Received: 21 March 2022 Revised: 10 May 2022

Accepted: 11 May 2022

DOI: 10.1002/mco02.147

REVIEW

MedCom

Open Access,

Role of chemokine systems in cancer and inflammatory

diseases

Hongyi Li' | Min Wu**

Xia Zhao'*

IDepartment of Gynecology and Obstetrics, Development and Related Disease of Women and Children Key Laboratory of Sichuan Province, Key
Laboratory of Birth Defects and Related Diseases of Women and Children, Ministry of Education, West China Second Hospital, Sichuan University,

Chengdu, China

2Department of Biomedical Sciences, School of Medicine and Health Sciences, University of North Dakota, Grand Forks, North Dakota, USA

*Correspondence

Min Wu, Grand Forks, North Dakota
58203, USA.

Email: min.wu@und.edu

Xia Zhao, 20 South Renmin Road, Block 3,
Chengdu 610041, China.

Email: xiazhaoscu@126.com

Funding information

National Major Scientific and
Technological Special Project for the
“Significant New Drugs Development”,
Grant/Award Number:
20187X09201018-013; National Science
and Technology Major Projects for Major
New Drugs Innovation and Development,
Grant/Award Number:
2018ZX09733001-004

Abstract

Chemokines are a large family of small secreted proteins that have fundamen-
tal roles in organ development, normal physiology, and immune responses upon
binding to their corresponding receptors. The primary functions of chemokines
are to coordinate and recruit immune cells to and from tissues and to participate
in regulating interactions between immune cells. In addition to the generally rec-
ognized antimicrobial immunity, the chemokine/chemokine receptor axis also
exerts a tumorigenic function in many different cancer models and is involved
in the formation of immunosuppressive and protective tumor microenvironment
(TME), making them potential prognostic markers for various hematologic and
solid tumors. In fact, apart from its vital role in tumors, almost all inflammatory
diseases involve chemokines and their receptors in one way or another. Modulat-
ing the expression of chemokines and/or their corresponding receptors on tumor
cells or immune cells provides the basis for the exploitation of new drugs for clin-
ical evaluation in the treatment of related diseases. Here, we summarize recent
advances of chemokine systems in protumor and antitumor immune responses
and discuss the prevailing understanding of how the chemokine system operates
in inflammatory diseases. In this review, we also emphatically highlight the com-
plexity of the chemokine system and explore its potential to guide the treatment
of cancer and inflammatory diseases.
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1 | INTRODUCTION

Chemokines (chemotactic cytokines or chemoattractant
cytokines) are a complicated family of small secreted
proteins that, when bound to the corresponding cell
surface receptors, have a fundamental role in the devel-
opment of human organs, physiological function, and
homeostasis of the immune system. All chemokines are
8-12 kDa peptides that modulate cellular chemotactic
migration, adhesion, localization, and cell-cell interac-
tions through binding to the so-called classical seven
transmembrane receptors, that is, G protein-coupled
receptors (GPCRs).> Chemokines can also bind to atyp-
ical chemokine receptors (ACKRs) with high affinity,
which are non-G protein-coupled seven-transmembrane
receptors that do not induce directional cell migration.
Indeed, ACKRs mainly activate [-arrestin-dependent
pathways that regulate the bioavailability of chemokines
and modulate the expression of other typical chemokine
receptors or downstream signaling pathways, thus playing
a role in immune responses.® Chemokines possess a spec-
trum of characteristics and functions. Some chemokines
are secreted without stimulation, which are called homeo-
static chemokines and govern the chemotaxis of immune
cells during immune surveillance, such as the induction
of lymphocytes to lymph nodes. One function of the
homeostatic chemokines is monitoring pathogen invasion
by interacting with antigen-presenting cells in tissues.*>
Other chemokines stimulate the formation of new blood
vessels (angiogenesis), facilitate cells into tissues, and
deliver specific signals for cell maturation, playing a major
role in development.® There are also chemokines that can
be released by various cells in response to viral or bacterial
infections; such chemokines can also be produced in
response to noninfectious stimuli, such as inhalation of
silica and the presence of urinary stones, and thus exert
important functions in the inflammatory response.” This
group of inflammatory chemokines is released by many
different types of cells and constitutes the bulk of the
chemokine family. Inflammatory chemokines primarily
act as chemotactic agents for leukocytes (e.g., mono-
cytes and neutrophils), attracting leukocytes from the
circulation to the site of infection or tissue damage, and
activating cells to illicit an immune response or promoting
wound healing.® Owing to their molecular stability and
targeting specificity, chemokines are thought to be crit-
ical for leukocyte infiltration and subsequent elicitation
of inflammatory responses, directing the natural and
adaptive immune response of the host.”

Given the diversity and dynamic regulation of
chemokine ligand and chemokine receptor expres-
sion by tumor cells, stromal cells, and immune cells, the
role of chemokines in tumor immunity is multifaceted.
The tumor microenvironment (TME) is formed by cancer

cells, tissue-resident cells (like fibroblasts, endothe-
lial cells), and infiltrating immune cells that express
multiple chemokines and chemokine receptors.”!! In
TME, chemokines act on tumor cells to regulate their
proliferative, invasive, and stem cell properties; and in
turn, chemokines generated by tumor cells appeal to
leukocyte infiltration, regulate neurogenesis and fibroge-
nesis, and induce vascularization, thereby affecting the
microenvironment.!? However, the role of chemokines in
regulating key aspects of immune cell activation, localized
recruitment, phenotypic differentiation, and function
within the TME during tumorigenesis is only beginning to
be discovered.”® To complicate matters further, the same
chemokine system contributes to both protumor and
antitumor immune responses. The stage of disease onset,
the activation status of immune cells, and the expression
of chemokine receptors on regulatory and effector target
cells may all have an impact on the balance between the
different functions.”*'* Further studies of chemokine
systems in malignant tumors will not only provide a better
understanding of cancer biology, but more importantly
will also suggest novel therapeutic strategies for cancer
immunotherapy. The regulation of the immune system by
chemokines and chemokine receptors is also involved in a
variety of inflammatory diseases other than tumors, such
as rheumatoid arthritis (RA), multiple sclerosis (MS),
asthma, type 2 diabetes, and atherosclerosis.'>®

We will attempt to make a brief summary of the classi-
fication and structure of chemokines, highlighting recent
advances in the function of the eight most currently
reported chemokine axes in cancer progression and cancer
immune response. We also summarize the latest under-
standing of how these chemokine systems operate in
inflammatory diseases. We focus on the intricacy of the
chemokine system and explore its potential to guide the
treatment of cancer and inflammation-related diseases.

2 | CHEMOKINE SYSTEMS

2.1 | The structure of chemokines

The chemokine network is composed of nearly 50
chemokine ligands, 20 GPCRs, and four ACKRs,"” which
play significant roles in the body’s immune homeostasis,
inflammatory response, viral infection, and tumor progres-
sion (Figure 1). Most of the functional studies published
in recent years have shown that the chemokine ligand
axis conforms the classical GPCR activation paradigm.'®-2°
Once the ligand is stimulated, the G protein dissociates
from the corresponding receptor and initiates different sig-
naling events downstream of ligand binding that can even-
tually lead to various responses, such as cell proliferation,
survival, invasion, migration, and gene transcription.z*&17
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The ligand-binding patterns of the seven-transmembrane domain G-protein-coupled chemokine receptors. The receptors

CCR1-CCRS5, CCR7, CCR8, CCR10, CXCR1-CXCR3, and CXCR?7 all bind to multiple chemokines. In contrast, CCR6, CCR9, CXCR4-CXCRS6,
CX3CR1, and XCR1 each bind only one ligand. Four molecules are included in the atypical chemokine receptor (ACKR) family and boast high
affinity to CC-/CXC- chemokines (the figure was created using biorender.com)

All chemokines are small, with approximately 20-50%
identical sequences between individual chemokines, sug-
gesting homology in their gene sequences and amino
acid sequences."?! Typical chemokine proteins are syn-
thesized as peptide precursors and during their secretion
from cells, a signal peptide consisting of about 20 amino
acids is split from the active part of the molecule. All
chemokines possess conserved amino acid sequences, typ-
ically four cysteines that in most cases interact to form
a Greek key shape, which is important for the formation
of their three-dimensional or tertiary structure.”” The first
two cysteines are close to the n-terminus of the matur-
ing protein, the third cysteine is located in the middle
of the molecule, and the fourth cysteine is near the C-
terminus. After the first two cysteines, there is a ring
of about 10 amino acids called the N ring. Chemokine
receptors bind to G proteins and transmit cellular signals
(Figure 2). When chemokines bind to the seven transmem-
brane GPCRs, they initiate the dissociation of G protein

subunits o and Sy, which subsequently leads to the acti-
vation of phospholipase C (PLC). PLC acts by splitting
the phosphatidylinositol bisphosphate (PIP2) molecule
into two second messenger elements, inositol triphosphate
(IP3) and diacylglycerol (DAG). DAG then activates protein
kinase C, whereas IP3 triggers the release of intracellular
calcium ions, thereby driving cell polarization, adhesion,
and migration. These events also trigger multiple intracel-
lular signaling cascades (e.g., PI3K/AKT and JAK/STAT
pathways) that impel activated signaling molecules into
the nucleus to initiate transcriptional processes.®!’

2.2 | The classification of chemokines
and their receptors

According to the number and location of the highly
conserved N-terminal cysteines, chemokines are grouped
into four different subfamilies: CC, CXC, CX3C, XC, and
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Chemokines/chemokine receptors signaling pathways. Chemokines transmit cellular signals by interacting with chemokine

receptors, which are expressed on the cell surface as 7-transmembrane proteins. Almost all types of chemokines bind to the classical G
protein-coupled receptor (GPCR), and activation of G proteins leads to subsequent activation of phospholipase C (PLC). PLC then cleaves a
molecule called phosphatidylinositol-bisphosphate (PIP2) into inositol triphosphate (IP3) and diacylglycerol (DAG); DAG activates protein
kinase C, whereas IP3 triggers the intracellular release of stored calcium. Chemokines also activate the JAK/STAT, Ras/Raf/ERK, and
PI3K/AKT signaling pathways through the GPCR signaling cascade. These events have an important role in cancer biology, involving tumor

cell proliferation, invasion, metastasis, and angiogenesis. The atypical chemokine receptors (ACKRs) do not induce immune cell movement

due to their structural inability to bind G proteins, rather their main function is to regulate the concentrations and bioavailability of
chemokines on both sides of the cell membrane (the figure was created using biorender.com)

the nomenclature of the receptors is essentially similar to
that of corresponding chemokines, that is, CC chemokine
(CCL) binds to CC chemokine receptor (CCR) and CX3C
ligand binds to CX3C receptor (CX3CR) (Table 1).237°
Depending on their functions in the body, chemokines are
also categorized into proinflammatory chemokines, home-
ostatic chemokines, or chemokines with both functions.
Homeostatic chemokines, such as CCL17, CXCLI14, and
CXCL15, are produced constitutively in lymphocytes or
other organs under normal biological conditions and are
crucially important for immune surveillance because they
primarily govern the homeostatic migration and homing
of various immune cells.”" Inflammatory chemokines are
induced by infection and other proinflammatory stimuli
and their main function is to rapidly attract leukocytes
to the site of infection or injury to act as inflammatory
mediators.”””® Chemokines can also be subdivided
into the following categories according to the differ-
ent cells on which they act. (1) monocyte/macrophage
chemokines function as key chemokines to attract mono-
cytes/macrophages to sites of inflammation, including
CCL2-3, CCLS, CCL7-8, CCL13, CCL17, and CCL22.7*+"
(2) T lymphocyte chemokines include four chemokines
implicated in the recruiting of T lymphocytes to sites
of inflammation: CCL1, CCL2, CCL17, and CCL22. In
addition, activated T cells induce the expression of
CXCR3 and secretion of interferon (IFN)-y-induced

chemokines CXCL9-11 at sites of inflammation.”® (3) Mast
cell chemokines express multiple chemokine receptors on
their surface including CCR1-5, CXCR2, and CXCR4.”%30
CCL2 and CCL5, as ligands for these receptors, play a
pivotal role in the recruitment and activation of lung mast
cells. (4) Eosinophil chemokines direct the migration of
eosinophils to different tissues chiefly involved in several
chemokines of the CC subfamily: CCL3, CCL5, CCL7,
CCLI1, CCL13, CCL24, and CCL26.5"%? Eosinophils are
among the first immune cells to be recruited to the lesion,
where the chemokines CCL5 and CCL11 act by binding
to CCR3 that is expressed on the surface of eosinophils.®?
(5) Neutrophil chemokines are primarily CXC types of
chemokines. For example, CXCL8 (interleukin [IL]-8) in
the TME is a chemotactic agent for neutrophils, inducing
neutrophils into TME and activating their metabolism
and degranulation.45

3 | DIFFERENT CHEMOKINE AXES

Although a chemokine may bind to multiple receptors,
when it binds to a specific receptor and exhibits excitatory
effects on the binding site and antagonistic effects on other
bindings, the chemokine and its receptor form a functional
chemokine axis.?” Below, we will summarize the charac-
teristics of eight most reported chemokine axes, as well
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as recent advances in these chemokine axes in cancer and
inflammatory diseases.

3.1 | The CCL2/CCR2 axis
3.11 | Briefintroduction to the CCL2/CCR2
signaling axis

CCL2 belongs to the CC chemokine subfamily, also known
as small inducible cytokine A2 and monocyte chemotactic
protein-1 (MCP-1). As the most well-studied chemokine,
CCL2 was originally identified in 1989 from the culture
supernatant of peripheral blood monocytes and tumor cell
lines.®®8° CCL2 was at first characterized as a “tumor-
derived chemokine” and has been documented to be
a potent chemotactic agent for a couple of immune
cells (e.g., monocytes, immature dendritic cells (DCs),
memory T cells, and natural killer (NK) cells), thereby
promoting inflammatory effects and neoangiogenesis. In
addition, various stromal cells in the TME, including
endothelial cells, DCs, fibroblasts, and adipocytes, are
capable of producing CCL2 to promote tumor growth
and progression.”’? CCL2 was the first CC chemokine
to be identified and fully studied and has a high affin-
ity for its receptor, CCR2. It has been revealed that
CCR2 is widely expressed in a broad range of cell types,
including monocytes,”® endothelial cells,” DCs,” and
various cancer cells and the upregulation of CCR2 is
related to advanced cancer, metastasis, and relapse.96 Once
bound to its ligand CCL2, the activated signaling axis
triggers various intracellular G protein-mediated signal-
ing cascades, such as mitogen-activated protein kinase
(MAPK)/p38, PI3K/AKT, and JAK/STAT3 pathways.”’~%’
The CCL2/CCR2 axis is implied in the proliferation,
invasion, and angiogenesis of tumor cells and recruit-
ment of immunosuppressive cells.'°>'°! Previous data also
identified a regulatory role of the CCL2/CCR2 signaling
axis on the nervous system.'”” Microglia are the resi-
dent immune cells of the central nervous system (CNS),
which is phylogenetically related to monocytes and there-
fore also expresses CCR2. CCL2 can also be produced by
microglia/macrophages or endothelial cells under basal
and neuroinflammatory conditions.'*!%* Typically, CCL2
secreted by activated astrocytes (the major glial cells of the
CNS) is thought to attract microglia to sites of neuronal
infection or injury, where they engulf microbes or cellular
debris.'® The relationship between the CCL2/CCR?2 sig-
naling axis and the pathogenesis of autoimmune diseases
has also been widely investigated, and a common patholog-
ical feature of these autoimmune diseases is the upregula-
tion of CCL2 and/or CCR2 expression in the lesions.'*%197

3.1.2 | Roles of the CCL2/CCR2 signaling axis
in tumor progression

It has been demonstrated that CCL2 and its receptor
CCR2 are implicated in the development and progres-
sion of various malignancies, such as prostate cancer,'*®
breast cancer,'”” hepatocellular cancer,''’ lung cancer,'!!
renal cancer,'”? pancreatic cancer,'® and nasopharyngeal
carcinoma.'* The CCL2/CCR2 signaling axis is involved
in different stages of tumorigenic progression, for exam-
ple, maintaining the proliferation and stemness of tumor
cells at the site of the primary tumor; and when malig-
nant cells metastasize, promoting the invasion of cancer
cells into surrounding tissues and circulatory system, and
traveling down a specific chemotactic ladder to the site
of metastasis (Figure 3).°° After reaching a new organ
and/or tissue, residual circulating tumor cells are able to
successfully colonize and continue to grow through inter-
actions with various components within the TME.”! It has
been suggested that CCL2 might act as an autocrine or
paracrine chemokine to promote the growth of tumor cells,
which can be partially abolished by CCR2 antagonists or
PI3K inhibitors."® CCL2 can promote drug resistance in
gastric cancer cells by inhibiting autophagy, and either
knockdown of CCL2 or induction of autophagy success-
fully reversed drug resistance in tumor cells.!'® Simi-
larly, in vitro experiments showed that downregulation of
CCL2 decreased the viability of A549 cells and enhanced
docetaxel (DTX)-induced cytotoxicity, whereas upregula-
tion of CCL2 protected A549 cells from DTX-induced
cytotoxicity.!” The chemoresistance that occurs within
lung cancer cells may be mediated by the stress response
of CCL2-expressing cells, implicating CCL2 as a possible
target for augmenting the therapeutic efficacy of DTX on
lung cancer.!'” CCL2 also attracts different immune cells
to form an immunosuppressive microenvironment, which
promotes the formation of tumor-associated microvascu-
lature and supports the growth and metastasis of tumor
cells. In mouse melanoma and pancreatic cancer models,
knockdown of CCL2 with siRNA or antibody neutraliza-
tion effectively inhibited DC recruitment, reduced CD68+
macrophage infiltration, and decreased tumor growth
and metastasis."'®'?° Furthermore, radiotherapy induces
a significant increase in the recruitment of CCL2 and
Ly6C*tCCR2" monocytes in pancreatic ductal adenocar-
cinoma (PDAC), thereby accelerating tumor proliferation
and angiogenesis. Anti-CCL2 antibodies selectively inhibit
radiotherapy-dependent monocyte/macrophage recruit-
ment and retard tumor growth when used in combina-
tion with radiotherapy.'”! However, several studies have
shown inconsistent results and thereby different conclu-
sions. Fader et al.'” included 37 patients with primary



LIET AL.

Monocyte MDSC

Blood vessel

Granulocytic MDSC

Plasmacytoid DC Treg T helper 22 cell

O l Recruited by l Recruited by lRecruited by lRecruited by lRecruited by
CCL2, CXCL5 CXCL8 CXCL12 CCL22 and CCL20
and CXCL12 CCL28

Immature DC

MDSC

Tumor immune

microenvironment
CD8+ T cell

i/

Cancer-associated
fibroblasts

CCL2 and CCL5

@ 0—
Treg —_— %

CD4+ T cell

A
T Recruited by CCL20 |

&
Metasta;gs /

»

/ .Neutrophil

Oxygen
diffusion

Angiogenesis

Tumor growth

Recruited by CXCL9,
T CXCL10 and CXCL11

Recruited by T

l

CCR2 CCR5 CCR6 CCR6 CXCR%\ CXCR§§ CXCRS
o ,77—5 N N N\
Blood vessel @
Monocyte Immature DC Thelper 17 cell  CD8+ Tcell Thelper1cell NKcell
FIGURE 3 Chemokines/chemokine receptors in tumor immune microenvironment and their relevance in cancer immunotherapy.

Immune cell populations, such as monocytic and granulocytic myeloid-derived suppressor cells (MDSCs), plasmacytoid dendritic cells (DCs),
regulatory T (Treg) cells, and IL-22*CD4* T helper 22 cells can promote tumor growth. Immune cells, such as T helper 17 cells, T helper 1
cells, CD8+ T cells, and natural killer cells (NK cells), have antitumor effects. These cells are recruited to the tumor, particularly the tumor
immune microenvironment through chemokine/chemokine receptor signaling axes and are involved in almost all aspects of the tumor

progression (e.g., tumor proliferation, angiogenesis, and metastasis) (the figure was created using biorender.com)

ovarian cancer to investigate the relationship between
CCL2 expression in tumor specimens and patient response
to chemotherapy and survival outcomes. The results sug-
gested that increased expression of CCL2 in ovarian
tumors was associated with better chemotherapy response
and improved survival outcomes. Also, in vitro experi-
ments illustrated that ovarian cancer cells with higher

CCL2 expression were more sensitive to the traditional
chemotherapeutic drugs paclitaxel and cisplatin.'*? Inter-
estingly, recent evidence indicates that higher levels of
CCL2 in patients with squamous lung cancer is related to
favorable progression-free survival (PFS) and overall sur-
vival (OS); however, lung adenocarcinoma patients with
a high expression of CCL2 exhibited a shorter OS and
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PFS than those with a low expression.””> Moreover, in
vitro data from one study indicated that CCL2 could acti-
vate neutrophils and mediate the killing of breast cancer
cells, whereas in mice breast cancer models, intranasal
administration of CCL2 protein was able to increase the
recruitment of CD4+ T cells in the lung, favoring tumor
dissemination, and metastasis to the lung.'**

Taken together, the CCL2/CCR2 signaling axis is
involved in a wide range of tumor cell activities, and
regulation of CCL2 and/or CCR2 expression influences
tumor progression. Deeper insight into the potential mech-
anisms of the CCL2/CCR2 axis in tumor progression
and treatment will provide new directions for a better
understanding of malignancies.

3.1.3 | The CCL2/CCR2 axis in autoimmune
diseases and neurological disorders

The pathology of autoimmune diseases is characterized
by the infiltration of multiple lymphocytes in the tissues,
which leads to inflammation and tissue damage. This
process involves a complex network of immune cells in
which chemokines act as signaling bridges. Many stud-
ies have elucidated monocytes as the molecular basis of
immune cells recruitment in autoimmune disease, sug-
gesting a major role for CCL2 and its cell surface receptor
CCR2.!97:125-127 pgoriasis is a chronic skin disease caused
by an imbalance between skin keratinocytes and infiltrat-
ing immune cells. In patients with psoriasis, keratinocytes
secrete large amounts of CCL2, which, when combined
with CCR2 on the surface of monocytes, can induce mono-
cytes to differentiate into macrophages and migrate from
the bloodstream to the site of inflammation.'”® CCL2 is
an emerging novel target in systemic lupus erythemato-
sus (SLE) and lupus nephritis, in which the CCL2/CCR2
axis mediates the infiltration of macrophages and T cells
into the nephron in nephritis.'”” Moreover, a meta-analysis
covering 399 patients with lupus nephritis and 130 nor-
mal controls revealed that urinary CCL2 was markedly
higher in patients with active lupus nephritis than those
with inactive lupus nephritis and controls, suggesting
that urinary CCL2 might serve as a biomarker for lupus
nephritis.”*Y Meanwhile, in vivo experimental studies have
illustrated that blocking CCL2 was effective in inhibiting
the progression of proliferative lupus nephritis."!

Given the possibility that the CCL2/CCR2 axis may
exert a range of immune regulation on the nervous sys-
tem, its proinflammatory properties were subsequently
thought to be a leading factor in the evolution of depres-
sion. Studies carried out by Stuart et al.’*> have shown
that the CCL2/CCR2 axis might be involved in regulating
the proliferation and differentiation of neural progenitor

cells, modulating the infiltration and activation of central
immune cells, and influencing the secretion of proinflam-
matory factors (e.g., IL-18 and IL-8). Many scientists and
histologists have argued that elevated CCL2 levels lead
to increased blood-brain barrier permeability by induc-
ing macrophage recruitment, cytokine production, and
directly altering endothelial cell tight junction protein
expression, which are observed in a variety of pathological
processes, such as neuroinflammation,'** stroke,"** MS,'*
and Alzheimer’s disease (AD).!3¢

The infection of HIV causes chronic inflammation in the
body, along with a dysregulated immune system, which
further exacerbates the inflammatory response.*”*® The
interaction of chemokine receptors (for example, CCR2,
CCR3, CCR5, and CXCR4) on the cell surface with
external components of HIV and accessory proteins is
an essential step in HIV infection of target cells.!**!%0
Among them, CCR5 and CXCR4 are the primary core-
ceptors for HIV-1 invasion into target cells, with CCR2
and CCR3 playing secondary synergistic roles.'*! In HIV
infection, accentuated expression of CCL2 and/or CCR2
may contribute to HIV-associated complications in mul-
tiple ways, depending on their role in leukocytes recruit-
ment and maintenance of an inflammatory state.'*> Apart
from its role in inflammation and cell-directed migra-
tion, however, CCL2 has been proven to influence directly
viral replication, as evidenced by studies performed in
peripheral blood mononuclear cells, T lymphocytes, and
macrophages.'**"'*> Recently, several attempts have been
made to investigate the relationship between high expres-
sion of CCL2 and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection.'#*” Conclusively,
targeting the CCL2/CCR2 axis is considered to be an attrac-
tive target for the treatment of autoimmune diseases and
viral infections. Therefore, more attention should be paid
in the future to comprehensively investigate the poten-
tial mechanisms of action of the CCL2/CCR2 axis in these
diseases mentioned above.

3.1.4 | Clinical trials of drugs targeting the
CCL2/CCR2 axis

Due to the pivotal role played by the CCL2/CCR2 signal-
ing axis in the progression of multiple diseases, a host
of clinical trials of drugs that modulate this axis have
been continually launched (Table 2). Currently, clinical
trials of human neutralizing antibodies against CCL2 are
focused on carlumab and MLN1202 that can effectively
block the differentiation of monocytes to macrophages
and reduce immune cell recruitment after binding to
CCL2, exhibiting broad anti-tumor effects. In a phase
I study evaluating the safety and antitumor activity
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of carlumab in advanced solid tumors (NCT00537368),
44 subjects were enrolled. Carlumab was shown to be
well tolerated by all patients, as no carlumab-related
adverse events were observed. However, durable stable
disease (SD) was observed in only four of 33 evalu-
able patients, and none achieved an objective response
(OR)."8 In another completed phase II study of carlumab
monotherapy for metastatic castration-resistant prostate
cancer (NCT00992186), none had an OR to carlumab treat-
ment and only 34% of patients maintained SD for over
3 months. Notably, no patient generated antibodies to
carlumab, although inhibition of free CCL2 serum concen-
trations was observed transiently after each dose, which
seems unsustainable.'*’ Similarly, in an open-label, mul-
ticenter phase 1b study of carlumab in combination with
chemotherapy for advanced solid tumors (NCT01204996),
researchers found that carlumab could be safely used in
combination with standard chemotherapy doses at 10 or
15 mg/kg and was well tolerated, but did not suppress
serum CCL2 levels or produce a significant antitumor
response over time, " suggesting that effects are not appar-
ent and further clarification is a necessity. Meanwhile, the
efficacy of MLN1202 in 44 patients with bone metastases
was studied in a phase II clinical trial (NCT01015560). Of
the 41 patients who completed treatment, 7.14% experi-
enced serious adverse effects and fourteen patients expe-
rienced a decrease in urinary N-terminal peptide values
(an indicator of efficacy assessment), indicating a posi-
tive antitumor metastatic effect of MLN1202. MLN1202 was
also used in randomized, double-blind, placebo-controlled
studies of atherosclerotic cardiovascular disease and RA.
The results showed that MLN1202 treatment was well
tolerated and resulted in a significant reduction of high-
sensitivity C-reactive protein levels in serum,”' but did
not lead to amelioration of synovial inflammation in active
RA.ISZ

Inhibitors against CCR2 are designed to disrupt the
binding of CCR2 to its ligand CCL2, acting by blocking the
activation of a series of signaling cascades downstream of
the CCL2/CCR2 axis. A phase I study evaluated the CCR2
inhibitor PF-04136309 in combination with FOLFIRINOX
for the treatment of patients with advanced pancreatic
cancer (NCT01413022). Among patients who completed a
course of combination therapy, 97% achieved local tumor
control and 49% achieved an objective tumor response.
More importantly, the mean percentage of CCR2* mono-
cytes in the blood of the combination-treated patients
was significantly lower compared with the chemother-
apy group, suggesting that chemotherapy plus PF04136309
prevents the drainage of CCR2't monocytes into the
peripheral circulation from the bone marrow and affects
antitumor immunity."> Both CCX140-B and CCX872-
B can selectively inhibit CCR2 and are mainly used
to evaluate the effect on type 2 diabetes.”*'> Several

other CCR2 inhibitors (e.g., MK-0812, JNJ-41443532, JNJ-
17166864, AZD2423, etc.) have also been studied in clinical
trials for CCL2/CCR2 axis-related diseases, showing a
favorable safety profile.!!3154156-159

3.2 | The CCL5/CCRS5 axis
3.2.1 | Characteristics of the CCL5/CCR5
signaling axis

When CCL5 (also known as RANTES: regulated upon
activation normal T cell expressed and secreted) was
first identified, it appeared to be a classic chemokine
because of its ability to direct leukocytes to sites of
inflammation. It has been well accepted that CCL5 can
be secreted by most inflammatory cells, with monocytes
and T cells being the most common sources of CCL5.'%"
Although CCL5 can bind to several receptors, such as
CCR1, CCR3-5, CD44, and GPR75, it has the highest affin-
ity to CCR5.'°! The transcription of CCR5 (also known
as CD195) is regulated by CREB-1 and mRNA and pro-
tein expression are commonly observed in T-lymphocytes,
monocytes, macrophages, immature DCs, eosinophils, and
microglia.'®>!%* CCLS5 is not the only ligand for CCR5 since
CCR5 also binds to proteins with an N-terminal extracellu-
lar tail, such as CCL3 (macrophage inflammatory protein
[MIP]-1&) and CCL4 (MIP-18).'%® Furthermore, CCR5 on
the surface of CD4% T cells is the most prominent core-
ceptor that assists HIV-1 to infect cells through binding to
GP120, therefore it is considered a prospective candidate
for anti-HIV therapies.'®* The CCL5/CCR5 axis has also
been reported to be engaged in the activation of several sig-
naling pathways, including JAK/STAT, PI3K/AKT/mTOR,
HIF-a, TGF-3-smad, and NF-xB axes that are implicated
in inflammation, angiogenesis, tumor cell proliferation,
apoptosis, and metastasis.'®"'% In the TME, increased
CCR5 levels may be the result of high CCR5 expression
on the tumor cell surface or the aggregation of CCR5*
cells, such as monocytes, lymphocytes, adipocytes, and
mesenchymal stem cells (MSCs).'¢!

3.2.2 | The role of CCL5/CCRS5 axis in cancer
progression

The overexpression of CCL5 and/or its receptor CCRS5 in
various tumor cells (e.g. breast cancer,'® acute lympho-
cytic leukemia,'® multiple myeloma (MM),"”° Hodgkin
lymphoma,'”! colorectal carcinoma'’?) has long been
elucidated. The expression of CCL5 is rare in normal
ductal epithelium or benign breast tumor masses, but
can be obtained during malignant transformation of
cells.'”® Additionally, CCL5 is highly expressed in advanced
triple-negative breast cancer,'” whereas CCL5 is not
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overexpressed in breast tissue from women with benign
breast disease or those who have undergone breast
reduction.!®® In vivo studies demonstrate that breast can-
cer cells stimulate MSCs to resecrete CCL5, which then acts
in a paracrine manner on tumor cells. These researchers
also found that lung metastasis and colonization of tumor
cells increased after mice were given both breast can-
cer cells and MSCs, suggesting that CCL5 facilitates
the metastatic ability of tumor cells.””> The CCL5/CCR5
axis also has far-reaching impact on the progression of
hematologic malignancies. For example, higher levels of
CCL5 are detected in the serum of patients with acute
myeloid leukemia, who have a monocytic phenotype'’
or Fms-like tyrosine kinase 3-internal tandem dupli-
cation mutations.'”” Also, CCL5 secretion is increased
when CD40 is cocultured with classical Hodgkin lym-
phoma cells or with MSCs derived from lymph nodes of
Hodgkin lymphoma patients.'”® High levels of CCLS5 in
Hodgkin’s lymphoma tissue are correlated with mono-
cyte infiltration and poor prognosis.”! In addition, in
vivo studies have shown that inhibition of CCR5 by neu-
tralizing antibodies or antagonists was able to retard
the progression of MM, reduce osteolytic lesions, and
inhibit osteoclastogenesis.!”*!%0 CCL5 and CCRS5 are over-
expressed in colorectal cancer (CRC) primary tumor cells
as well as in metastasis cells of the liver and lung and are
positively correlated with prognosis in CRC.'®! Further-
more, the CCR5/CCLS5 axis also plays a critical role in the
progression of multiple solid tumors, including gastric can-
cer (GC),'®? glioblastoma,** head and neck cancer,'®* lung
cancer,'®* ovarian cancer,'® and so on, often by promot-
ing tumor cell proliferation, metastasis, and assisting in the
establishment of immunosuppressive TME. !5

Briefly, the above results suggest that CCL5 and CCR5
are highly expressed in various tumor cells and promote
tumor proliferation and metastasis by recruiting immune
cells. Based on the finding that CCR5 antibodies retard
tumor progression and inhibit angiogenesis,"”*'** we spec-
ulate that CCL5/CCRS5 may be a potential target in cancer
therapy.

3.2.3 |
diseases

The CCL5/CCRS axis in inflammatory

In addition to being involved in the progression of multi-
ple tumors, aberrant CCL5/CCRS5 interactions have been
identified in multiple types of inflammation,'®’” includ-
ing AD, atherosclerosis, diabetes, hepatitis, and some viral
infections.

With the intensive study by scientists of the pathol-
ogy of atherosclerosis, it is now widely accepted that the
disease is an inflammatory disease in which the continu-
ous accumulation of macrophages in the intima and the

rise in cytokine levels in peripheral blood and local tis-
sues are important hallmarks.'*® It has been reported that
the chemokine CCLS5 assists in the recruitment of mono-
cytes to the intima in the early stages of atherosclerosis
and promotes the conversion of macrophages.'®® Recently,
Jongstra-Bilen et al.'®® showed that the expression of CCL5
mRNA as well as other ligands of the CCR5 receptor (CCL3
and CCL4) was induced in the aortic intima of Ldlr—/—
mice 3 weeks after the onset of cholesterol-rich diet-
induced hypercholesterolemia. Blockade of CCR5 signifi-
cantly reduced the recruitment of monocytes at the lesion
site, suggesting that CCL5 chemokine signaling through
CCRS5 is critical. Further, CCL5/CCRS5 has been reported to
attract T cells to the lesion site to release inflammatory fac-
tors (e.g. perforin-1, IL-6, selectin, tumor necrosis factor-a
[TNF-«], etc.) and exacerbate inflammatory damage.'*'%?
Besides, CCLS5 levels were found to be elevated in damaged
tissues of inflammatory bowel disease (IBD), which then
induced an influx of inflammatory factors. Knockdown
of the CCRS5 gene reduced the recruitment and activation
of CCR5(+) leukocytes in the mucosa, leading to greatly
reduced symptoms of inflammation in a metastatic model
of colitis. Similarly, the CCR5 inhibitor maraviroc attenu-
ated the development of intestinal inflammation by selec-
tively reducing the recruitment of CCR5(+) leukocytes.'”
Upon liver injury, resident Kupffer cells interact with hep-
atic cell populations and release chemokines to recruit
circulating leukocytes, of which monocytes subsequently
differentiate into macrophages in the liver, influencing
the development of tissue inflammation.'”* It has been
shown that the CCL5/CCRS signaling pathway can accel-
erate the inflammatory process in the liver through the
NF-kB pathway.'”> A new study indicated that CCL5 could
directly activate M1 polarization and impede M2 polar-
ization through CCRI- and CCR5-mediated activation of
MAPK and NF-xB pathways. Neutralizing antibodies or
antagonists with CCL5 could greatly reduce liver injury
and improve survival in drug-injured mouse models.'*°
Additionally, the CCL5/CCRS5 axis is also involved in viral
infections. COVID-19, a pandemic currently plaguing peo-
ple worldwide, is caused by SARS-CoV-2 infection. Recent
studies have shown that inhibition of the CCL5/CCR5 axis
by the monoclonal antibody leronlimab could alleviate the
symptoms of patients with critical pneumonia.'”’ Also, it
was observed that the levels of inflammatory molecules
such as CCL5, IL-6, and TNF-a in the serum of patients
were reduced after anti-CCRS5 treatment.'”®

3.24 | Clinical trials of drugs targeting the
CCL5/CCRS axis

We have described above the seminal function of the
CCL5/CCRS5 axis on tumor progression in preclinical
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studies, which can be attenuated by knocking down CCL5,
using antibody neutralization, and CCR5 antagonists to
block ligand-receptor binding, setting the stage for drugs
targeting the CCL5/CCRS5 axis to enter clinical trials.
Table 2 summarizes clinical trials of several CCR5 antag-
onists (maraviroc, vicriviroc, AZD5672, and leronlimab)
for the treatment of metastatic CRC, advanced breast and
pancreatic ductal carcinoma, and Kaposi’s sarcoma asso-
ciated with HIV infection (Table 2). In addition, maraviroc
has been reported for the treatment of conditions other
than tumors, including graft-versus-host disease, hyper-
triglyceridemia, stroke, and COVID-19 (NCT00948753,
NCTO01133210, NCT03172026, and NCT04435522). Another
dual chemokine receptor antagonist, cenicriviroc, which
targets CCR2/CCR5 and inhibits monocyte migra-
tion, has also being evaluated for safety and efficacy
in clinical trials. Cenicriviroc also inhibits HIV-1 and
HIV-2 infection and has potent anti-inflammatory and
anti-infective activity.'””?%° Clinical trials related to
cenicriviroc have shown a role in the treatment of
COVID-19 (NCT04500418), nonalcoholic steatohep-
atitis (NCTO03517540), primary sclerosing cholangitis
(NCT02653625), type 2 diabetes mellitus (NCT02330549),
and many other diseases.

3.3 | The CCL19/CCL21/CCR?7 axis
3.3.1 | Briefintroduction of the
CCL19/CCL21/CCR7 axis

Chemokines CCL19 and CCL21 are highly expressed in
lymphoid tissues and act upon binding to the same
receptor CCR7. In primary lymphoid organs (e.g., thy-
mus), CCR7* thymocytes are subject to CCL19 and CCL21
chemotaxis and move between different tissue sections. In
particular, the CCL19/CCL21/CCR?7 axis plays an instru-
mental role in thymocyte differentiation, clonal selection,
and negative selection.’”! Within secondary lymphoid
organs (e.g., lymph nodes), CCL19 and CCL21 are con-
tinuously secreted by high endothelial veins and fibrous
reticulocytes, which bind to CCR7 and then induce lym-
phocytes in the circulation to enter lymphatic vessels and
lymph nodes.?”! CCR7 is mostly expressed on DCs and T
cells for orchestrating immune responses.?’>?%* The role
of CCR?7 in inducing targeted migration of lymphocytes
in immune and inflammatory responses is well recog-
nized. As the predominant class of antigen-presenting
cells, DCs can rapidly transform to a mature state upon
antigen stimulation and upregulate major histocompat-
ibility complex II and several costimulatory molecules,
such as CD80, CD86, and CCR7.2%4 The elevated levels
of CCR?7 allow DCs to sense the CCL19/CCL21 concentra-

tion gradient, move toward the highest concentration of
this signaling protein, enter the lymph nodes for antigen-
presenting and then activate T cells.?’>2°° CCR7 also
controls the migration of thymocyte-derived regulatory T
cells and effector T cells from sites of inflammation to
the second lymphoid organ (SLO) as well as their proper
localization.’?’?"® CCR7 expressed on the surface of can-
cer cells can direct malignant cells from the primary site
into the lymphatic system by binding to appropriate signal-
ing proteins, spreading in the body and eventually forming
metastases in other tissues, which greatly increases the risk
of death for patients.”"’

3.3.2 | Roles of the CCL19/CCL21/CCR?7 axis
in cancer progression

Because of the pivotal role of the CCL19/CCL21/CCR7
signaling axis in both antigen presentation and activation
of T cell-mediated responses, it has been postulated
that increasing the levels of CCL19 and CCL21 within
tumors could aid immunotherapy of cancer by enhancing
the immune response to tumors. The first of these is
to increase CCL19/21 concentration within the TME to
sharpen the immune response to tumor. For instance, in
mouse lung and colorectal models, intratumoral injection
of CCL19 protein directly was shown to result in increased
DCs as well as CD4" and CD8* T cells in the TME, pro-
mote enhanced secretion of proinflammatory factors, such
as chemokines CXCL9 and CXCLI10, as well as cytokines
IL-12, granulocyte-macrophage colony stimulating factor
(GM-CSF), and IFN-y, and decrease levels of immuno-
suppressive molecules prostaglandin E2 and transforming
growth factor-8 (TGF-f); ultimately retarding tumor
growth.?'%?!! Similarly, in an orthotopic mouse model
of breast cancer, intratumoral administration of CCL21
significantly increased the proportion of T cells, NK cells,
and DCs within the tumor, reduced the size of the tumor
and extended the survival time of tumor-bearing mice.?'?
Introduction of exogenous genes into tumor cells by
recombinant plasmid techniques (e.g., lentiviral transfec-
tion) is another way to achieve elevated concentrations
of CCL19/CCL21 protein. For example, mouse melanoma
and ovarian cancer cells transfected respectively to express
mouse CCL19 and then inoculated into C57BL/6 mice,
showed significantly slower tumor growth compared
with the control group without CCLI19 expression.?"® In
a mouse lung metastasis model, injection of endothelial
progenitor cells overexpressing CCL19 by tail vein was
able to reduce the number of lung metastatic nodules and
prolong the survival of mice.?** In addition, transfection of
breast cancer MCF-7 cells with CCL21 protein potentiated
a range of functions of DCs, such as antigen uptake
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and presentation, migration, and antiapoptotic ability in
vitro.??

Therapeutic strategies that increase the intratumoral
CCL19 or CCL21 levels may also be utilized in combi-
nation with other immunotherapies or nonimmunother-
apies to improve antitumor efficacy. DNA vaccines have
been a particularly attractive approach in recent years
to enhance protective antitumor immunity by mobiliz-
ing leukocytes (e.g., cytotoxic T cells and NK cells) to
the tumor. When combined with CCL21, the DNA vac-
cine showed higher efficacy than single treatment in a
mouse model of orthotopic melanoma.?’® In addition,
MSCs expressing CCL19 have been demonstrated to pro-
mote immune cell infiltration into TME and enhance
the efficacy of anti-PD-L1 antibodies.?’” Therefore, tar-
geting the CCL19/CCL21/CCR7 axis to inhibit lymphatic
metastasis but maintaining a robust antitumor immune
response has increasingly become a bright spot in tumor
immunotherapy.?”

3.3.3 | The CCL19/CCL21/CCR?7 signaling
axis in autoimmune diseases

RA is a chronic, systemic autoimmune disease of unknown
etiology, characterized by intraarticular inflammatory
cell infiltration and elevated proinflammatory cytokines,
which can lead to multiple joint deformities and even loss
of function.’'® Page et al.”'” detected DC subsets within the
synovium of RA patients by immunohistochemical stain-
ing and showed that immature DCs were found only in the
lining layer of the synovium, whereas mature DCs were
found in the perivascular lymphatic aggregation zone.
In addition, the expression of CCL19, CCL21, and CCR7
was only increased in the perivascular area, suggesting
that the expression of these chemokines as well as CCR7
is associated with lymphocyte aggregation. In addition,
upregulation of CCL19 and CCR7 gene expression was
shown in psoriasis patients, whose key role is involved
in establishing the typical inducible skin-associated lym-
phoid tissue structures during disease progression, which
can be clearly identified in the skin aggregates at the lesion
site.??Y The majority of lymphocytes in healthy human
cerebrospinal fluid (CSF) are CCR7" central memory T
cells,””! whereas in patients with relapsed and progres-
sive MS, increased expression of CCL19 is found in CSF,**?
implying that the CCL19/CCR?7 axis may be involved in the
normal immune surveillance of the brain. In experimental
autoimmune encephalomyelitis (EAE) models, blocking
CCRY7 signaling has been proved to reduce the binding of
T cells to inflammatory venues in EAE brain slices.??*%**
Collectively, these results suggest that the CCL19/CCR7
axis plays an important role in the progression of autoim-

mune diseases and is closely related to immune regulation
at the site of the lesion. Blocking the CCL19/CCR?7 axis
is a potential therapeutic option for the treatment of
autoimmune diseases.

3.3.4 | Clinical trials of drugs targeting the
CCL19/CCL21/CCRY7 signaling axis

As mentioned above, modulating the function of the
CCL19/CCL21/CCR?7 axis may hold therapeutic potential
for cancer as well as many inflammation-related diseases,
and there are several clinical trials currently underway.
One of the phase I trials is studying the side effects and
optimal dose of autologous DC-adenovirus CCL21 vaccine
combined with intravenous pembrolizumab and seeing
how well they work in treating patients with stage IV
nonsmall cell lung cancer (NCT03546361). The researchers
concluded that vaccines made from genetically modified
viruses may help the body build an effective immune
response to kill tumor cells, whereas monoclonal antibod-
ies, such as pembrolizumab, may interfere with the ability
of tumor cells to grow and spread, so giving a CCL21 genet-
ically modified DC vaccine with pembrolizumab to treat
patients with stage IV nonsmall cell lung cancer may work
better. This clinical trial enrolled 24 patients, and up to 12
patients will participate in the dose escalation phase, dur-
ing which 12 patients will be evaluated during the dose
expansion. Two additional phase I clinical trials investi-
gated the safety, toxicity and maximum tolerated dose of
the autologous DC-adenovirus CCL21 vaccine. The vaccine
as an intratumoral injection was well tolerated by patients
with advanced or recurrent nonsmall cell lung cancer
and cutaneous melanoma (NCT00601094, NCT00798629).
Besides, JBH492 is an antibody-drug conjugate that con-
sists of an antibody against CCR7 on tumor cells combined
with the steroid DM4, which leads to inhibition of tumor
cell proliferation. A phase I/Ib Open-label clinical trial
(NCT04240704) is currently undertaken for investigating
the preliminary effects of JBH492 monotherapy on non-
Hodgkin’s lymphoma and chronic lymphocytic leukemia.

3.4 | The CCL20/CCR®6 axis
3.41 | Major characteristics of the
CCL20/CCR6 signaling axis

Since its discovery in the 1990s, CCL20 has gradually
been attributed several names, such as MIP-3a, liver
and activation regulatory chemokine and exodus-1, and
it has gained increasing attention in molecular and cel-
lular immunology. A very large number of cells in the
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body express CCL20, including CD8+ T cells, B lympho-
cytes, T helper 17 cells, macrophages, neutrophils, DCs,
mast cells, and endothelial cells.?2>227 As an inflamma-
tory chemokine, CCL20 strongly attracts lymphocytes and
DCs to lymphoid tissues, thus participating in the for-
mation and function of lymphoid tissues at various sites.
CCL20 also has a predominant role in innate immu-
nity, being upregulated by transcription factors, such as
NFxB,””® and induced by the TNF-a and IL-13.>* When
the immune system is stimulated by inflammatory sub-
stances such as lipopolysaccharide, CCL20 is also quickly
upregulated, leading to a prompt accumulation of immune
cells in the spleen.?** Currently, there is only one known
receptor for CCL20, namely CCR6.%3%3? CCR6 is the hall-
mark chemokine receptor of immune cells. When CCL20
binds to its receptor CCR®, it not only participates in reg-
ulating the immune homeostasis of the body, but also
serves to modulate the inflammatory response through
the Th17 pathway, playing an essential role in the pro-
gression of autoimmune diseases and various malignant
tumors.59:233.234

3.4.2 | The CCL20/CCR6 axis in cancer
progression

With concerted, extensive efforts, the functional role
played by the CCL20/CCR6 axis is gradually being
unfolded, particularly in regulating cancer progression and
metastasis within the TME. Ding et al.>* revealed that
tissue expression of CCL20 in clinical specimens of hep-
atocellular carcinoma (HCC) was related to tumor size,
differentiation, recurrence, and vascular infiltration, and
that high CCL20 expression was associated with worse
PFS and OS in patients. In in vitro analysis, CCL20
greatly enhanced the invasive ability of triple-negative
breast cancer cell lines by increasing the secretion of
matrix metalloproteinase (MMP)-2 and MMP-9; mean-
while, anti-CCL20 antibody by intraperitoneal injection
in a mouse breast cancer model could effectively inhibit
the occurrence of bone metastases.”*® A study showed
that serum CCL20 and IL-17A levels were higher in
CRC patients than those in healthy subjects, and the
combination of CCL20 and IL-17A signature curve anal-
ysis could differentiate CRC patients from healthy vol-
unteers effectively.”?’ In a case study of chemotherapy
resistance to the FOLFOX regimen, CCL20 secreted by
tumor cells was able to facilitate Tregs recruitment into
the TME, which enhanced chemoresistance and closely
correlated with poorer survival rates.”*® Additionally, IL-
4-treated M2-type macrophages highly express CCL20 and
the CCL20/CCR6 axis promotes pancreatic cancer pro-
liferation and distant metastasis via inducing epithelial-
mesenchymal transition (EMT) in vivo.?*° Furthermore,

CCL20 and/or CCR6 proteins were found to be highly
expressed in lung,”*” cervical,*! gastric,’*? ovarian cancer
tissues,”** and renal cell carcinoma,’** facilitating tumor
proliferation and directional migration through autocrine
or paracrine modes.

3.43 |
diseases

The CCL20/CCR6 axis in autoimmune

Similar to the CCL19/CCL21/CCR?7 axis, the CCL20/CCR6
axis serves an essential role in the recruitment of inflam-
matory cells in the immune response and may contribute
to a variety of autoimmune diseases, such as MS, IBD,
psoriasis, and RA.?** A study showed that stimulation of
human epithelial cells with Th17 cytokines (IL-17A, IL-
22, and TNF-a) was able to induce a remarkable increase
in CCL20 and CCR6 levels in their cultures in a dose-
and time-dependent manner. Similar results were obtained
in in vivo tests, where subcutaneous injection of these
Th17 cytokines also resulted in increased expression of
CCL20 and CCR6, as well as infiltration of mature DCs
and CD4% T cells in the skin of mice.’*?*® In sev-
eral animal models of psoriasis, the use of anti-TNF-a
antibody infliximab,”*” anti-CCR6 antibody,’*® and the
anti-CCL20 antibody,**° respectively, significantly reduced
regional infiltration of CCR6YCD4" T cells and attenu-
ated the inflammatory response in affected skin lesions.
Significantly elevated levels of CCL20 were also found in
the affected joints of RA patients, followed by a marked
increase in CD4"CD45RO*CCR6™ memory T cells in the
peripheral circulation of the patients.””’ Hirota et al.>!
found that in an animal model of RA, IL-17-producing
Th17 cells predominantly expressed CCR6 and its lig-
and CCL20. Blockade of proinflammatory cytokines with
infliximab or anti-IL-6R antibodies significantly decreased
the CCL20 level and Th17 cells migration to the joints.>"!
In the MS mouse model known as EAE, CCR6 and CCL20
expression was found to be upregulated in the spinal
cord,?? and CCRé6-deficient mice showed a milder devel-
opment of EAE compared with wild-type mice.”>> CCL20
and CCR6 also play an important contribution to the
pathogenesis of IBD by regulating the delicate balance
of Th17 and Tregs.”>*?> Data from these results indicate
that the CCL20/CCR6 axis is implicated in the patho-
genesis of autoimmune diseases and that antibodies or
antagonists to CCR6 or CCL20 hold promise as an intrigu-
ing treatment tactic to ameliorate neuroinflammation and
autoimmunity.

A human monoclonal antibody (MOR103) to GM-CSF
was well tolerated in randomized clinical trials and showed
preliminary evidence of efficacy in RA (NCT01023256) but
little improvement in the severity of MS (NCT01517282).
Additional animal experiments and clinical trials are
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certainly needed to gain more insight into the pivotal roles
of the CCL20/CCR6 axis in human disease.

3.5 | The CXCL5/CXCR2 axis
3.51 | Basics of the CXCL5/CXCR2 signaling
axis

CXCLS5, previously named epithelial neutrophil-activating
peptide-78 (ENA-78), is characterized by its ability to
recruit neutrophils during the immune response,?’?>°
contribute to angiogenesis and reshape the connective
tissue.””” CXCLS5 is secreted by cells stimulated by the
inflammatory cytokines IL-1 or TNF-a, whereas many
immune cells (e.g., macrophages,”® eosinophils®*’) and
nonimmune cells (e.g., mesothelial cells*° and cancer-
associated fibroblasts®®') are also capable of expressing
CXCLS5. In addition, the secretion of CXCL5 and IL-18 in
TME interferes with the maturation of functional DCs,
and CXCLS5 expressed in eosinophils inhibits the secretion
of IFN-y.%%? CXCLS5 activates downstream signaling path-
ways by binding to the IL-8B receptor, which later became
known as CXCR2 and is highly expressed on neutrophils,
although CXCR2 also binds to other ligands, including
CXCLI-3 and CXCL6-8.”

3.5.2 | The CXCL5/CXCR2 signaling axis in
cancer progression

The relationship between the CXCL5/CXCR2 signaling
axis and carcinogenesis is increasingly being recognized.
Abnormal elevations of CXCL5 and/or CXCR2 proteins
have been noted in as many as 14 distinct malignant tumor
types, including but not limited to CRC,%**?** nonsmall
cell lung cancer,”® breast cancer,”®® bladder cancer,’®’
nasopharyngeal carcinoma,’*® and so on. The expression
intensity of CXCL5 was also detected in line with the malig-
nancy degree, metastasis, and survival of cancer patients,
which provides new potential for clinical application.?’
The CXCL5/CXCR?2 signaling axis can also indirectly pro-
mote tumor progression via modulating the function of
various immune cells within the TME. For instance,
Zhou et al.?®® discovered that CXCL5 might contribute to
the likelihood of tumor metastasis and recurrence in a
mouse intrahepatic cholangiocarcinoma model via recruit-
ing intratumoral neutrophils. Overexpression of CXCL5 on
HCC stem cell-like cells recruits immunosuppressive neu-
trophils and promotes lymphatic metastasis of tumor cells
through binding CXCR2.?” MDSCs in breast and renal
cell carcinomas were shown to be related to tumor grade
and positively correlated with CXCL5 expression.?’"?7?

In addition, a positive correlation was noted between
CXCL5 expression and the number of CDS8™ T cells,
CD11b*MMP9*Ly6G™* granulocytes and macrophages in
colorectal and pancreatic cancers.’**?7

Because of CXCL5’s chemotactic effect on vascular
endothelium, it is also considered to be a potent angio-
genic factor. In animal studies of bladder, renal cell, and
CRCs, CXCLS5 secreted by tumor cells binds its recep-
tor CXCR2 and activates the downstream AKT/NF-xB
signaling pathway, thereby stimulating the proliferation
and aggregation of endothelial cells.”’**?’® Data from sev-
eral sources have identified the involvement of CXCL5
in the proliferation of other types of tumor cells, such
as prostate cancer,”’”’ lung cancer,”® cervical cancer,”’®
hepatoblastoma,?’”” osteosarcoma,’®’ and papillary thyroid
carcinoma.”®! In addition, the levels of CXCL5 were sig-
nificantly higher in the lymph node metastatic tissue of
head and neck squamous cell carcinomas than those in
the primary tumor area.’®*?%3 CXCLS5 expression was also
stronger in HCC cell lines with high metastatic poten-
tial than that in their less aggressive counterparts, due to
its ability to strongly activate the ERK1/2 and PI3K/AKT
signaling pathways in tumor cells.?%*2%

3.5.3 | The CXCL5/CXCR2 axis in
inflammatory diseases

Due to the strong chemotactic effect of CXCL5 on neu-
trophils, its role in regulating the inflammatory response
has been widely noted. In a study of mechanical pain sen-
sitization caused by ultraviolet B (UVB), Dawes et al.”%
explored changes in all chemokines and inflammatory
factors in inflamed skin sites in humans and rats after
UVB exposure. It was found that CXCL5 expression was
most significantly elevated in the inflamed skin. Moreover,
CXCL5 injection via the plantar area triggered a dose-
dependent decrease in mechanical pain threshold in rats,
a result that reveals for the first time the mechanism of
CXCLS5 involvement in chronic inflammatory pain.?®° In
addition, Xu et al.?” found that the expression of CXCL5
and its receptor CXCR2 was elevated notably in spinal
cord neurons of rats with chronic constriction injury of the
sciatic nerve, and that the CXCL5/CXCR2 pathway regu-
lated the phosphorylation of glycogen synthase kinase-3
(GSK-3pB), which induced neuropathic pain in rats. Mild
inflammation promotes retinal ganglion cell (RGC) sur-
vival and axonal regeneration after optic nerve (ON) injury
with the involvement of infiltrating macrophages and neu-
trophils. Interestingly, the expression of Cxcl5 and Cxcr2
is increased when the ON and lens are injured. In retinal
graft cultures, the addition of recombinant CXCL5 pro-
moted RGC survival and neurite growth with an increase
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in the number of activated microglia, a phenomenon that
was inhibited by the CXCR2 antagonist SB225002.%%

In pulmonary inflammation, the polymorphonuclear
neutrophils (PMNs) recruited from the blood are essen-
tial for alveolar space defense and pathogen clearance.
However, when PMNs are extensively translocated into
the interstitial and alveolar spaces of the lung, they
can lead to uncontrolled immune responses.”®® CXCR2
is obviously upregulated in airway epithelial cells dur-
ing acute exacerbations of chronic obstructive pulmonary
disease (COPD), and there is a significant positive cor-
relation between CXCR2 expression and the number of
neutrophils. Blocking CXCR2 reduced the proportion of
neutrophils in bronchoalveolar lavage fluid in a mouse
model.””° Asthma is also a chronic inflammatory disease
of the lungs, and although the role of neutrophils in sta-
ble asthma is unclear, a significant increase is observed
in late responses to stimulation or asthma exacerbation,
accompanied by increased levels of CXCL5 and CXCR2.%!
CXCL5 and its receptor CXCR2 were overexpressed in
lung tissue of acute respiratory distress syndrome (ARDS)
through the upregulation of MMP-2 and MMP-9.? In
addition, CXCL5-neutralizing antibodies effectively atten-
uated the inflammatory response, diffused alveolar injury
and pulmonary edema, and reduced the expression levels
of MMP-2 and MMP-9 in ARDS mouse models.””> Fur-
ther studies confirmed that CXCR2 is essential for the
development of autoantibody-mediated arthritis and that
it upregulates the expression of the corresponding ligands
CXCL1, CXCL2, and CXCL5.%%2%

The results of these studies suggest that blocking
CXCL5/CXCR2 signaling appears to be a promising strat-
egy for a wide range of inflammatory diseases and that
in-depth studies of this pathway are warranted.

3.5.4 | Therapeutic strategies targeting the
CXCL5/CXCR2 axis

In recent years, the CXCL5/CXCR2 axis has received
increasing attention for its potential in cancer screen-
ing, tumor prognosis and personalized anticancer therapy.
First, in vivo tests have shown that blocking CXCL5 or
applying CXCR2 antagonists can slow disease progression
by blocking the AKT/NF-xB signaling pathway, thereby
effectively reducing the blood supply to the tumor.?*
In addition, CXCL5-neutralizing antibody-treated mice
showed reduced metastasis of breast cancer cells, mainly
through inhibition of ERK/Snail signaling.”” Meanwhile,
therapeutic strategies targeting CXCL5/CXCR2 in combi-
nation with chemotherapy or immunotherapy have being
explored. For example, in a mouse lung cancer model,
CXCL5 antibodies synergistically enhanced the therapeu-

tic effect of the tyrosine kinase inhibitor gefitinib through
activating the AKT/NF-xB and ERK/RSK1/2 signaling
pathways.””® Additionally, the CXCR2 antagonist SCH-
527123 not only inhibited tumor proliferation, invasion,
and angiogenesis, but also enhanced the sensitivity of
CRC to oxaliplatin treatment.”® In a phase I clinical
trial of patients with human epidermal growth factor
receptor-2 negative metastatic breast cancer, a 30% respon-
siveness was observed for orally administered noncom-
petitive CXCR1/2 antagonist reparixin adjuvant to pacli-
taxel, and there was no pharmacokinetic effect between
the two drugs (NCT02001974). Navarixin (MK-7123), a
CXCR2/CXCR1 antagonist with oral bioavailability, is cur-
rently evaluated in clinical trials for its efficacy and
safety in advanced/metastatic solid tumors, psoriasis, and
COPD (NCT03473925, NCT00684593, NCT00688467, and
NCT01006616). Danirixin, another selective CXCR2 antag-
onist with high affinity, is able to effectively inhibit the
binding of CXCL8 (IL-8) to CXCR2, and several clinical
trials have focused on its improvement of lung func-
tion in patients with mild to severe COPD (NCT03136380,
NCT03250689, NCT03034967, and NCT02130193).

3.6 | The CXCL9, -10, -11/CXCR3 axis
3.6.1 | Introduction to the CXCL9, -10,
-11/CXCR3 axis

CXCL9, -10, and -11 are selective ligands of CXCR3. These
ligands are primarily produced by cancer cells, endothe-
lial cells, fibroblasts, and monocytes, and are commonly
expressed at low levels in the homeostatic state, but are
upregulated when stimulated by cytokines, such as TNF-a
and IFN-y.??%:300 CXCL9, which is referred to as monokine
induced by gamma IFN (MIG), primarily mediates lym-
phocyte infiltration into the lesion site and inhibits tumor
growth.’"! It has been reported that CXCL10, or IFN
gamma-inducible protein 10, is intensely induced by IFN-
a/f as well as IFN-y, but weakly induced by TNF-a.>%”
CXCL11 is considered the predominant CXCR3 agonist
due to its stronger potency than CXCL9 or CXCLI10, is
a major chemoattractant for effector T cells, and stimu-
lates calcium flux and receptor desensitization.**> CXCR3
is predominantly expressed on CD4* and CD8' T lym-
phocytes. In the CD4* subpopulation, CXCR3 is abundant
on proinflammatory Thl cells, but was also present on
FOXp3+ Tregs.’** It is widely believed that the CXCLO9,
-10, -11/CXCR3 signaling axis modulates immune cell
polarization and activation and directs immune cells
toward their focal sites, which include macrophages,
cytotoxic lymphocytes (CTL), and NK cells, among
others.300:305
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3.6.2 | Targeting CXCLD9, -10, -11/CXCR3 axis
for cancer therapy

Recent studies have reported that CXCR3 expression lev-
els in clinical tumor specimens correlate with metastatic
potential and patient prognosis, making it feasible to
use the CXCL9, -10, -11/CXCR3 axis as a predictor of
treatment outcomes, although the relationship between
expression of these three ligands and tumor recurrence
or metastasis remains controversial.*"*%%307 Using shRNA-
mediated silencing, Wightman et al.>’® determined that
CXCL10/CXCR3 coexpression increased tumor cell metas-
tasis and recurrence in both in vitro and in vivo analyses
of B16F1 melanoma. Simultaneous reduction of CXCR3,
CXCL9, and/or CXCL10 expression suppresses cancer
metastasis rates in melanoma,3?° CRC,!° and breast can-
cer models.*!" Data from a study on radiotherapy for
head and neck cancer showed that circulating lymphocyte
populations correlated with serum CXCL1O concentra-
tions, but not with CXCL9.>'?2 Mitsuhashi et al.>’* noted
that the pretreatment serum concentrations of CXCL10
and CXCLI11 in lung cancer patients receiving anti-PD-
1 antibodies were significantly correlated with clinical
outcomes, and identified tumor-derived CXCL10/11 as a
potential circulating biomarker for monitoring drug treat-
ment sensitivity. However, some studies have found a
contrary relationship between the expression levels of
CXCL9/CXCL10 and poor prognosis, drawing negative
conclusion for clinical development.3#:31°

Drugs that enhance the expression of paracrine CXCL9,
-10, and -11 and inactivate CXCR3 expression on cancer
cells have exhibited antitumor activity in several tumor
models. It has been suggested that blocking PD-1 check-
point in mouse colon cancer cells (MC38) resulted in
increased levels of IFN-y-induced chemokines CXCL9
and CXCLI10. In contrast, reducing CXCL9 and CXCL10
expression in animal models significantly decreased the
efficacy of anti-PD-1 drugs and limited the aggregation of
CD8* T cells within the TME.*'® In lung and renal cell
carcinoma models, intratumoral injection of CXCL9 or
CXCLI0 proteins, respectively, reduced neovascularization
and delayed tumor growth by inducing tumor-infiltrating
CXCR3" monocytes.’'*'® Additionally, a novel CXCL10
fusion protein (IP10-scFv) coadministered with CTLs suc-
cessfully induced tumor-infiltrating lymphocytes and pro-
longed survival in mice.*"” CXCL11 is a controversial target
for cancer treatment because it helps induce Tregs migra-
tion. In a mouse model of mesothelioma, selective lysing
virus transfected with CXCL11 was reported to enhance
CTL and NK cell infiltration into TME, but not CD4* T
cells.*” On the contrary, CXCLI11 expression was remark-
ably upregulated in rectal adenocarcinoma, but was not
correlated with a better prognosis in cancer patients.*”!

Pharmacological antagonism of AMG487 against CXCR3
was effective in inhibiting the proliferation of osteosar-
coma and colon cancer cells in vitro and attenuated lung
metastasis in mouse tumor models.?%%3

3.6.3 | Roles of the CXCL9, -10, -11/CXCR3
axis in neurological diseases

It has been shown that CXCR3 and its ligands are expressed
at high levels in CSF and peripheral blood of patients with
neurological disorders and are potentially useful regulators
of neuroinflammatory response.>’***> MS is a common
chronic inflammatory disease of the CNS characterized by
the damage of myelin and oligodendrocytes by inflamma-
tory cells. Early in 1999, Balashov et al.>?® reported that
CXCLI10 was expressed by astrocytes in MS brain lesions
and that CXCR3" T cells were found to be increased in the
blood of relapsed/advanced MS patients. However, treat-
ment of rats with EAE with monoclonal antibodies against
CXCL10 resulted in an increase in infiltrating CD4* Th1
cells in the CNS and an exacerbation of disease grading in
animal models, suggesting that CXCL10 may play a specific
inhibitory role in Thi-mediated disease development.*’ In
another study, Chung and Liao®*® revealed no significant
differences in time to disease onset and severity between
CXCR3-deficient (CXCR37/~) mice and wild-type mice.
However, pathological sections revealed more severe and
extensive demyelination phenomena and axonal damage
in CXCR3”/~ mice. Furthermore, in vitro studies indi-
cated that astrocytes respond to infection by upregulating
CXCL10 mRNA expression and releasing CXCL10 into the
supernatant, which is completely abolished by CXCR3
antagonists.*” Gliomas account for the majority of CNS
tumors, with glioblastoma progression involving glioma
stem cells (GSCs) that are refractory to diverse therapeutic
options. Shono et al.**" reported that CXCL10 and CXCR3
were increased in GSCs and a malignant glioma model,
celecoxib inhibited the expression of CCL2 and CXCR3
in an NF-xB-dependent manner, and in addition, silenc-
ing of CCL2 led to a decrease in GSC viability. Sharma
et al.**! used high-throughput tissue microarrays to detect
CXCR3 and CXCL10 immuno-expression in glioblastoma
multiforme (GBM) and diffuse astrocytoma (DA) tissues.
Their results showed that among 129 analyzable samples,
strong CXCR3 and CXCLI10 expression was observed in 72.7
and 50.7% of GBM cases, respectively, whereas CXCR3 and
CXCLI10 expression in DA cases was 31.8 and 24.5%, respec-
tively. Moreover, CXCR3 antagonist NBI-74330 inhibited
the growth of GL261 gliomas and increased the median
survival time of CXCR3™~ mice, whereas NBI-74330 did
not affect the infiltration of CXCR3+ NK and NKT cells
within gliomas, suggesting that CXCR3 may not be a major
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pathway for NK and NKT cells to enter gliomas.**? Xia
et al.’33 used tissues from AD patients for immunohisto-
chemistry to demonstrate extensive expression of CXCR3
in brain structures. In addition, they found that CXCL10-
positive astrocytes were also greatly increased in AD
patients compared with controls. Recently, an experiment
investigating CXCR3 antagonists in the amyloid precur-
sor protein (APP)/presenilin 1 (PS1) transgenic mouse
model of AD showed that CXCR3 antagonists increased
AP phagocytosis in microglia and ameliorated behavioral
deficits in diseased mice, suggesting that CXCR3 axis medi-
ates AD-like pathology in APP/PS1 mice and could be a
therapeutic candidate for AD.***

Taken together, the aforementioned studies indicate that
targeting the CXCL9, -10, -11/CXCR3 axis may have poten-
tial for treatment of both cancers and neurodegeneration.

3.7 | The CXCL12-CXCR4/CXCR?7
signaling axis

3.71 | Physiological role of the
CXCL12-CXCR4/CXCR?7 axis

When chemokines bind to their cognate receptors on
target cells, they will perform a range of important func-
tions within the tissues. CXCL12, also known as stro-
mal cell-derived factor-1, is the only ligand for CXCR4,
which is predominantly secreted by stromal fibroblasts,
osteoblasts, and vascular endothelial cells. CXCL12 has
been highly conserved during evolution and is one of the
most primitive chemokines.**> By interacting with CXCR4
and ACKR3, CXCLI12 is essential for the development of
the brain, cardiovascular system, hematopoietic organs,
and reproductive cells, and thus the chemokine network of
CXCL12/CXCR4/ACKR3 signaling is necessary for life.*3
Studies have shown that CXCL12 secretion is also involved
in a range of pathological processes, such as cell dam-
age, heart failure, and inflammation during chemotherapy
or after organ irradiation.**® Increased CXCLI2 expression
has also been observed in the hypoxic and proangio-
genic environment within tumors or during autoimmune
diseases.*’ Functioning as a GPCRs, CXCR4 is primarily
expressed on the surface of endothelial mature cells, pre-
cursor cells, and pericytes.**® Many factors are implicated
in the regulation of CXCR4 expression, including hypoxia,
stress, and injury, with HIF-1a being the most important
regulator.®*® Also, CXCR4 expression is influenced by IL-
17A released from T cells**” as well as IL-5, IFN-y, and
TGF-B secreted by stromal cells.**” Although CXCR7 is a
member of the GPCR family, it does not induce cellular
signaling mediated by G protein subunits (a, 5, and y),
its main role is to establish and maintain the gradient of

its ligands CXCL11 and CXCLI12 on both sides of the cell
membrane.**! The process for activating CXCR7 is as fol-
lows: CXCR?7 binds to the ligand and the CXCR7-ligand
complex is subsequently internalized by the cell mem-
brane, a process that leads to the degradation of the ligand
while the receptor moves back to the cell membrane.

The CXCL12/CXCR4 signaling axis exerts a regulatory
effect on the secretion of cytokines and chemokines, as
it is shown to induce the expression of TNF-a, IL-1a/,
CXCL5, and some other chemokines, but it does not affect
the expression of IL-2 or IFN-y.33® The CXCL12/CXCR4
axis also modulates vascular endothelial adhesion and
actin polymerization responses, as well as accommodates
the migration of bone MSCs (BMSCs) underneath and
beneath leukemic cells.>*>*** The two receptors CXCR4
and CXCR?7 can interact to form a heterodimer, which
results in enhanced CXCLI12-induced signaling via G
proteins. Compared with cells transfected with CXCR4
only, coexpression of CXCR4 and CXCR7 on HEK293
cells resulted in higher calcium flux and more §-arrestin
recruitment through activation of downstream ERK signal
cascade.>**3% The interactions between CXCL12, CXCR4,
and CXCR?7 display considerable complexity under phys-
iological conditions. When this interaction is disrupted,
regulation of this axis can influence the progression of
diseases including cancer, CNS, cardiac, and autoimmune
diseases.*30-340

3.72 | The CXCL12-CXCR4/CXCR7
contributes to cancer progression

Numerous studies have explored the role of the CXCL12-
CXCR4/CXCR?7 axis in various cancer types in recent
years.***#¢ Under the regulation of the CXCLI2-
CXCR4/CXCRY7 signaling axis, cancer tissues can exhibit
enhanced cell migration and proliferation by activating
signaling cascades within tumor cells, as well as regulate
angiogenesis and induce metastasis through the vascular
endothelial growth factor (VEGF). Thus, drugs targeting
CXCR4 and/or CXCR7 can influence cancer progression
pathways by regulating the CXCR4/CXCR7-CXCLI2 axis.
Several studies have reported that CXCL12 can stimulate
the proliferation of various tumor cell lines, includ-
ing melanoma,** glioma,*" small cell lung cancer,*"
gastric cancer,® pancreatic cancer,> and CRC.**
Moreover, CXCLI12/CXCR4 regulates EMT in sacral
chondrosarcoma,®> oral squamous cell carcinoma,*°
and glioblastoma.*’ Furthermore, the CXCL12/CXCR4
axis is also critical for tumor cell metastasis and drug
resistance in cancer therapy.®*3°° Inhibition of the
PI3K/AKT/NF-xB signaling pathway by downregulat-
ing CXCR4 significantly reduced cell proliferation and
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increased apoptosis in osteosarcoma cells.**' Notch pos-
itively controls CXCLI2/CXCR4 function in myeloma
cell lines, and in vivo blockade of Notch markedly limits
myeloma cell infiltration into bone marrow of mouse
xenografts.*** Interference with CXCR4 expression using
CXCR4 antagonist or lentivirus shRNA can effectively
inhibit tumor cell proliferation and invasion in breast
cancer,* human hilar cholangiocarcinoma,*** laryngeal
squamous carcinoma,*® and esophageal carcinoma.*®
Long et al.’®” investigated the ability to reduce the pro-
liferation of HEC-1-A cells after inhibiting higher mRNA
and protein expression levels of CXCR4 and CXCR?7 in
endometrial adenocarcinoma by RNA interference. Apart
from these findings, immunohistochemistry showed that
elevated expression of CXCR7 was related to increased
tumor grade of prostate cancer, and its overexpression also
increased the release of VEGF and the proinflammatory
cytokine IL-8, which might promote the invasiveness
of tumor cells.***3% Importantly, enhanced CXCR7
expression was associated with poor prognosis in patients
with prostate cancer and glioblastoma, suggesting that
CXCR7 may serve as a prognostic biomarker for these
two tumors.*’>*”! In an animal model of prostate cancer,
coadministration of CCX771 (a CXCR?7 inhibitor) and
enzalutamide remarkably inhibited tumor growth and
macrovascular formation, thus suppressing the drug
resistance of enzalutamide.*’?

3.7.3 | Other diseases involved in
CXCL12-CXCR4/CXCR?7 regulation

CXCL12 is involved in the release of inflammatory fac-
tors during the immune process and may influence the
pathogenesis of atherosclerosis and osteoarthritis.>’>"
CXCL12 from the subchondral layer binds to CXCR4 in
chondrocytes and induces articular cartilage degenera-
tion by promoting a shift of TGF-{ receptor type I (TSRI)
from activin receptor-like kinase 5 (ALK5) to ALK1 in
chondrocytes.’”® Gao et al.’”> found that CXCLI2 inter-
acted with CXCR4 to activate the GSK-343/f-catenin/TCF21
pathway, thereby reducing plasma HDL-C levels and the
efficacy of reverse cholesterol transport, inhibiting ABCA1-
dependent cholesterol efflux from macrophages, and exac-
erbating atherosclerosis. During embryonic development,
CXCR7 expression is critical for cardiovascular system
function. In vitro studies have shown that CXCL12 induced
migration of oligodendrocyte precursor cells and angio-
genesis of HUVECs through CXCR4-activated MEK/ERK
and PI3K/AKT pathways. Knockdown of CXCR4 could
also reverse these phenomena and downregulated the
MEK/ERK and PI3K/AKT pathways.’’**’” Furthermore,
CXCR?7 also facilitates cardiac remodeling by activating

endothelial cell proliferation and angiogenesis.’’”® The
gradient of CXCLI2 directs CXCR4-positive neural stem
cells to differentiate into neuronal cells, including oligo-
dendrocytes, astrocytes, and so on, toward the damaged
tissue.*”” Similarly, the redistribution of CXCLI2 due to
the increased expression of CXCR7 at the marginal sites of
endothelial cells explains the pathogenesis of MS.**" Sev-
eral modulators that have entered clinical trials targeting
the CXCL12-CXCR4/CXCR?7 signaling axis are summa-
rized in Table 2.

3.8 | The CXCL13/CXCRS5 axis
3.8.1 | A briefintroduction of the
CXCL13/CXCRS5 axis

Originally known as B cell-inducible chemokine 1 or B
lymphocyte chelator, CXCL13 forms a unisexual ligand-
receptor pair with CXCRS5 that is essential for the home-
ostatic organization of the B cell compartment of sec-
ondary lymphoid tissue. CXCLI3 is secreted constitutively
by stromal cells (e.g., follicular high endothelial vein
cells) in the B-cell region of secondary lymphoid tis-
sues (follicles), thus correctly orchestrating CXCR5" T/B
lymphocytes and macrophages from the blood into the
follicles.**'~3% CXCRS5 is also named Burkitt’s lymphoma
receptor 1 because it was initially isolated from Burkitt’s
lymphoma and its expression is detected on tonsillar B
cells as well as in all peripheral blood. Similar to other
chemokine receptors, CXCRS5 is kinetically modulated on
T cells and is upregulated on memory/effector T cells fol-
lowing T cell receptor stimulation, whereas IL-2 causes
its downregulation.*®*3% CXCRS5 shares 40% amino acid
homology with CXCR1, so when CXCL13 activates CXCRS5,
this signaling axis can lead to intracellular calcium ion
influx and induce the activation of several intracellular sig-
naling cascades, such as PI3K/AKT, MAPK/ERK, and Rac
pathways, playing a role in immune disorders as well as
tumor progression, 33438

3.8.2 | Roles of the CXCL13/CXCRS5 axis in
cancer progression

Abnormal activation of CXCL13/CXCR5 signaling has
been implicated in the development of several advanced
solid cancers as well as hematological malignancies. For
instance, expression of CXCL13 and/or CXCRS5 correlates
significantly with tumorigenesis, and CXCL13 is consid-
ered a predictive factor for lung cancer progression and
early diagnosis.**”**® A recent interesting study focused
on the correlation between CXCL13 and patient prognosis
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in patients with squamous lung cancer receiving corticos-
teroids and chemotherapy.*®® This study determined that
perivascular CXCLI13-positive niches induced the form-
ing of tertiary lymphoid structures, which was correlated
with better patient survival. However, studies also have
shown that treatment with steroids compromised the for-
mation of these tertiary lymphoid structures, compared
with those who were untreated.’®® There is also evidence
that CXCL13 secreted by PD-1 high expressing tumor infil-
trating CD8+ lymphocytes helps to induce other immune
cell subsets into TME, including B lymphocytes and T fol-
licular helper cells (TFH cells). Moreover, CXCL13 and
CXCL13+ immune cells in the TME of nonsmall cell lung
cancer strongly predicted patients’ response to anti-PD-1
therapy, correlating with improved durable response and
prolonged 0S.3*° It seems that there is a strong correla-
tion between the CXCL13/CXCRS5 axis and breast cancer
progression, which have been verified in several studies.
Using microarray analysis, CXCL13 was found to be the
most overexpressed chemokine in breast cancer tissues
when normal breast tissues were used as controls, while a
positive correlation was identified between the expression
of CXCLI3 and CXCR5.*! In addition, expression levels
of CXCL13 and CXCRS5 could be potential biomarkers for
diagnosis and prognosis for breast cancer.**>-*** Of inter-
est, the results of a recent in vitro study have suggested that
an anti-CXCLI13 antibody reduced the levels of activated
ERK and cyclin D1 and potentiated the cleavage of caspase-
9, thereby reducing the viability of MDA-MB-231 breast
cancer cells.’®® Furthermore, treatment with the anti-
CXCLI13 antibody inhibited ERK activation and slowed
tumor growth in a 4T1 mouse model of breast cancer, thus
providing a rationale for clinical trials targeting CXCL13.3%
Immunohistochemical analysis of specimens from vari-
ous tumors (including ovarian cancer,”’ CRC,**® prostate
cancer,’” melanoma,*®® clear renal cell carcinoma,*®!
and nasopharyngeal carcinoma*’?) showed that CXCL13
and CXCRS5 were markedly elevated in tumors, as com-
pared with normal tissue, and contributed to the ability of
tumor cells to proliferate, migrate, and invade, ultimately
affecting tumor progression, metastasis, and OS. Eluci-
dating CXCL13/CXCRS5 signaling effects and downstream
signaling pathways will help investigate the molecular
mechanisms that control tumor progression and responses
to targeted therapies, accelerating the translation of drug
research into clinical precision medicine.

3.8.3 | The CXCL13/CXCRS5 axis in
autoimmune and infectious diseases

The formation of CXCL13/CXCRS5-derived tertiary lym-
phoid structures has been associated with the evolution of

a divergent range of diseases, including MS, myasthenia
gravis, Sjogren’s disease, RA, bullous pemphigoid, Graves
thyroiditis, and infectious diseases. We already know
that abnormal lymphocyte aggregates develop within the
affected synovial membrane in patients with RA, and in
fact, intense expression of CXCL13 mRNA and protein was
detected in areas of B-lymphocyte aggregation, thus facil-
itating endothelial progenitor cell homing and angiogen-
esis during RA progression.**® A similar role of CXCL13
and/or CXCRS5 in regulating the formation of ectopic
lymphoid structures was subsequently found in myas-
thenia gravis,*** Sjogren’s syndrome,**> and SLE.**° Fur-
ther, the expression levels of CXCL13 are associated with
the progression and unfavorable prognosis of the above-
mentioned diseases and has been suggested as a biomarker
to predict the progression of these diseases. Indeed, the
CXCL13/CXCRS5 axis not only affects the abnormal activity
and differentiation of B cells, but also involves the drive of
TFH cells. For example, CXCR5+/CD4+ T cells in circula-
tion were similar to TFH cells and have been noted in SLE
patients, and they are also engaged in promoting the dif-
ferentiation of pathological B cells and are associated with
disease progression.*’

Before the cloning of CXCL13, CXCR5 was determined
to be as a coreceptor required during HIV-2 infection of
host cells, rendering TFH cells vulnerable to viral infec-
tion. During HIV infection, the expression of CXCL13 and
CXCRS5 was demonstrated to be dysregulated, for exam-
ple, as HIV infection progressed, the number of CXCR5+ B
lymphocytes decreased, whereas plasma levels of CXCL13
increased.*® Subsequent studies confirmed the elevation
of serum CXCLI13 levels during chronic HIV infection
and demonstrated an association of CXCLI3 secretion
with both viral load and disease progression.*’8-#10 Lj
et al.*'! revealed that in patients with chronic hepatitis B
(CHB), CXCR5*CDS8™ T cells were partially depleted but
possessed greater antiviral capacity than the CXCR5™ sub-
population; furthermore, the CXCL13 from CHB patients
promoted the infiltration of intrahepatic CXCR5tCD8*
T cells, a subpopulation that produces anti-HBV-specific
IFN-y and IL-21 and improves treatment response in CHB
patients. Notably, administration of CXCR5*CDS8™ T cells
to CHB mice resulted in a significant reduction in HBsAg
expression in the same study. Intriguingly, overexpres-
sion of CXCL13 was detected in the muscles of monkeys
chronically infected with the Lyme disease pathogen Bor-
relia burgdorferi, but the bacterium did not appear to
have an effect on plasma levels of CXCL13 chemokines.
In contrast, once B. burgdorferi infected the CNS, con-
stitutively elevated levels of CXCL13 were observed in
the CSF, contributing to the formation of ectopic lym-
phoid tissue within the CNS.*"> Neurosyphilis is often an
advanced manifestation of a long-term infection, usually
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chemokines/chemokine receptor axes that predominantly affect the progression of tumors and the immune response during inflammation.

Development of drugs targeting chemokines or their receptors is a potential strategy for the treatment of these diseases (the figure was created
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presenting as stroke-like symptoms or chronic meningi-
tis. CXCL13 is also thought to be implicated in infection
with Treponema pallidum (the causative agent of syphilis),
with CXCL13 levels within the CSF of syphilis patients
being 100-fold higher than those in uninfected individu-
als. Pathologically, activation and enrichment of B cells
and ectopic germinal centers were observed in the CNS of
neurosyphilis patients, suggesting that T. pallidum infec-
tion leads to overexpression of CXCL13 in the CFS, causing
a strong humoral response that promotes destruction of
neural tissue.*"

4 | CONCLUSIONS

The chemokine system is an extraordinarily complex
defense entity in the body, consisting of a huge array of
interplaying ligands, receptors, and regulatory molecules
that are involved in various cellular processes. Among
them, chemotaxis of immune cells (especially lympho-
cytes) is its core biological function, but its impact goes
far beyond that. The contribution of the chemokine net-
work in physiopathological processes is enormous, involv-
ing organ development, immune surveillance, inflamma-
tion, infection, as well as innate and adaptive immune

responses. It has conclusively been shown that the
chemokine/chemokine receptor axis has a tumorigenic
role in many different cancer models and clinics (Figure 4)
and is also involved in immunosuppression and protective
TME formation and can serve as prognostic bioindica-
tors for many hematologic tumors as well as solid tumors.
Modulation of the expression of chemokines or their
homologous receptors on tumor cells or immune cells in
TME provides a basis for the exploitation of new drugs
for clinical evaluation in cancer immunotherapy. In fact,
in addition to its vital role in tumors, almost all inflam-
matory diseases involve chemokines and their receptors in
one way or another. Nevertheless, many unknown aspects
of the role of chemokines and chemokine receptors in
human disease remain to be unfolded, which necessitates
strong efforts in much more basic animal studies as well as
clinical researches.
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