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Abstract

Chemokines are small secretory chemotactic cytokines that control the directed migration of
immune cells. Chemokines are involved in both anti-and pro-tumorigenic immune responses.
Accumulating evidence suggests that the balance between these responses is influenced by
several factors such as the stage of tumorigenesis, immune cell activation, recruitment of immune
activating or immunosuppressive cells in the tumor microenvironment (TME), and chemokine
receptor expression on effector and regulatory target cells. Cancer cells engage in a complex
network with their TME components via several factors including growth factors, cytokines and
chemokines that are critical for the growth of primary tumor and metastasis. However, chemokines
show a multifaceted role in tumor progression including maintenance of stem-like properties,
tumor cell proliferation/survival/senescence, angiogenesis, and metastasis. The heterogeneity of
solid tumors in primary and metastatic cancers presents a challenge to the development of
successful cancer therapy. Despite extensive research on how solid tumors escape immune cell-
mediated anti-tumor response, finding an effective therapy for metastatic cancer still remains a
challenge. This review discusses the multifarious roles of chemokines in solid tumors including
various chemokine signaling pathways such as CXCL8-CXCR1/2, CXCLJ9, 10, 11-CXCR3,
CXCR4-CXCL12, CCL(X)-CCR(X) in primary and metastatic cancers. We further discuss the
novel therapeutic approaches that have been developed by major breakthroughs in chemokine
research to treat cancer patients by the strategic blockade/activation of these signaling axes alone
or in combination with immunotherapies.
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1 Introduction

Chemokines represent a subset of chemoattractant cytokines that bring about the directed
migration of immune cells. These include a group of low molecular weight (8-10

kDa) inducible proteins that are triggered by inflammatory cytokines, growth factors

and pathogenic stimuli. Chemokines regulate immune cell trafficking by binding to and
activating specific seven-transmembrane G protein—coupled receptors (GPCRs) at their N
terminal. This causes the phosphorylation of serine/threonine residues at the C-terminus and
conformational changes in the GPCRs that lead to the activation of the heterotrimeric G
protein complex attached to the intracellular receptor [1]. Chemokines cause the directed
movement of cells expressing a specific chemokine receptor, along a chemical gradient

of ligand termed as the ‘chemokine gradient’, facilitating cell movement towards the high
local concentration of chemokines. The chemokine proteins are divided into four highly
conserved groups viz. C, CC, CXC, and CX3C, depending on the relative position of the
first two conserved cysteines that are adjacent to the amino terminus. The corresponding
XCR, CCR, CXCR, and CX3CR receptors of the GPCR family effectuate the functions of
these chemokines in target cells. More than 50 chemokines have been discovered until now
and nearly 18 seven-transmembrane-domain chemokine receptors are known in humans.
Over 40 chemokine ligands are known and these are denoted by the letter ‘L’ followed by a
number. Generally, the chemokine receptors are known to recognize more than one type of
chemokine, but six of these receptors including CCR6, CCR9, CXCR4, CXCR5, CXCRS,
and CX3CR1 respond to only one chemokine.

Chemokine signaling activates the expression of the genes that are involved in cell
motility, invasion, survival, and interactions with the extracellular matrix (ECM). Although
chemokines emerged as key regulators of leukocyte migration and chemokine receptors
were originally identified on the leukocytes, functional chemokine receptors were also
found in endothelial cells and epithelial cells showing malignant transformation [2].
Chemokines are involved in many biological processes, including embryonic development,
wound healing, angiogenesis, T-helper (Th)1/Th2 development, leukocyte homeostasis,
lymphatic organ development, and immune system homeostasis. The aberrant expression
of chemokines/chemokine receptors has been linked to various human diseases such as
autoimmune, inflammatory disorders and solid tumors [3,4].

Cancer is one of the leading causes of death worldwide, accounting for nearly 10 million
deaths in 2020 [5]. Although cancer refers to a heterogeneous group of diseases, one
aspect that unites them is the acquirement of the host cell regulatory machinery that
executes growth factor synthesis and signaling, to sustain their own growth, proliferation,
spread and survival beyond natural limits [6]. Tumors are not simple masses of cancerous
cells, most solid tumors of the epithelial, mesothelial or hematopoietic origin contain

both cancerous cells as well as the non-malignant stromal cells. These stromal cells
predominantly include the lymphocytes, macrophages, as well as endothelial cells and
fibroblasts. Eosinophils, B cells, granulocytes, and natural-killer (NK) cells are also present
in some tumor types. The stromal population, therefore, contain many leukocytes that
constitute the leukocyte infiltrate. The immune cells, endothelial cells as well as the tumor
cells express chemokine receptors and are responsive to chemokine gradients. Tumor cells
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secrete and respond to these chemokines to modulate tumor growth and progression by
increasing the recruitment of proinflammatory cells and endothelial cells, disrupting immune
surveillance and manipulating the leukocyte infiltrate along with the prevention of apoptosis
in cancer cell [7].

Chemokines regulate immune cell infiltration and shape the tumor microenvironment (TME)
to modulate tumor progression via protumoral or anti-tumoral effects and act as a connection
between the tumor cells and the TME. In the primary TME, chemokines mediate the stromal
to epithelial interactions to control tumor growth and invasion. A plethora of literature
demonstrates that the tumor-associated chemokines control leukocyte infiltration into the
tumor, modulate immune response of tumor cells (protumorigenic vs antitumorigenic),
regulate angiogenesis, act as growth factors (autocrine or paracrine), control the movement
of tumor cells and are involved in the maintenance of cancer stem cells (CSCs) and (Fig. 1)
[8]. Tumor heterogeneity (intra-tumor heterogeneity and inter-tumor heterogeneity) has been
identified as a key factor to regulate tumorigenesis, distant metastasis, tumor recurrence, and
resistance to anti-tumor therapy [9]. Recently, the CSC concept has been used to explain
heterogeneity in solid tumors [10]. Chemokines are involved in each of these events and
affect the metastatic potential as well as the site-specific spread of tumor cells [11]. It is
crucial to understand the complex cross-talk between the different cell types within the

TME and to study their biological effects that influence immune response, production and
expression of markers, and sensitivity to therapeutic modalities.

Most solid tumors display dominant immune infiltration. As compared to the migration of
immune cells into lymphoid organs, immune infiltration into solid tumor tissues is more
unpredictable as the solid tumors are heterogeneous, ectopic and lack a defined anatomy. It
is imperative to understand the role of chemokines in solid tumors to improve the currently
available therapeutic interventions. This review aims to explore the multifaceted role of
chemokines in solid tumors including their effects on cell proliferation, tumor heterogeneity,
stemness, senescence, angiogenesis and tumor metastasis. We further discuss the feasibility
of manipulating chemokine networks to treat cancer in combination with other drugs or
immunotherapies.

2 Chemokines and chemokine receptors

Chemokine receptors are a superfamily of GPCRs that control immune cell behavior and
promote chemotaxis. The four classes (CC, CXC, CX3C, or XC) of the chemokine receptors
are based on the chemokine/ ligand interaction motif to which they bind (Table 1). Activated
chemokine receptors triggers a variety of effector pathways, including calcium signaling,
generating an intracellular calcium ion flux and causing chemotaxis and cell trafficking to
desired locations as well as activating phosphoinositide-3-kinase (PI3K), protein kinase C
(PKC), phospholipase C (PLC)-b, and src family tyrosine kinases (SFK).

The CXC family of chemokines have a non-conserved amino acid (X) that is present
between the first and the second cysteine residue. Functioning of the CXC chemokines is
determined by the presence of the Glu-Leu-Arg (ELR motifs) located at the N terminus,
preceding the first cysteine amino acid residue [12]. Based on the ELR motifs, the
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CXC chemokines are further divided into two categories (ELR + and ELR-). The ELR

+ chemokines (CXCL1-3 and CXCL5-8) are predominantly neutrophil chemotactic and
effective angiogenesis promoters whereas the ELR— members (CXCL4 and CXCL9-11) are
potent inhibitors of angiogenesis that mainly target T cells and B cells (Table 1). The ELR-
chemokine, CXCL12, was initially characterized as a pre-B-cell growth-promoting factor,
but it was later found to have angiogenic properties. Currently, six CXC receptors have
been identified. CXCR1 binds CXCL1, CXCL6, CXCL7, and CXCL8 with high affinity,
whereas CXCR2 may bind to all ELR + chemokines. CXCR2 is another member of the
CXCR family and shares 75 % sequence similarity with CXCR1. CXCR3 was found to
bind to the ELR— CXC chemokines (CXCL9-11). CXCR4, CXCR5, and CXCR6 bind to
CXCL12 (also known as stromal cell-derived factorl or SDF-1), CXCL13, and CXCL16,
respectively. The largest CC chemokine (or B-chemokines) family have cysteine residues
adjacent to the N terminus. The members of the CC family include CCL1-5, CCL7, CCLS,
CCL11, and CCL13-28 that are the key determinants for the recruitment of T cells, B cells,
monocytes, macrophages, eosinophils, basophils, dendritic cells, mast cells, and NK cells.
The corresponding receptors for each ligand have been shown in Table 1.

Functionally, chemokines may be classified as homeostatic or inflammatory. Chemokines
are redundant in their activity with the exceptional ability to activate multiple GPCRs,
and a single GPCR may bind to more than one chemokine displaying multiple biological
outcomes [13]. This promiscuousness of the chemokine/receptors allows them to mimic
other ligands during complex interactions. Chemokines and their receptors may trigger
distinct migratory responses in cells including directed/undirected motility, haptotaxis,
haptokinesis, chemokinesis, and induction of cell adhesion and cell arrest. Accordingly,
chemokines are emerging as a critical mediator in the progression of solid tumors and
recruitment of a variety of cell types to the TME.

3 Chemokines and chemokine receptors in solid tumors

Solid tumors develop as a result forced consonance between the proliferating cancer

cells and the host. Chemokines are involved in cellular transformation, development of

a pro-angiogenic environment, invasion through ECM and vascular basement membrane,
and tumor cell metastasis. They may directly promote tumor growth, aid in development
of blood vessels and control metastatic cell migration. Chemokine receptor ligation with
chemokines on tumor cells activates the MAPK/ Erk signaling and induces the expression
of crucial growth-promoting genes including cyclin D1, Fos, and the heparin-binding
epidermal growth factor. Chemokines shift the balance between pro-apoptotic and anti-
apoptotic proteins in the tumor cells by upregulating Mdm2 expression and downregulating
the expression of Bcl-2 or by inhibiting caspase-3 and caspase-9 activation. The different
cells constituting the tumor milieu determine the chemokine and chemokine receptor
expression in the tissue.

Cancer cells engage in a complex network with the TME components including
mesenchymal stem cells, adipocytes, tumor-associated fibroblasts (TAFs), endothelial cells,
pericytes, proteins of the ECM, and immune cells such as the macrophages, myeloid-derived
suppressor cells (MDSCs), NK cells, DCs, B cells and T cells via chemokines, cytokines,
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and growth factors [7,8]. The number and type of cells present in leukocyte infiltrate of
solid tumors are influenced by chemokines locally produced by tumor cells and the stromal
cells. For example, the CC chemokines influence macrophage and lymphocyte infiltration
in cancers of the pancreas, breast, and cervix, as well as in sarcomas and gliomas [14—
17]. Other than infiltrating leukocytes, the cancer cells also express different chemokine
receptors and are responsive to chemokine gradients. Cells from various cancer types are
known to express different profiles of the CC, CXC, XC, and CX3C chemokine receptors
(Table 1). Subsequently, we discuss the importance of the CXCL8-CXCR1/2, CXCLD9, 10,
11-CXCR3, CXCL12-CXCR4, and CCL(X)-CCR(X) (X represents different number of
ligands and receptors) signaling axes in solid tumors that are commonly involved in the
progression of most tumors.

3.1 CXCL8-CXCR1/2 axis in solid tumors

CXCRZ1/2 chemokines, such as CXCL1, 5, 7, and 8 are produced by various cancer cells

and act in an autocrine manner to regulate cancer progression. The CXCL8-CXCR1/2 axis
plays an important role in tumor growth, angiogenesis, metastasis, stemness, and recruitment
of immune cells into the TME, by activation of downstream signaling cascades such as

the PLC-PKC, PI3K-AKT, FAK/Src, MAPK-ERK and RhoGTPase [18, 19]. The CXCL8-
CXCR1/2 axis has been associated with certain types of tumors including ovarian, lung,
breast, melanoma, prostate, human hepatocellular carcinoma (HCC), colon and pancreatic
cancers [19,20] (Table 1 and Fig. 2A). Therefore, targeted treatments against the CXCL8-
CXCR1/2 axis are likely to offer substantial therapeutic utility in tumor treatment.

CXCLS8, a pro-inflammatory chemokine produced by the endothelial cells, macrophages,
epithelial cells, monocytes, and fibroblasts, has been studied extensively in various diseases
including cancer. In unstimulated cells, CXCLS8 levels are almost undetectable, which
increases by 10-100 folds, by a variety of factors including cytokines (interleukin (IL)-1,
IL-6, CXCL12, and tumor necrosis factor (TNF)-a), hypoxia, reactive oxygen species
(ROS), pathogen-associated molecular patterns (PAMPS), and other environmental stressors.
High expression levels of CXCL8 have been observed in various cancers (Table 1). CXCL1
and CXCLS8 have a high affinity for CXCR2 and were found to upregulate the proliferation
of diff ;erent melanoma cells, breast cancer cells and pancreatic tumor cell lines [20-26].
CXCL1, CXCL2 or CXCL3 overexpression enhanced the ability of different melanoma cell
lines to form colonies in soft agar, and increased tumorigenicity in nude mice [27]. A similar
effect has been reported for CXCR2 chemokines in breast, head and neck, pancreatic, and
non-small-cell lung carcinoma [26,28-30]. In a mouse model of PDA, tumor cells and tumor
associated stroma showed high levels of CXCL2 and CXCLS5 [31]. Studies show autophagy
dependent secretion of CXCL8 from cancer-associated fibroblast as a contributing factor for
increased head and neck cancer metastasis [32].

The CXC chemokine receptor, CXCR2, shows similarity to human GPCRs in the Kaposi’s
sarcoma herpes virus (known as KSHV-GPCR) suggesting the direct involvement of
chemokines and chemokine receptors in transformation. The KSHV-GPCR generates a
signal that is enhanced by the CXCL8 (IL-8) and CXCL1 (Groa) ligands [33]. KSHV-
GPCR overexpression leads to formation of a lesion similar to Kaposi’s sarcoma [34].
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A point mutation in CXCR2 activates constitutive signaling of the receptor and leads

to cellular transformation of transfected cells as seen in KSHV-GPCR [35]. These

reports suggest that CXCR2 expression may promote pre-neoplastic to neoplastic cellular
transformation in cells under persistent autocrine and paracrine stimulation with the specific
CXC chemokine ligands. In 1987, Yoshimura et al. published the first report on CXCLS8, a
chemokine that modulates neutrophil trafficking [36]. Since then, researchers have focused
their efforts on deciphering the activities and roles of chemokines in immune response.

3.2 CXCL9-11-CXCR3 axis in solid tumors

CXCL9-11-CXCR3 axis has been a prominent focus of research in cancer as it governs
differentiation, migration, and activation of immune cells (T cells, NK cells, NKT cells,
and macrophages) [37]. ELR-negative CXC chemokines, CXCL9-11 are CXCR3 selective
ligands that are generally expressed at low levels under homeostatic settings but are
increased by cytokine stimulation. CXCR3 is expressed on the surface of monocytes, T
cells, NK cells, DCs, and cancer cells, however, their ligands are primarily secreted from
monocytes, endothelial cells, fibroblasts, and cancer cells in response to IFN-y, which is
amplified synergistically by TNF-a.. Immune cells, primarily Thl, CTLs, NK cells, and
NKT cells have anti-tumor effect in tumor models via the paracrine CXCL9-11-CXCR3
axis. However, several studies have found that the autocrine axis is implicated in tumor
proliferation, angiogenesis and metastasis, which may be attributed to the different effects of
the ligands on CXCR3 variants (CXCR3A, CXCR3B and CXCR3-alt). /n vitroand in vivo
studies have demonstrated that cancer cells expressing CXCR3 have a higher proclivity to
metastasis as a result of the autocrine signaling from the pre-metastatic environment [38].
CXCR3 has recently been discovered to play a significant role in macrophage polarization.
CXCR3 loss causes macrophages to polarize towards an M2 phenotype that promotes
tumor growth in a mouse model of breast cancer [39]. Upregulated CXCR3 expression
levels promote metastasis in various cancers including prostate, colon, melanoma, gastric
and ovarian cancer (Table 1) [40-44]. The targeting of this axis may provide therapeutic
advantage in metastatic cancer.

3.3 CXCL12-CXCR4/ACKR3 axis in solid tumors

Both CXCR4 and ACKR3 (atypical chemokine receptor 3) are GPCRs with CXCL12 as a
physiological ligand, although they display distinct characteristics. ACKR3 gene was first
identified as an orphan GPCR, also known as RDC1 and CXCR7. ACKR3 is a chemokine
scavenger that lacks the common DRY-LAIV domain involved in G protein activation and
selectively signals via B-arrestins [45]. The only chemokine that interacts with CXCR4 is

CXCL12 while ACKR3 also binds CXCL11.

The interaction between CXCR4 and CXCL12 regulates the migration and patterning of
embryonic cells mobilization of HSCs and lymphocyte transport [46-50]. Different tissues
such as the liver, lung, adrenal glands, bone marrow, and lymph nodes constitutively express
CXCL12/SDF-1. The CXCR4-CXCL12 axis regulates the migration of an embryonic cell
subset that plays a role in the development of bone marrow, heart and the central nervous
system (CNS) and has been linked to tumor metastasis and angiogenesis [51,52]. CXCR4

is expressed in nearly 23 types of cancers of the epithelial, mesenchymal or hematopoietic
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origin [53]. The interactions between CXCL12 and CXCR4 are also known to stimulate
proliferation in prostate cancer, glioblastoma and multiple myeloma [54-56]. CXCR4-
CXCL12 interaction and downstream signaling is partially regulated by the phosphorylation
of Akt, promotes the growth and survival of tumor cells, and facilitates cell growth in

distant and less favorable sites [57]. Some cancerous cells (not all) in the primary tumor
may express CXCRA4. For instance, CXCR4 expression is found in primary tumor sites in
glioma, lymphoma, ovarian, non-small-cell lung cancer (NSCLC) and pancreatic cancer, and
at the sites of metastasis in breast and thyroid cancer, neuroblastoma and hematological
malignancies [58,59]. CXCR4-CXCL12 axis plays a crucial role in the migration of tumor
cells to metastatic locations in ovarian, breast, prostate, pancreatic, esophageal, colorectal
cancer and melanoma, NSCLC, head and neck cancer, glioblastoma, basal cell carcinoma,
neuroblastoma, bladder carcinoma, osteosarcoma, acute lymphoblastic leukemia and chronic
myelogenous leukemia (CML) [60, 61]. SDF-1 may bind to CXCR?7 that is expressed in
B-cells, T cells, endothelial cells, DCs, chondrocytes, and endometrial stromal cells. SDF-1
modulates the migration ability of cells and CXCR7 mediates cell proliferation [62].

3.4 CCL(X)-CCR(X) axis in solid tumors

CC chemokines act as ligands for ten classical receptors that serve as a key component

of the TME [63,64]. The chemokine receptor CCR1, is expressed on leukocytes in solid
ovarian tumors and the infiltrating cells predominantly include macrophages and CD8 + T
lymphocytes [65,66]. CCR2 is another member of CC chemokine receptor family which
functions through binding to CCL2 (MCP-1). Additionally, CCR2 binds with other ligands
including CCL7 (MCP-2), CCL8 (MCP-3), CCL13 (MCP-4) and CCL12 (MCP-5). CCL2-
CCR2 axis is associated with various cancers. For instance, CCL2 localizes to the epithelial
areas of the ovarian tumor, and its expression correlates with the number macrophages and
lymphocytes in that area [67].

CCL17/22-CCR4 signaling axis regulates the infiltration of regulatory T cells (Tregs) in
The TME and linked with tumor progression as described below in this review. CCL5
localizes with the infiltrating leukocytes and its expression levels correlate with the CD8
+ T-lymphocyte infiltration [66]. The CCL21-CCR7 chemokine ligand-receptor pair is
involved in the migration of tumor cells into the sentinel lymph nodes. This has been
seen in breast cancer, NSCLC, colorectal cancer, gastric cancer, murine B16 melanoma,
esophageal cell carcinoma and head and neck cancer [17,68-73]. In the lymph nodes,
CCL21 chemoattracts the tumor cells bearing the chemokine receptor, CCR7. Intriguingly,
murine CCL21 (but not human CCL21) causes transduction through CXCR3. In the early
detection of primary tumors, the disruption of CCL21-CCR7 may help to prevent lymph
node metastasis. The expression levels of chemokines and their receptors in various solid
tumors are given in Table 1.

The chemokine signaling axes are crucial in cancer progression and metastasis. Chemokines
have diverse functionality in the TME and regulate site-specific tumor growth. The aberrant
expression of chemokine receptors, which is not random but selective, develops variable
responses in the TME and may contribute to tumor heterogeneity. In the following
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section, we discuss the role of chemokines in tumor heterogeneity may help in therapeutic
intervention to overcome the heterogeneity within primary tumors and among metastases.

4 Role of chemokines in tumor heterogeneity

As cancer progresses, the TME develops diverse cell populations with striking variability,
having distinct molecular signatures and variable sensitivity to treatment, which accounts for
some of the tumor heterogeneity [9,74,75]. In the TME, interactions between macrophages
or mesenchymal stem cells (MSCs) and cancer cells, in particular, play an essential role

in regulating tumor activities. For example, M2-type macrophages and MSCs can be
converted into tumor-associated macrophages (TAMs) and cancer-associated fibroblasts
(CAFs) which have largely tumor-supportive features. MSCs interact with cancer cells

both indirectly and directly by altering their functions and contributing to cancer cell
plasticity [76]. The successive clonal expansion of tumor cell populations is affected by

the selection of cells having a growth and/or survival advantage. These cells vary in their
size, organization, morphology, antigen expression, membrane composition, proliferation
rate, cell-cell interaction, metastatic tendency, and response to chemotherapy [77]. Tumor
heterogeneity may be classified as ‘inter-tumor’ heterogeneity that is evident between
cancers from different patients and ‘intra-tumor’ heterogeneity, which is seen within a single
tumor [75].

Chemokines regulate various processes such as immune infiltration, heterogeneous
primary tumor growth, angiogenesis, epithelial and mesenchymal plasticity, organotropism,
heterogeneous metastases, cancer stem cells and therapy resistance that contribute to

tumor heterogeneity as well as metastatic heterogeneity. Organ specific metastasis or
organotropism involves a non-random spread of the malignant cells to distant organs

[78]. Various factors such as the pattern of blood circulation, anatomical location of the
organs, organ-specific niche/microenvironment of the metastatic sites and its interaction
with the tumor cells regulate organotropism. The chemo-attractant properties of chemokines
regulate immune trafficking to sites in distant organs. Specific chemokine receptor bearing
cancer cells and endothelial cells move towards their coupled chemokine gradient at their
non-random, organ-specific locations [79,80]. Chemokines, therefore, control the wheel of
distant organ metastasis. In breast cancer, the expression of CCR7 and CXCR4 regulate
invasion and organ specific metastasis to the CCL21 (a ligand to CCR7) and CXCL12
positive sites for instance the liver, lung and bone [17,81]. Currently, two concepts are used
to describe tumor heterogeneity, the clonal evolution model and the CSC hypothesis.

4.1 Clonal evolution model

The clonal evolution model states that over time, the cancer cells acquire various
stochastic mutations within a tumor, this genetic drift and natural selection of cells with

a growth advantage, drives aggressive tumor progression. This model describes intra-tumor
heterogeneity as a result of natural selection and suggests that tumor initiation occurs
following many mutations in any random single cell giving growth advantage over other
cells. As a result of genetic instability and uncontrolled proliferation, this produces cells
with added mutations and newer characteristics. These new mutations may provide growth
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advantages such as resistance to apoptosis. The generation of subpopulations of variant
cells results in tumor heterogeneity. These cells may turn invasive and metastatic or
develop resistance to therapy leading to aggressive disease and recurrence [82,83]. The
most concrete evidence for clonal evolution is provided by several studies which reveal that
all major human cancers and histological subtypes have various cell subpopulations with
distinct heritable abnormalities.

4.2 Cancer stem cell hypothesis

In contrast to clonal evolution model, the CSC hypothesis suggests that a certain subset

of tumor cells, referred to as CSCs, possess stem cell like properties (self-renewal and
differentiation) that can generate heterogeneous tumors and play an active role in tumor
initiation, progression, metastasis, recurrence of the tumor and therapy resistance [84].

The other cells in a tumor may not have unlimited capacity for self-renewal and do not
differentiate to generate all types of tumor cells. The normal stem or progenitor cells of an
organ give rise to CSCs that remain as a subset of the tumor cells. The CSC hypothesis
suggests that the metastatic spread of these cells results in tumor progression and their
resistance to therapy leads to cancer recurrence [85]. This concept developed from extensive
research in acute myeloid leukemia (AML) which discovered the less-differentiated CD34
*/CD38~ cell population with self-renewal capacity like the stem cells and strong tumor-
initiating potential in mice [86,87]. CSCs have been identified in various solid tumors such
as melanoma, brain, breast, pancreatic, prostate, liver, colon, thyroid, lung, ovary, head and
neck, and stomach cancer [88,89]. Some of the cell surface markers could be utilized to
detect subpopulations of CSCs in solid tumors including Sox2 in glioblastoma, CD44 and
ALDHL1 in breast cancer, LGRS in colon cancer, and CD133 in various malignancies [90].
The CSCs show plasticity, which entails a reversible change from epithelial to mesenchymal
states, and forms a primary source of heterogeneity in the phenotypically distinct population
of CSCs. As an example, the subpopulation of breast cancer stem cells (BCSCs) such as
ALDH* BCSCs shows epithelial phenotype (epithelial markers; CDH1, OCLN, and CLDN)
with proliferative potential, and CD44* /CD24~ BCSCs show mesenchymal phenotype
(mesenchymal markers; VIM, ZEB1, and ZEB?2) indicating metastatic ability [91,92].
However, ALDH*/CD44 */CD24~ BCSC is highly tumorigenic and invasive implying that
tumorigenicity may be enhanced by a combination of markers. Thus, the ability of these
populations of BCSCs to transition between different states demonstrates the plasticity

and variability of BCSCs. Interestingly, the phenotypic plasticity of CSCs allows them

to transdifferentiate into pericytes, endothelial cells, and fibroblasts, contributing to tumor
angiogenesis, stem cell niche creation, and inflammation [93]. According to recent research,
the lymphoid chemokine CCL19 increased the heterogeneity of breast tumor cell motility
within a 3D microenvironment as demonstrated by a Le’vy distribution analysis [94].

CSCs have immune evasive and immunosuppressive capacity in the TME which is mediated
by the chemokines network, cytokines, and growth factors in solid tumors [84,95,96].

CSCs secrete several factors including chemokines which recruit stromal cells and control
generation and activation of a tumor niche (Fig. 3). Therefore, targeting the CSCs is an
emerging concept in cancer treatment. One of the effective therapeutic strategies is inhibition
of the self-renewal or survival pathways (NOTCH, Hedgehog, and WNT) in CSCs [88].
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5 Chemokines/receptors axis in CSCs

Different chemokine signaling axes have a key role in regulating the CSC subpopulations.
The CXCL-8-CXCR1/2 chemokine axis, for example, has been linked with CSC
populations and correlates with clinical outcomes in several cancers including breast,
pancreatic, renal cancers and glioblastoma multiforme (GBM) [19,97,98]. CXCR1 and
CXCR2 are highly expressed on the surface of BCSCs, where they interact with CXCL-8
to cause self-renewal. CXCL-8 is functionally related to poor prognosis in breast cancer and
exogenous CXCLS8 treatment increased mammosphere formation and ALDH1 population
in breast cancer cell lines and patient-derived breast cancer samples [99-101]. Apart from
the CXCL8-CXCR1/2 axis, the significance of other chemokines and chemokine receptors
such as CXCR3B (an isoform of CXCR3), CXCR4, CXCR7, CXCL3, CXCL5, CXCL7,
CXCL10, CXCL11, and CXCL12 (SDF-1, secreted from CAFS) in the regulation of BCSC
population, has been well recognized.

The CXCR4-CXCL12 chemokine/receptor axis plays a critical role in the maintenance

of prostatic CSCs. CXCR4 expression is higher in the CD44*/CD133" population

of prostate cancer [88,102,103]. In a CXCL12-dependent manner, CSCs increase
proliferation adherence to the extracellular protein fibronectin, via activating the PI3K
pathway. Interestingly, the CXCR4 antagonist (AMD3100) or anti-CXCR4 antibody could
specifically reduce prostate progenitor growth and tumor size [104]. CXCL12 also increased
prostate tumor development, metastasis, and chemoresistance /7 vivo by inducing CSC

and neuroendocrine phenotypes in prostate cancer cells via CXCR4-mediated PKC/NFkB
signaling [105]. Similarly, the CXCR4-CXCL12 axis plays an important role in the survival
and self-renewal of CSCs in GBM [103]. Members of CC family of chemokines including
CCR2, CCR5, CCL2, CCL5, and CCL16 have a critical role in BCSCs population.
Moreover, CCL21 binds with CCR7 in CD133* pancreatic cancer stem-like cells, which
prevents apoptosis and enhances survival and migration through the ERK1/2 and p65
pathways [106]. In lung cancer, CCR9/CCL25 axis increased CSC migration and invasion,
which may lead to distant metastases and poor overall survival.

Similar to the CSC microenvironment, the chemokines are strongly involved in the
regulation of immune activity in the TME. The immune cells are capable of spontaneous
movement and migrate to different organs in a context-specific way to determine immune
outcome. Immune infiltration into the TME is critical in cancer progression. Chemokines
modulate immune checkpoints to affect cancer growth and progression by controlling the
migration of immune activating and suppressive immune cells, thereby driving the fate

of the developing tumor and metastases. In the following section, we discuss the role

of chemokines/receptors in the regulation of immune cell entry in the chemotactic solid
tumor microenvironment, which may help to improve the currently available therapeutic
interventions.
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6 Chemokines/chemokine receptors and leukocyte infiltrate in cancer

Chemokines recruit immunosuppressive cells and activated immune cells in to the TME.
A bidirectional crosstalk is mediated by chemokines between tumor cells and infiltrating
immune cells to regulate tumor growth and metastasis.

6.1 Regulatory T cells

A specific subset of CD4+, CD25 + T cells, termed as Tregs, are immunosuppressive cells
and support immune tolerance during homeostasis [107]. Tregs suppress the anti-tumor
immune response and promote tumor growth in cancer [108]. Tregs are frequently present
in tumors and act as potent suppressors of innate and adaptive immunity through their
production of 1L10 and transforming growth factor (TGF-). The presence of Tregs is
associated with poor prognosis in cancer patients [109]. In various experimental and
spontaneous tumor models, the selective depletion of Tregs showed potent induction of
NK cell and T-cell dependent antitumor effect [110]. The intra-tumoral expression of
CCL22 and CCL28 is increased in ovarian cancer and attracts CCR4p or CCR10p Tregs,
respectively, leading to the suppression of antitumor responses and increased angiogenesis
by secreting vascular endothelial growth factor (VEGF) [109,111]. In a breast cancer model
of metastasis, CCR4p Tregs were reported to promote the metastasis by inducing NK cell
apoptosis [112].

Tregs have been demonstrated to co-express Th-specific transcription factors and chemokine
receptors that control pro-inflammatory effector Th-cell responses. To escape protective
immunity of the host that is mainly Th1-dependent, the tumor cells may direct the Tregs

to express CXCR3 and T-bet and suppress Th-1 immune response [113]. Notably, the
majority of Tregs express CXCR3 in ovarian carcinoma [114]. CCR4 expression mediates
the migration of Tregs in various models of cancer. CCL22, a ligand for CCR4 is produced
by the primary tumor cells and TAMs in ovarian tumors and caused migration of Tregs
[109]. CCL22 mediated recruitment of Tregs has been demonstrated in breast cancer [115].
The increased expression of CCL22 and CCL17 (alternative ligand for CCR4) correlated
with higher infiltration of Tregs in esophageal carcinoma and gastric cancer [116,117].

6.2 Tumor associated macrophages (TAMS)

The specific chemokines that are secreted by the tumor cells recruit macrophages to the
neoplastic sites. Macrophages may exhibit protumorigenic or tumoricidal activity. TAMs
release growth factors that promote the tumor cell proliferation such as epidermal growth
factor (EGF) and TGFp [118]. Macrophages protect the cancer cells from the antitumor
response by the suppression of T cell response and the NK cell cytotoxicity, expressing
regulatory molecules including arginase-1 (ARG1), TGF-B, and IL-10, and have a role in
tissue remodeling and repair, angiogenesis, and metastasis [119]. TAMs are abundantly
found in stromal cells in solid tumors. Several TAMSs are associated with low survival in
cancer patients. Other than the TAMs that are recruited to primary tumors, the TAMs driven
to the metastatic sites are called metastasis-associated macrophages (MAMSs). Strategies
aiming to block TAMs and MAMs recruitment may help to improve metastatic disease
outcomes [120,121].
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The CC chemokines are well known to preferentially recruit macrophages and T
lymphocytes into the tumors. CCL2 is produced by the TAMs and expressed in a number of
human cancers. CCL2 production is related to recruitment of macrophages [122,123].

CCL2 expression has been correlated with high inflow of TAMs, metastasis to lymph node
and poor prognosis in breast and esophageal cancers [124,125]. However, some studies
also report that the effect of CCL2 on neoplastic cells varies with its amount in the TME.
Low CCL2 expression promotes tumor growth with moderate macrophage infiltration, in
melanoma. The high CCL2 expression leads to the recruitment of macrophages in large
numbers and may have anti-tumor effects as seen in pancreatic cancer [126,127]. CCL5 has
a similar antitumor effect and is associated with active lymphocyte response in NSCLC.
However, CCL5 may be involved in tumor progression and it is associated with advanced
stages in breast cancer [128]. Pico to nanomolar quantities of CCL3, CCL4, CCL22 and
monocyte chemoattractant protein, MCP-2/CCLS8 that correlate with macrophage as well as
T cell infiltration, are found in the ascites and ascitic cells in ovarian cancer [129]. High
expression of CCL18 by TAMs is also observed in the ascites from ovarian cancer [130].
Kleef et al. reported that TAMs abundantly express macrophage inflammatory protein-3
alpha (MIP3-a2)/CCL20 and promoted growth and migration in two among the four CCR6
positive pancreatic cancer cell lines tested [131]. CCL2, 4 and 5 stimulate the production of
matrix metallopeptidase (MMP9) by the macrophages, promoting the degradation of ECM
and migration of tumor cells away from primary tumor site [132].

The chemokine/chemokine receptor axis CCL2-CCR2 and CCL3-CCR1/CCR5 primarily
regulate MAM expression, recruitment and retention. In the metastatic lung, the MAMSs
express CCL8 and recruit Treg cells through CCR5 receptor [133]. CCL3 was found to

be the key mediator that facilitates cross-talk between the neoplastic epithelium and the
peripheral tissues including brain and lung in the breast cancer-bearing mice models [119].

6.3 Myeloid-derived suppressor cells (MDSCs)

MDSCs refer to a heterogeneous myeloid progenitor cells present normally in the bone
marrow and spleen. The MDSCs are characterized by morphological, phenotypic, and
functional heterogeneity. MDSCs display plasticity and undergo continuous changes in
response to chemokines and cytokines produced in the TME. Similar to the TAMSs, the
MDSC:s link chronic inflammation to cancer. They remain in an active state in the TME
and produce ROS, RNS, and ARG-1 [134]. MDSCs potently suppress T-cells with anti-
oncogenic activity. MDSCs are known to downregulate the T cell receptor (TCR) associated
C-chain that is commonly seen in cancer subjects. The suppression of the TCR-associated
G-chain impairs the ability of the CD4+ and CD8 + T cells causing immune cell activation
[3], and enables the silencing of immune surveillance. Type | NK (invariant or iNKT) cells
are known to foster tumor rejection and type |1 NKT cells support tumor progression by the
recruitment of MDSCs mediated by the secretion of IL-13 [135]. MDSCs are also reported
to promote CD4+FOXP3+ Tregs (induced Tregs) formation [136]. The chemokine-receptor
axes, CXCL5/CXCR2 and CXCL12/CXCR4 cause the increased influx of MDSCs into the
tumors in mouse model lacking the TGFp receptor 2 [137]. The tumor-derived MDSCs
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migrate to pre-metastatic lungs and enhance pro-inflammatory cytokines, reduce IFN-vy, and
stimulate vascular remodeling much before the arrival of tumor cells [138].

Under homeostatic conditions, the myeloid cells, particularly the monocytes, exclusively
express CCR2 and direct migration from basement membrane to the peripheral sites under
homeostatic/inflammatory situations. CCR2 is crucial for the movement of monocytes and
MDSCs into the tumors. Upon infiltration into the tumor, the myeloid cells produce CCL2
and augment monocyte migration into the tumors. Increased CCL2 expression recruits
large numbers of monocytes or monocyte-derived cells as seen in mouse models of renal
tumors, glioma, lung cancer, prostate cancer, and melanoma. The high expression of
CCL2, associated with increased recruitment of monocytes/macrophages, indicated adverse
prognosis in breast, ovarian, esophageal and gastric carcinomas [139-141].

6.4 Tumor-associated neutrophils (TANS)

Neutrophils or the polymorphonuclear leukocytes (PMNSs) are the immune cells of
myeloid origin and play a role in primary response to inflammation and defense

against pathogens. Increased neutrophil infiltration has been reported in bronchioalvelolar
carcinoma, melanoma, myxofibrosarcoma, gastric carcinoma, and colon cancer [142, 143].
In tumor biopsies, the presence of neutrophils is associated with poor disease prognosis.
TANS are classified as “N1” or “N2” based on their anti-tumor or pro-tumor effect [143].
The TANs or N2 neutrophils promote tumor development and show increased ARG |
levels. Evidence suggests that neutrophils play a role in neovascularization of tumors
[142,144]. The cancer cells regulate neutrophil recruitment to tumor sites through the
expression of various chemokine ligands (CXCL8, CXCL1, CXCL2, CXCL5, CXCLS6) for
neutrophil receptors CXCR1 and CXCR2 [145,146]. The genetic ablation of CXCR2 caused
lowered neutrophil infiltration and suppressed tumor growth [31]. In a zebrafish model

of glioblastoma, the CXCR1-CXCL8 axis played an essential role in the recruitment of
neutrophils to tumor site [147,148]. CXCL1 and CXCL2 chemokines enhanced neutrophil
recruitment and induced angiogenesis in melanoma-bearing mice [149]. A high expression
of CXCL5 in HCC was linked to neutrophil infiltration and indicated poor prognosis

[150]. The overexpression of CXCL6 resulted in increased neutrophil influx and promoted
angiogenesis in melanoma [142,151].

6.5 Dendritic cells (DCs)

Antigen-presenting cells (APCs) are crucial role to anti-tumor response. The DCs play an
important role in antigen presentation and the cDC1s (subset of DCs) elicit anti-tumor
immune response by crosspriming (cross-presenting exogenous antigens) CD8 + T cells.
DCs capture the antigens and stimulate T cells in the lymph nodes following maturation. DC
infiltration has been reported in thyroid, breast, stomach, lung, prostate, kidney, nasopharynx
tumors and in melanoma [152]. The cancer cells in renal, breast, pancreatic, and papillary
thyroid carcinoma produce CCL20 that attracts the CCR6-expressing DCs [153]. CCL20
overexpression is reported to attract a large number of DCs which in turn activate the
tumor-specific cytotoxic T cells. CCL5 and CXCL12 attract immature DCs to tumor sites
through CXCR4 and CCR5 [119, 122,154]. In a mouse melanoma model, defective CCL4
expression, reduced infiltration of DCs to the tumor [9]. In a similar model, another study
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reported that CCL5 (RANTES) (alternative ligand for CCR5), played critical role in DC
infiltration into the tumor [10]. Following recruitment to tumor sites, tumor antigens are
engulfed by the DCs. DCs become activated and present them on MHC molecules. The
activated DCs stimulate CCR7 and turn responsive to MIP-3b/ CCL19 as well as CCL2.
These chemokines/chemokine receptors enable the migration of the DCs to secondary
lymphoid organs and stimulate the T cells to evoke immune response [64,155]. Following
activation by the tumor or foreign antigens, DCs alter their chemokine receptor expression
in order to travel to secondary lymphoid organs. The DCs expressing CCR7 displayed
increased ability to move towards the draining nodes when injected to the tumor periphery.
Activation-induced expression of CCR7 on the DCs is important for them to migrate from
the peripheral tissues to lymph nodes following the gradients of CCL19/21 ligands.

Increased DC infiltration in tumors is generally associated with increased immune response.
DCs recruited to the tumor periphery by MCP-3/CCL7 have been associated with good
prognosis in cancer. The plasmacytoid DCs (pDCs) cause the largely increased production
of type | interferons having anti-tumor effects and promote immune response. Yet, it remains
unreasonable that tumor cells would produce anti-tumor chemokines against themselves.
Cancer progression is normally believed to follow Darwinian selection that favors the
mediators which foster tumor growth, survival and progression.

Chemokines are known to regulate cell trafficking and participate in host response during
infection. However, the biological effects of chemokines are much more complex and affect
virtually all cells including tumor cells. They may directly or indirectly regulate tumor
growth by the recruitment of TAMs, affect activities in the developing blood vessels, and
control metastatic cell navigation. The release of growth and chemotactic factors by TAMs
helps to sustain tumor development. All these mechanisms are operative in cancer. In the
following section, we discuss how tumors divert chemokines to favor their own growth

and development through several mechanisms such as tumor proliferation, angiogenesis,
metastasis and senescence.

7 Chemokines and chemokine receptors mediate tumor proliferation and

senescence

Chemokines released by the tumor cells, CAFs and infiltrating immune cells may

directly promote proliferation of cancer cells by the autocrine/paracrine binding to the
chemokine receptors expressed on tumor cells via activation of the P13 K/AKT/NF-xB
and MAPK/ERK pathway [7,132,156]. Early studies based on melanoma showed that ELR
+ CXC chemokines increase proliferation in tumor cells. The ELR + CXC chemokines
obtained either from the autocrine or paracrine pathways, increased the tumor cell
viability, proliferation, anchorage independent growth and decreased tumor cell apoptosis
via induction of signaling through CXCR1/CXCR2 [157,158]. Some studies reported that
chemokines may also indirectly regulate tumor growth through intensifying the effects of
other cell growth regulators like 1L-6 and chemotherapy [80]. CCL2 was found to increase
breast tumor cell division by activating the estrogen receptor alpha via PI3K/Akt/mTOR
signaling and increased cancer cell survival partially by the activation of Rho pathway
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[124,159,160]. CCL2 also induced cell cycle arrest in triple negative breast cancer (TNBC)
via activation of SRC and PKC. Studies based on estrogen responsive luminal-A breast
cancer revealed the hormone stimulated expression of CXCL12-CXCR4 that leads to
increased tumor cell growth and proliferation along with the transactivation of EGFR and
increased DNA synthesis [161,162]. CCL5 enhanced breast cancer cell proliferation via
CCR5-dependent mTOR activation [163].

Chemokines are also play a part in the complementary processes involved in tumor cell
survival. Cellular senescence is the permanent cessation of cell division. Senescence is
important in regulating cancer progression by the permanently stopping cell proliferation as
senescent cancer cells cannot re-enter the cell cycle [164]. Chemokines have been reported
to play a role in the senescence of several tumors while elevating the pro-metastatic potential
by regulating infiltration of leukocytes into the tumor site [165].

8 Chemokines and chemokine receptors mediate tumor angiogenesis

Angiogenesis, also known as neovascularization, is a biological process that involves the
development of new blood vessels from the preexisting blood vessels. Angiogenesis occurs
during normal growth processes, as well as in disease advancement. Angiogenesis helps to
provide a supportive TME rich in oxygen and nutrients that sustains optimal tumor growth,
invasion and metastasis. The blood vessels found within the tumor deliver nutrients and
take away waste products from the rapidly-proliferating cancerous cells and also act as

the points for the tumor cells to move out of the TME, enabling the growth of secondary
metastatic tumors. Tumor blood vessel density correlates with increased metastatic spread
of tumors [166]. Several chemokines and their receptors are involved in the regulation of
angiogenesis [167,168]. The endogenous expression of specific chemokine receptors on
endothelial cells is known at both mRNA and protein level [169]. Concurrently, many
tumors express increased levels of pro-angiogenic chemokines [11]. Chemokine networks
play a critical role in tumor angiogenesis by promoting or suppressing angiogenic factors
such as VEGF and basic fibroblast growth factor (0FGF).

Among the four chemokine families, the CXC chemokines play a major role in angiogenesis
by suppressing or promoting angiogenesis. Early studies suggest that CXC chemokines

with ELR motif (ELR+) promote the movement and proliferation of endothelial cells, and
in vivo angiogenesis, while the chemokines without ELR motif (ELR-) inhibit endothelial
cell movement, proliferation, and /7 vivo angiogenesis. However, the CXCL12/CXCR4
(ELR-chemokine) was found to promote angiogenesis in a mechanism different from the
ELR + chemokines [12].

The pro-angiogenic, ELR + chemokines including CXCL1, CXCL2, CXCL3, CXCLS5,
CXCL6, CXCL7, and CXCL8 may directly act on the endothelial cells through their
receptors and promote their proliferation, migration, and invasion to foster angiogenesis
[12]. The VEGF mediated activation of endothelial cells may upregulate Bcl-2 (anti--
apoptotic protein) that increases CXCL8 expression [170]. CXCLS8 is involved in a paracrine
feed-forward loop where the fMLP-activated neutrophils produce VEGF and CXCLS8, that
in turn promote the release of CXCL8 by the surrounding endothelial cells resulting in
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capillary sprouting [171]. CXCL8/IL8, which is largely produced by endothelial cells,

has been identified as a critical modulator of tumor angiogenesis. CXCL8-dependent
signaling can also promote angiogenesis by upregulating metalloproteases (MMP-2 and
MMP-9) in endothelial cells and tumor cells which can remodel the extracellular matrix,
allowing endothelial cells to migrate, reorganize, and promote angiogenesis [172]. Increased
expression of CXCL5 and CXCLS8 are associated with the vascularity in NSCLC,

however, depletion of CXCL5 inhibited tumor development, angiogenesis, and spontaneous
metastasis in a mice model of NSCLC [157]. CXCL7/NAP-2 can promote cancer cell
proliferation and the growth of the tumor-associated lymphatic network in breast cancer

by directly influencing the production of VEGF-C/D and heparinase. In addition to CXC
chemokines, CC chemokines (secreted by endothelial cells, smooth muscle cells, as well

as inflammatory cells) are also angiogenic modulators of inflammation-driven angiogenesis.
Recent findings suggest that CCL2 accumulation in tumors induces a neovascularization
process acting directly by promoting endothelial cell chemotaxis and tube formation through
the increased expression of ETS-1 (transcription factor), MMP14, MCPIP, and VEGF-A.
Additionally, CCL1, CCL11, CCL15, and CCL16 may initiate endothelial tube formation /n
vitro. CX3CL1 regulates angiogenesis in various solid tumors (breast, lung, liver, melanoma,
and multiple myeloma) in two ways by (1) recruitment of TAMs and (2) acting on
endothelial cells directly causing proliferation, migration, and tube formation. Apart from
cancer, the CX3CL1-CX3CR1 axis contributes to angiogenesis in inflammatory disease,
rheumatoid arthritis, and atherosclerosis.

9 Chemokines and chemokine receptors mediate tumor metastasis

Tumor metastasis is the spread of malignant tumor cells in which the selected
subpopulations of tumor cells detach from the primary tumor foci, enter the blood and/or
lymph vasculature and travel to a secondary growth site to re-establish a secondary tumor.
These cancerous cells that migrate through the circulation following detachment from the
primary tumor are referred to as circulating tumor cells (CTCs). CTCs disperse as single
cells or as clusters. These cells may remain dormant and retain stem cell capabilities, which
could lead to subsequent tumor growth at secondary sites [78]. The classical ‘seed and soil’
hypothesis for organotropism by Steven Paget, suggests that the tumor cells metastasize

to the sites with a favorable local microenvironment in a distant organ that acts in a way
similar to a fertile soil that supports the growth of seeds [173]. For instance, breast cancer
preferably metastasizes to bone, lung, liver, and brain while prostate cancer colonizes in
bone [78]. Several chemokine receptors are present in different cancers, and their ligands
are expressed in the metastatic location [174]. Metastasis involves a complex cascade of
events including remodeling of the ECM, EMT, angiogenesis, local invasion of the basement
membrane, movement of the CTCs through the blood, extravasation, and development of a
pre-metastatic niche to enable the re-establishment of tumor cells at the distant metastatic
site [78].

Chemokines are thought to regulate organotropism (organ-specific metastasis) [174].
CXCR1, CXCR2 expression correlates with tumor growth and metastasis in melanoma
[19,175]. CXCR3 was found to be expressed by various solid tumors, but its significance in
the metastasis of melanoma and colon cancer to lymph nodes has recently been discovered
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[176]. ELR — chemokines, CXCL9, and CXL10 are also involved in the growth and
metastasis of melanoma and multiple myeloma cells [177]. CCR7 and CXCR4 expression
in breast cancer cells promote invasion and metastasis of cells towards their chemotactic
ligands CCL21 and CXCL12 expressing organs including liver, lung, and bone [17,81].
CCR7 and CXCR4 expression in a B16 melanoma cell showed lymph node and lung
metastasis, respectively.

Interestingly, the role of CXCL12/CXCR4 axis in metastasis has been demonstrated

in various solid tumors, including breast, pancreatic, ovarian, lung, renal, colorectal,
prostate cancers and nasopharyngeal carcinoma, and osteosarcoma. CXCR4 expression was
associated with increased tumor metastasis in human patients [57,178]. The entry of the
tumor cells into the lymph vasculature is crucial for metastasis. The expression of CXCR4/
CXCL12 by TAFs promotes evasion in pancreatic cancer. CXCR4 and CXCR5 mediate
metastasis in prostate cancer stem-like cells (PCSLC). CXCR4 inhibition alters the targeting
of stem-like prostate cancer cells to bone. Moreover, colon cancer cells express CXCR5,
which increases tumor development and liver metastasis. CCR2 and CCR3 expression are
associated with the progression of prostate cancer and renal cell carcinoma, respectively.
CCR4, CCR6, CCR9, CCR10, and CCL27 involves in the growth and metastasis of different
cancers including adult T-cell leukemia/lymphoma (ATLL), colon cancer, prostate, and
melanoma cells (Table 1) [79]. CCRS5 also plays a role in breast cancer growth and
metastasis. CCR7 expression in a metastatic lung cancer cell line showed lymph node
metastasis [179].

Chemokines are also involved in the establishment of a premetastatic niche. The inhibition
of CXCR2 and CXCR4 suppressed the recruitment of MDSCs to the pre-metastatic

lung leading to reduction of lung metastasis in breast cancer [180]. The tumor-entrained
neutrophils (TENSs) were reported to prevent metastatic seeding in pre-metastatic lung
through the production of H202 [181]. Some contradictory findings also suggest the pro-
tumorigenic role of CCL2 and CCL3 as they recruit pro-tumorigenic macrophages in the
TME [64,182]. The complexity of the chemokine network in cancer suggests a context
dependent contribution of various chemokines in tumor growth and metastasis.

The altered expression of various chemokines in tumor cell proliferation, angiogenesis

and metastasis illustrates their critical role in various stages of cancer development and
highlights them as ideal targets for cancer immunotherapy. We further discuss the role of the
chemokine signaling axes as therapeutic targets in cancer as a monotherapy or combination
therapy.

10 Chemokines and chemokine receptors as a therapeutic target in

cancer

Given the crucial role of chemokines/receptors in cancer development and progression,
chemokine networks may be potential therapeutic targets in managing solid tumors.
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10.1 Therapeutic targeting of CXCL8-CXCR1/2 axis in solid tumors

Repertaxin is a small molecule inhibitor of the CXCL8-CXCR1/2 axis that is under clinical
development, owing to its promising effects in preclinical investigations. Repertaxin and
blocking anti-CXCR1 monoclonal antibodies (but not anti-CXCR2 antibody) caused a
considerable reduction in BCSC population, and FASL production /n vitro (mediated by
FAK/AKT/FOXO3A pathway), and tumor growth in a xenograft model of nude mice [99].
Furthermore, repertaxin indicates the possibility of chemotherapy-induced synergy in breast
cancer; for example, a combination of repertaxin with paclitaxel reduced brain metastasis
as well as the CSC population [183]. Higher expression of CXCL1/2 in breast tumors leads
to metastasis and resistance to chemotherapy in a paracrine manner involving the TME and
cancer cells. However, the blockade of CXCR2 inhibits the vicious cycle, increasing the
efficacy of chemotherapy against breast cancer [184]. Thus, the use of another CXCR1/2
inhibitor, SCH563705, in combination with Lapatinib (HER2 targeted drug), was recently
found to reduce CSC activity compared with either treatment alone in HER2-positive breast
cancer via a novel SRC and EGFR/HER2-dependent mechanism [185]. Repertaxin also
improved the efficacy of 5-fluorouracil (5-FU) in gastric cancer [186]. A phase I clinical
trial of Repertaxin in combination with paclitaxel was found to be safe and well-tolerated
in Her2 negative breast cancer with no significant side effects (NCT02001974) and phase 1l
clinical trial of the same combination in metastatic TNBC aimed to determine median PFS,
overall survival (OS), and objective response rates (NCT02370238) [183,187-189]. In head
and neck cancer, AZD5069 (a CXCR2 inhibitor) is being tested in a phase Il clinical trial
(NCT02499328) [190].

CXCR2 inhibitors, AZ13381758 (referred to as CXCR2 SM) and CXCR2 pepducin (a

short peptide) in combination with additional treatment (mainly anti-PD1 therapy and
gemcitabine) were found to be more effective than any of the single drugs against pancreatic
cancer [191]. A small molecule antagonist of CXCR1/2 (SCH-479833 or SCH-527123)
reduced tumor cell proliferation, survival, invasive potential, and angiogenesis in mouse
models of melanoma [192]. A CXCR2 inhibitor SB225002 synergized with Sorafenib
(VEGFR inhibitor) in ovarian cancer [193]. Furthermore, in mice models of colon cancer,
the CXCR1/2 antagonists, SCH479833 and SCH527123 decreased liver metastasis of colon
cancer, and SCH527123 sensitize cells to oxaliplatin [194,195]. Another CXCR2 antagonist,
AZ10397767 increased oxaliplatin and 5-FU-induced apoptosis in prostate cancer [196,197].
Importantly, CXCR2 inhibition using SB225002 decreased lung cancer progression and
enhanced the therapeutic efficacy of cisplatin [30]. AZ10397767 decreased neutrophil
infiltration in lung cancer [198]. In addition to that, G31 P, an antagonist of CXCR1/2,
inhibited cell proliferation, adhesion, and migration of prostate cancer, hepatocellular
carcinoma, and lung cancer [18,199]. Ladarixin, a small molecule inhibitor of CXCR1/2 had
a multifactorial antitumoral effect on melanoma cells and blocked ALDH™ cell-dependent
melanoma self-renewal mechanism [200]. Furthermore, neutralizing antibodies and siRNAs
were utilized to treat various cancers by blocking the CXCL8-CXCR1/2 axis (as shown in
Fig. 2A).
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10.2 Targeting of CXCL9-11-CXCR3 axis in cancer

The CXCL9-11/CXCR3 axis is a promising target for drug development. Indeed, agents
that increase paracrine CXCL9-11 expressions and decrease CXCR3 expression on cancer
cells have shown an anti-tumor effect in various tumor models [37]. For the first time,

it was demonstrated that the combination of gene therapy with CXCLD9, also termed as
monokine induced by gamma interferon (MIG) and recombinant antibody-IL-2 fusion
protein (huKS1/4-1L-2), reduced lung metastases of CT26-KSA colon carcinoma in
syngeneic BALB/c mice [201]. Further, the combination of plasmid-borne MIG (CXCLY9)
with cisplatin increased therapeutic efficacy and CTLs activation in lung and colon cancer
[202]. In comparison to either IL-2 or CXCL9 alone, combining systemic IL-2 with an
intratumor CXCL9 resulted in higher reduction in tumor growth and angiogenesis, enhanced
tumor necrosis, and increased intratumor infiltration of CXCR3+ mononuclear cells in

renal cancer [203]. Overexpression of CXCL10 inhibits tumor growth in the xenograft
models of renal, breast, cervical, melanoma, sarcoma, lymphoma, and lung cancer [204].
The intratumor injection of CXCL10 inhibited tumor growth in a SCID mouse model

of NSCLC and prolonged the survival of mice [205]. Indeed, CXCL10-Ig fusion protein
dramatically increased the amount of NK and T cytotoxic cells in myeloma, resulting

in decreased tumor size [206]. Furthermore, combining CXCL10-EGFRvlIIscFv with DC-
activated CTLs, increased lymphocyte infiltration and improved treatment efficacy in glioma
[37,204]. CXCL11-dependent therapy could be problematic as a target for cancer therapy

as it triggers Treg migration and/or increases Trl and Th2 cell polarization. CXCL10,
contrary to its tumor suppressor qualities, has a tumor-promoting activity in other cancers,
which is thought to be mediated by increased expression of CXCR3 [207]. The inhibition

of CXCR3 suppressed tumor growth and metastasis in mouse models. Interestingly,
AMG487, a CXCR3 antagonist, showed promising results in various cancers including
colon cancer, osteosarcoma, breast and liver cancer. AMG487 targets all CXCR3 variants
and AMG487 mediated suppression of the paracrine axis may have a pro-tumor effect. Thus,
a combination of immune activation ligands and pharmacological suppression of CXCR3A
could be a novel approach to prevent metastasis [37].

Anti-PD-1 therapy may prevent “immune escape” and improve immunological trigger by
increasing the expression of programmed cell death-1 (PD-1) in T cells at tumor site, which
is higher than the T cells in peripheral circulation. Anti-PD-1 improved T cell-mediated
tumor regression and increased the expression of CXCL10 and IFN-y and CXCL9 or
CXCL11 expression was unaffected. In cancer immunotherapy, increased secretion of Th1l-
type chemokines and effector T cells in TME are linked to enhanced therapeutic response
[37]. Cancer epigenetic reprogramming has also been recognized as a master regulator of
immunotherapy that involves the removal of epigenetic suppression of genes that encode
TH1 chemokines, and promotion of the effector T cell recruitment into the TME [208].
Consequently, treatment with EZH2 inhibitors (DZNep199), a specific inhibitor of EZH2
methyltransferase activity (GSK126)200, or a DNMT inhibitor (5—aza—2' -deoxycytidine)
increases the anti-tumor response and enhances the therapeutic consequence of PDL1
blockade and T cell mediated therapy. Thus, targeted epigenetic reprogramming alters the
immune microenvironment of tumors and may improve the clinical efficacy of cancer
therapy.
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10.3 Targeting of CXCL12-CXCR4 chemokine/receptor axis in solid tumors

CXCL12 and CXCR4 signaling is associated with trafficking of plasmacytoid DC and

Treg cells into tumor sites, which is critical for tumor cell proliferation, metastasis,

and vascularization [122]. Although AMD3100 (Plerixafor), a CXCR4 antagonist, has
received clinical approval for HIV infection and inflammation, some other inhibitors still
remain in the early developmental stages. Blocking CXCR4-CXCL12 signaling may inhibit
tumor angiogenesis, invasiveness, and immunosuppression in TME [64,122,209]. Indeed,

a CXCR4 antagonist, AMD3100 and AMD3465 exhibited anticancer and anti-metastatic
properties in solid tumors, enhancing the efficacy of standard treatment in haematological
malignancies. As a result, it is tempting to speculate that using CXCR4-CXCL12 signaling
antagonists in combination with current conventional and immunotherapies could be
therapeutically advantageous. For example, AMD3100 improved the efficacy of cytarabine
(Ara-C) treatment in AML mouse models. LY2510924, another CXCR4 antagonist used as a
monotherapy, reduced AML proliferation and progression.

In a mouse model of Non-Hodgkin Lymphoma (NHL), another CXCR4 antagonist,
BKT140, demonstrated anti-leukemic activity, and its action was synergistic with Rituximab
(anti-CD20 antibody). Furthermore, BKT140 and imatinib (a tyrosine kinase inhibitor)

had a synergistic impact in chronic myelogenous leukemia (CML) in both in vitro and

in vivo studies. AMD3465, a CXCR4 antagonist has a strong antitumor effect in GBM

and medulloblastoma cell lines. Moreover, PRX177561 (CXCR4 antagonist), improved the
anticancer effects of Bevacizumab and Sunitinib in GBM models. POL5551 obstructed
GBM growth and dissemination following anti-VEGF therapy. Finally, AMD3465 and

LY 2510924 were demonstrated to suppress tumor growth and metastasis in various tumors.

In PDAC, CXCR4 inhibitors like AMD3100 increase anti-tumor T cell responses by
interfering with the CXCL12-CXCR4 axis, causing T cell accumulation and functioning
synergistically with anti-PD-L1, whereas AMD3100 also inhibits Treg infiltration and
promotes antitumoral T cell responses in ovarian cancer. Several clinical trials have been
conducted to examine the efficacy and effectiveness of CXCR4 antagonists alone or in
combination against a solid tumor (Table 1).

A phase I/l clinical trial in patients with AML relapse showed that AMD3100 increased
the efficacy of idarubicin, cytarabine, fludarabine, and G-CSF (PLERIFLAG regimen)
treatment (NCT01435343) [210]. The anti-CXCR4 mAbs BMS-936564 in AML patients
(NCT01120457) and PF-06747143 in hematological malignancies (NCT02954653) are
now undergoing phase I clinical trials to assess their safety and tolerability [211,212].

In phase Il clinical trial, CXCR4 inhibitors, such as BL-8040, along with a PD-1
antagonist (pembrolizumab) promoted anti-tumor response via infiltration of effector T
cells and decreased the number of immune suppressor cells, indicating that effector T
cells potentiate chemotherapy advantage (NCT02826486) and could be used as a second
or third-line therapy for in metastatic PDAC patients [213]. AMD3100 + bevacizumab
(VEGFR inhibitor) was tested in recurrent high-grade glioma patients in phase | clinical
trial, and it was well tolerated (NCT01339039) [214]. Another phase 11 clinical trial of
AMD3100 after radiation therapy and temozolomide in patients with newly diagnosed high-
grade glioma was completed (NCT01977677), and a phase |1 clinical trial of whole-brain
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radiation therapy with standard temozolomide and AMD3100 in patients with glioblastoma
is currently underway (NCT03746080) [215,216]. Another phase I/11 study based on
USL311 (CXCR4 antagonist) alone or in combination with Lomustine has been completed
in cases ofadvanced solid tumors or with relapsed/recurrent GBM (NCT02765165) to
explore the safety, efficacy, tolerability, and pharmacokinetics [217]. In phase, I clinical
trial (NCT02737072), a CXCR4 peptide antagonist, LY2510924 was found to be safe

and well-tolerated as seen in cases of advanced solid tumors (colorectum, lung, breast,

and prostate) [218]. POL6326 (Balixafortide), a CXCR4 peptide antagonist, is effective

in patients with metastatic breast cancer in phase I clinical trial in combination with
Eribulin (NCT01837095) [219]. A phase I clinical trial of CXCR4 inhibitor mavorixafor
and nivolumab has been conducted in renal cell carcinoma patients with no prior response to
nivolumab monotherapy.

10.4 Targeting of CCL(X)-CCR(X) axis in solid tumors

In preclinical cancer models, CCR1 and CCR2-targeted therapies predominantly affect
macrophage infiltration and repress tumor growth and metastasis [133]. CCR1 antagonists,
such as CCX721, BL5923, and CCX9588, have been shown to inhibit tumor growth in
myeloma, liver and lung metastases of colon cancer, and breast cancer, in preclinical studies
whether taken alone or in combination with immunotherapy. In a mouse model, the anti-
CCL2 antibodies showed therapeutic benefit in renal cell carcinoma. CCR2/CCL2 inhibition
prohibited monocyte infiltration and seeding of metastatic breast cancer cells and enhanced
response to radiotherapy in breast cancer [220]. TAM infiltration and tumor growth was
reduced by the CCR2 inhibitor (PF-04136309) in a syngeneic PDA tumor model whereas
combination of PF-04136309 (CCR2 antagonists) and Gemcitabine (chemotherapeutic drug)
had a synergistic effect on tumor growth in pancreatic tumors. Another, CCR2 inhibitor,
CCXa872 also improved the efficacy of anti-PDA-1 treatment in pancreatic tumors. CCR2
antagonists, RDCO018 or 747 plus Sorafenib were seen to repress tumor growth and
metastasis in mouse models of HCC [220]. In a phase I clinical based on cancer bone
metastasis patients, anti-CCR2 antibody (MLN1202) reduced the N-telopeptide (UNTX)
following 43 days of treatment in 14 out of the 43 cancer patients. In a phase /11 clinical,
PF-04136309 along with nab-Paclitaxel (PTX) and FOLFIRINOX (FX) in pancreatic cancer
patients (NCT02732938 and NCT01413022) showed that combination treatment could
increase the percentage of objective response [221,222]. In pancreatic cancer patients, the
CCR2 antagonist, CCX872, when used along with FOLFIRINOX was reported as safe and
enhanced the overall survival than FOLFIRINOX alone (29 % versus 18.6 % at 18 months).

The blocking of the CCR4-CCL22/17 axis through siRNAs, use of blocking antibodies
and antagonists successfully abrogated Tregs recruitment in preclinical cancer models
[223]. This axis is currently being explored as a therapeutic target in clinical trials. CCR4
blocking mAb, Affi 5, and CCR4 antagonist inhibited tumor growth in renal cancer and is
considered as a novel target. Moreover, the CCR4 antagonist, AF399/420/1802, enhanced
the efficacy in cancer vaccines by Tregs inhibition in melanoma, lung, and colon cancer.
Mogamulizumab (KW-0761), a glycol-engineered, humanized 1gG1x monoclonal antibody
targets CCR4-positive cells through cell mediated cytotoxicity (ADCC). Pharmaceutical
companies such as GlaxoSmithKline (GSK2239633) and AstraZeneca (AZD-1678,
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AZD-2098) have developed allosteric antagonists which bind to intracellular domain of
CCRA4. Small-molecule inhibitors of CCR4, termed FLX475 and RPT193, have been
developed by RAPT pharmaceuticals. Phase 1/2 clinical trials of FLX475 in combination
with pembrolizumab have recently been completed (NCT03674567) [224]. However, the
exact therapeutic potential of Treg depletion through CCR4 inhibition is yet to be explored.

Targeting CCR5 with Maraviroc (negative allosteric inhibitor) induced anti-tumor immunity
with the polarization of macrophages in colon cancer [225]. A phase | clinical trial of
CCR5-antagonist Maraviroc has been done in advanced colorectal cancer patients with
hepatic liver metastases which inhibited non-toxic tumor growth (NCT01736813)[226].
CCRY silencing using siRNA inhibited tumor growth of prostate cancer and metastasis

of colon cancer and breast cancer [81]. Recent studies show that CCR?7 is expressed on
BCSCs and inhibition of CCR7 reduces self-renewal and mammosphere formation in mice.
Finally, T-cell acute lymphoblastic leukaemia brain metastasis was reported to be inhibited
by single-chain antibodies targeting CCR7 (MSM R707)[227].

11 Conclusion and future directions

Chemokines have multifaceted role in tumor progression and are involved leukocyte
infiltration, proliferation/survival, angiogenesis maintenance of cancer stem cells and
metastasis. Despite the availability of a large body of literature on the complex nature of
chemokine network in tumors, our understanding of the multifarious roles of chemokines
and their value as prognostic indicators in various cancers, particularly in response

to anticancer therapies, remains limited. The chemokine network in human cancers is

still partially understood. Chemokines could be tumor suppressors or promoters and
measurement of specific chemokine levels and their receptor expression in cancer cells
may have differential diagnostic value. If upregulation of a chemokine/ chemokine
receptor positively correlated with the progression of any solid tumor then its therapeutic
potential would necessitate preclinical demonstration of anti-cancer efficacy prior to
clinical development. Conversely, if downregulation of a chemokine/chemokine receptor is
correlated with the progression of any solid tumor then increasing its expression specifically
at the tumor site is required which is arduous and avoided due to lack of feasibility.
However, the chemokines system may pose a major challenge due to their promiscuity and
expression in a wide variety of tissues. Hence, inhibiting chemokine signaling either by
receptor blockade or ligand neutralization is expected to exert generalized systemic impact
that could result in undesirable side effects. Therefore, targeting the cancer cells with the
drug candidate (receptor antagonist or ligand neutralizing molecule) would afford a safer
option to treat the cancer types regulated by a chemokine.
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Abbreviations

TME Tumor microenvironment
GPCRs G protein-coupled receptors
ECM Extracellular matrix

NK Natural-killer

CSCs Cancer stem cells

PI3K Phosphoinositide-3-kinase
PKC Protein kinase C

PLC Phospholipase C

SFK Src family tyrosine kinases
SDF-1 Stromal cell-derived factorl
TAFs Tumor-associated fibroblasts
MDSCs Myeloid-derived suppressor cells
Tregs Regulatory T cells

CAFs Cancer-associated fibroblasts
TAMs Tumor-associated macrophages
DCs Dendritic Cells
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Fig. 1. Role of chemokinesin the progression of solid tumors
Primary tumor cells secrete chemokines which regulate the infiltration of leukocytes

in the TME. Chemokines elicit pro-tumor or anti-tumor immune response such as
infiltration of CD8 T cells, dendritic cells and natural killer cells support antitumor
immune response while macrophages/MDSCs, Treg cells and neutrophils promote tumor
survival/ proliferation. Chemokines are also involved in the process of tumor proliferation,
angiogenesis, metastasis at different sites of organ and growth/survival of the metastatic
cells.
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Fig. 3. C_SCs derived chemokines maintain immunosuppressive microenvironment and tumor
progression.

Different chemokines are secreted from various cancers as depicted here which are essential
for the recruitment and polarization of macrophages, infiltration of T cells and MDSCs.
Secreted chemokines regulate multiple steps of cancer development such as tumor growth/
survival, neovascularization, organotropism, secondary tumor establishment, EMT, CSCs
expansion, immunosuppression and therapeutic resistance.
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Expression levels of chemokines and chemokine receptorsin various solid tumors.

m Chemokinefamily  Subgroups Ligands(L) Chemokine Elevated levels of Ligands/Receptors/L-R axisin solid
= receptors (R) tumors
o
'8 CXCL1 CXCR1, CXCR2 CXCLIT-Tumor growth: Pancreatic cancer, Breast cancer,
Colon cancer and Melanoma; Angiogenesis: Renal Cancer
g [19-26]
@) CXCL2 CXCR2 CXCL2" — Tumor growth: Melanoma, and PDA [27,31]
E‘ CXCL3 CXCR2 CXCL3" - Tumor growth: Melanoma; Angiogenesis: Renal
= Cancer [12]
o
@ CXCL5 CXCR2 CXCL5" — Tumor growth: PDA and NSCLC; Angiogenesis:
w HCC and NSCLC; Metastasis: NSCLC [12,31]
> ELR + chemokines
= CXCL6 CXCR1, CXCR2 CXCL6" — Tumor growth: Melanoma [12]
—+
> CXCL7 CXCR1, CXCR2 CXCL71 - Tumor growth: Clear cell renal cell carcinoma
2 and breast cancer; Angiogenesis: Breast Cancer
< CXCLS8 CXCR1, CXCL8?" — Tumor growth: Melanoma, head and neck cancer,
% CXCR2[12] PDA and NSCLC, Angiogenesis: Colon, prostate, ovarian,
= PDA, lung and renal carcinoma; Metastasis: Breast Cancer,
(8 prostate cancer [12,20-26, 32]
g' CXCL14 Unknown CXCR1" - Metastasis: Colon cancer [19]
[ond
©r CXCL15 Unknown CXCR2? - Tumor growth: Melanoma; Angiogenesis: Renal
CXC Cancer; Metastasis: Breast Cancer, Colon cancer [20-26,28—
chemokines 30]
CXCR1-CXCL8 axis® — Tumor growth: GBM [19]
CXCL4 Unknown CXCR37- Metastasis: Melanoma, Breast, Prostate, Renal,
ovarian and colon cancer [38-44]
CXCL9 CXCR3 CXCR41- Tumor growth: Glioma, lymphoma, ovarian and
pancreatic cancer [53-56]
‘ CXCL10 CXCR3, KSHV- CXCR5%- Metastasis: Colon cancer
m GPCR
(= ELR- chemokines
o CXCL11 CXCR3 CXCL9-Tumor growth: Melanoma [177]
-8 CXCL12 CXCR4 CXCL10%-Tumor growth: Multiple myeloma [177]
0 CXCL13 CXCR5 CXCL12-CXCR4 axis®- Proliferation: Lymphoma, Breast,
< Ovarian, Pancreatic, and Prostate cancer, multiple myeloma
O and glioblastoma; Angiogenesis: Breast cancer; Metastasis:
T Breast, ovarian, prostate, pancreatic, esophageal, colorectal,
c melanoma, NSCLC, head and neck and bladder cancer, basal
8_ cell carcinoma, osteosarcoma, neuroblastoma, ALL, CML
@ and GBM [53-61]
; CXCL16 CXCR6
= CCL1 CCR8 CCR11- Anti-tumor: HCC; Metastasis: Ovarian, Breast and
g esophageal cancer [65,66]
- CCL2 CCR2, CCR5, CCR21 - Tumor growth: Prostate cancer [79]
< CCR10
D
> CCL3 CCR1, CCR5 CCL2" — Tumor growth: Ovarian, Breast and Pancreatic
% cancer, Metastasis: Breast, Ovarian and esophageal cancers
O [67,139-141]
- .
=" CC chemokines .
=3 CCL4 CCR5, CCR10 CCL2!— Tumor growth, and CCL2" — Anti-tumor effect:
(7] Melanoma
CCL5 CCR1, CCR3, CCL3, CCL4, CCL8, CCL18 and CCL22" — Ovarian cancer
CCRS5, CCR10 [129]
CCL7 CCR1, CCR2, CCL5™ — Tumor growth: Breast cancer; Antitumor effect:
CCR3, CCR5 NSCLC, and Breast Cancer, CCR3" — Renal cell carcinoma

[66,163]
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Chemokinefamily  Subgroups Ligands(L) Chemokine Elevated levels of Ligands/Receptor /L -R axisin solid
receptors (R) tumors
CCL8 CCR2, CCR3, CCR4 and CCR10%- T-cell leukemia/lymphoma [79]
CCR5
CCR1
CCL11 CCR3 CCR5™- Tumor growth & Metastasis: Breast Cancer [64]
CCL13 CCR1, CCR2, CCR61- Tumor growth: Pancreatic cancer and colon cancer
CCR3, CCR5 [123]
CCL14 CCR1 CCR71- Tumor growth: Lung cancer and melanoma [179]
CCL15 CCR1, CCR3 CCR91- Tumor growth: Prostate cancer and melanoma [123]
CCL16 CCR1 CCR10 and CCL27%- Tumor growth: Melanoma [123]
CCL17 CCR4 CCR7-CCL21 axis?— Metastasis: Breast cancer, NSCLC,
colorectal cancer, gastric cancer, murine B16 melanoma,
esophageal cell carcinoma and head and neck cancer [17,68—
73]
CCL18 Unknown CCL22 and CCL28%- Tumor growth and angiogenesis:
Ovarian Cancer [109]
CCL19 CCR7 CCL221- Metastasis: Breast Cancer and Tumor growth:
esophageal squamous cell cancer [115,116]
CCL20 CCR6 CCL171-Tumor growth: Gastric cancer [117]
CCL21 CCR7
CCL22 CCR4
CCL23 CCR1
CCL24 CCR3
CCL25 CCR9
CCL26 CCR3
CCL27 CCR3, CCR2, CCR10
CCL28 CCR10, CCR3
XCL1 XCR1 XCR11- Anti-tumor effect: Breast cancer [64]
CXC3CL11™-Anti-tumor effect: ovarian, gastric, pancreatic
and lung cancer [64]

C chemokines CX3CL1ImRNAT™- Lung adenocarcinoma patient (survival)
and lung squamous cell carcinoma patient (no survival
benefit)

XCL2 XCR1
CX3C chemokines CX3CL1 CX3CR1 CX3CL1-CX3CR1 axis®- Anti-tumor effect: colon cancer

and HCC

CX3CL1-CX3CR1 axis®— Protumor effect: Leukemia,
Prostate, Gastric and pancreatic cancer;

Angiogenesis: Breast, liver, lung, Melanoma and Multiple
myeloma; Metastasis: Renal cell carcinoma CX3CR11-
Melanoma (anti-tumor effect)
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