate, and lung
cancer models by interfering with angiogenesis [76-78]. A
drug targeting ACKR1 expression has yet to be discovered,
but manipulating its expression would seems to be promising
in treating multiple cancer types.

ACKR2

Atypical chemokine receptor 2, also known as D6, is thought
to slow tumor progression in various cancer types. In Kaposi
sarcoma, forced ACKR2 expression reduced tumor size
in vivo [79]. The reason for this reduced tumor size was
shown to be a reduction in both M2-like TAMs and inflam-
matory cytokines CCL2, CCL3, and CCL5. These results
were replicated in breast cancer as well [80]. Addition-
ally, breast cancer samples an inverse correlation between
ACKR?2 expression and lymph node metastasis was found
[80]. A protective role for ACKR2 was also observed in
non-small cell lung cancer [81]. ACKR2 expression reduced
cell proliferation by enhancing the clearance of chemokines
CCL2, CCL4, and CCLS5 and resulted in a 40% decrease in
tumor volume over 40 days in mice transfected with A549
lung cancer cells constitutively expressing ACKR2 com-
pared to mice that were not [81].
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ACKR3

Unlike the other atypical chemokine receptors, ACKR3,
also known as CXCR7, has been shown to promote tumori-
genesis. High ACKR3 expression in glioblastoma patients
is often associated with poor patient prognosis [82]. Using
an antibody targeting ACKR3 (X7Ab) in combination with
temozolomide extended survival in vivo in a GBM mouse
model [82]. CCX771, a ACKR3 antagonist, negates many
of the tumor-causing effects of ACKR3, including reduced
blood vessel formation in vivo [83]. ACKR3 has been shown
to increase survival, adhesiveness, and invasiveness of pros-
tate cancer cells [84]. The combination of enzalutamide and
the ACKR3 inhibitor CCX771 led to a reduction in EGFR
and AKT phosphorylation and inhibition of prostate cancer
tumor models [85].

ACKR4

Although less studied than the other atypical chemokine
receptors, multiple studies have shown a protective role for
ACKR 4, also known as CCX-CKR or CCRLI1. In breast
cancer, ACKR4 expression inhibited cell proliferation
in vitro [86]. In vivo, ACKR4-transfected mice had signifi-
cantly reduced tumor volumes and the total number of lung
metastases compared to mock-transfected mice. In human
breast cancer patients, ACKR4 expression had a significant
negative correlation with lymph node metastasis and a posi-
tive correlation with patient survival [86]. Similar findings
have also been observed in hepatocellular carcinoma [87].

Discussion

Chemokine receptors and their cognate ligands play a criti-
cal role in determining the makeup of the tumor microenvi-
ronment through their ability to recruit a myriad of immune
and stromal cell populations to the site of a tumor. They
can also dramatically alter proliferation as well as mobility,
the latter implicating them as having a role in metastasis.
Understanding which cell types each chemokine receptor
is expressed on, its role or function in different settings,
and identifying TME changes upon inhibition is crucial for
understanding their place in cancer treatment.

Throughout this review, several drugs were named that
have shown promising effects, such as preventing or reduc-
ing immunosuppressive cells from entering the TME, less-
ening the metastatic potential of tumor cells, and in some
cases even reducing tumor cell viability. With this informa-
tion, we can identify chemokine antagonists that would pair
well with current treatment modalities, possibly improving
responses in patients. For example, many immunotherapies
are thought to fail because solid tumors are plagued with
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having immunosuppressive TMEs. Several drugs in this
review showed the ability to prevent the migration of sev-
eral immunosuppressive cell subsets and in vivo have shown
synergistic ability when paired with immunotherapies.

Conclusion

Taking current drug combinations to clinical trials is the
next logical step but several other chemokine receptors do
not have drugs available for treatment in patients. Identify-
ing which chemokine receptor inhibitors are most likely to
improve outcomes for patients, by either slowing disease
progression or improving treatment responses to current
therapies, should be the focus moving forward.
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