Advances in Experimental Medicine and Biology 1231

Alexander Birbrair Editor

Tumor
Microenvironment

The Role of Chemokines — Part A

@ Springer



Advances in Experimental Medicine
and Biology

Volume 1231

Series Editors

WimE. Crusio, Institut de Neurosciences Cognitives et Intégratives d’ Aquitaine,
CNRS and University of Bordeaux UMR 5287, Pessac Cedex, France

John D. Lambris, University of Pennsylvania, Philadelphia, PA, USA
Heinfried H. Radeke, Institute of Pharmacology & Toxicology, Clinic of the
Goethe University Frankfurt Main, Frankfurt am Main, Germany

Nima Rezaei, Research Center for Immunodeficiencies, Children’s Medical
Center, Tehran University of Medical Sciences, Tehran, Iran



Advances in Experimental Medicine and Biology provides a platform for
scientific contributions in the main disciplines of the biomedicine and the life
sciences. This series publishes thematic volumes on contemporary research
in the areas of microbiology, immunology, neurosciences, biochemistry,
biomedical engineering, genetics, physiology, and cancer research. Covering
emerging topics and techniques in basic and clinical science, it brings together
clinicians and researchers from various fields.

Advances in Experimental Medicine and Biology has been publishing
exceptional works in the field for over 40 years, and is indexed in SCOPUS,
Medline (PubMed), Journal Citation Reports/Science Edition, Science
Citation Index Expanded (SciSearch, Web of Science), EMBASE, BIOSIS,
Reaxys, EMBiology, the Chemical Abstracts Service (CAS), and Pathway
Studio.

2018 Impact Factor: 2.126.

More information about this series at http://www.springer.com/series/5584


http://www.springer.com/series/5584

Alexander Birbrair
Editor

Tumor
Microenvironment

The Role of Chemokines — Part A

@ Springer



Editor

Alexander Birbrair

Department of Radiology

Columbia University Medical Center
New York, NY, USA

Department of Pathology
Federal University of Minas Gerais
Belo Horizonte, Minas Gerais, Brazil

ISSN 0065-2598 ISSN 2214-8019 (electronic)
Advances in Experimental Medicine and Biology
ISBN 978-3-030-36666-7 ISBN 978-3-030-36667-4  (eBook)

https://doi.org/10.1007/978-3-030-36667-4

© Springer Nature Switzerland AG 2020

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, expressed or implied, with respect to the material
contained herein or for any errors or omissions that may have been made. The publisher remains
neutral with regard to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Switzerland AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland


https://doi.org/10.1007/978-3-030-36667-4

Preface

This book’s initial title was Tumor Microenvironment. However, due to the
current great interest in this topic, we were able to assemble more chapters
than would fit in one book, covering tumor microenvironment biology from
different perspectives. Therefore, the book was subdivided into several
volumes.

This book Tumor Microenvironment: The Role of Chemokines — Part A
presents contributions by expert researchers and clinicians in the multidisci-
plinary areas of medical and biological research. The chapters provide timely
detailed overviews of recent advances in the field. This book describes the
major contributions of different chemokines in the tumor microenvironment
during cancer development. Further insights into these mechanisms will have
important implications for our understanding of cancer initiation, develop-
ment, and progression. The authors focus on the modern methodologies and
the leading-edge concepts in the field of cancer biology. In recent years,
remarkable progress has been made in the identification and characterization
of different components of the tumor microenvironment in several tissues
using state-of-the-art techniques. These advantages facilitated the identifica-
tion of key targets and definition of the molecular basis of cancer progression
within different organs. Thus, the present book is an attempt to describe the
most recent developments in the area of tumor biology, which is one of the
emergent hot topics in the field of molecular and cellular biology today. Here,
we present a selected collection of detailed chapters on what we know so far
about the chemokines in the tumor microenvironment in various tissues.
Eight chapters written by experts in the field summarize the present knowl-
edge about distinct chemokines during tumor development.

Melissa J. Conroy and Joanne Lysaght from Trinity College Dublin discuss
the role of CX3CLI in the tumor microenvironment. Evangelos Terpos and
colleagues from the University of Athens School of Medicine describe CCL3
signaling in the tumor microenvironment. Naofumi Mukaida and colleagues
from Kanazawa University compile our understanding of CCL4 signaling
within the tumor. Yeo Song Lee and Yong Beom Cho from Sungkyunkwan
University update us with what we know about CCL7 signaling in the tumor
microenvironment. Neo Shi Yong and Lundqvist Andreas from Karolinska
Institutet summarize current knowledge on the multifaceted roles of CXCL9
within the tumor microenvironment. Suling Liu and colleagues from Fudan
University address the importance of CCL20 signaling in the tumor microen-
vironment. Sherven Sharma and colleagues from David Geffen School of
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Preface

Medicine at UCLA focus on how CCL21 programs immune activity in the
tumor microenvironment. Finally, David Anz and colleagues from Ludwig
Maximilian University of Munich give an overview of CCL22 signaling in
the tumor microenvironment.

It is hoped that the articles published in this book will become a source of
reference and inspiration for future research ideas. I would like to express my
deep gratitude to my wife Veranika Ushakova and Mr. Murugesan Tamilselvan
from Springer, who helped at every step of the execution of this project.

Belo Horizonte, Minas Gerais, Brazil Alexander Birbrair
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CX3CL1 Signaling in the Tumor
Microenvironment

Melissa J. Conroy and Joanne Lysaght

Abstract

CX3CL1 (Fractalkine) is a multifunctional
inflammatory chemokine with a single recep-
tor CX3CRI1. The biological effects elicited by
CX3CL1 on surrounding cells vary depending
on a number of factors including its structure,
the expression pattern of CX3CR1, and the cell
type. For instance, the transmembrane form of
CX3CL1 primarily serves as an adhesion mol-
ecule, but when cleaved to a soluble form,
CX3CL1 predominantly functions as a chemo-
tactic cytokine (Fig. 1.1). However, the bio-
logical functions of CX3CL1 also extend to
immune cell survival and retention. The pro-
inflammatory nature of CX3CRI-expressing
immune cells place the CX3CL1:CX3CRI1
axis as a central player in multiple inflamma-
tory disorders and position this chemokine
pathway as a potential therapeutic target.
However, the emerging role of this chemokine
pathway in the maintenance of effector mem-
ory cytotoxic T cell populations implicates it
as a key chemokine in anti-viral and anti-
tumor immunity, and therefore an unsuitable

therapeutic target in inflammation. The
reported role of CX3CL1 as a key regulator of
cytotoxic T cell-mediated immunity is sup-
ported by several studies that demonstrate
CX3CL1 as an important TIL-recruiting che-
mokine and a positive prognostic factor in
colorectal, breast, and lung cancer. Such
reports are conflicting with an overwhelming
number of studies demonstrating a pro-
tumorigenic and pro-metastatic role of
CX3CL1 across multiple blood and solid
malignancies.

This chapter will review the unique struc-
ture, function, and biology of CX3CLI1 and
address the diversity of its biological effects
in the immune system and the tumor micro-
environment. Overall, this chapter high-
lights how we have just scratched the surface
of CX3CL1’s capabilities and suggests that
further in-depth and mechanistic studies
incorporating all CX3CL1 interactions must
be performed to fully appreciate its role in
cancer and its potential as a therapeutic
target.

M. J. Conroy (D<) - J. Lysaght

Cancer Immunology and Immunotherapy Group,
Department of Surgery, Trinity Translational
Medicine Institute, Trinity College Dublin, St James’s
Hospital, Dublin 8, Ireland

e-mail: MECONROY @tcd.ie
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M. J. Conroy and J. Lysaght

1.1 The CX3CL1:CX3CR1 Axis

C-X3-C motif chemokine ligand 1 (CX3CL1)is a
unique chemokine functioning in both a trans-
membrane and soluble form, unlike other chemo-
kines which are solely expressed as soluble
proteins [1]. It is a protein of 373 amino acids
forming three main domains: chemokine, mucin-
like stalk, and transmembrane [1]. In its trans-
membrane form CX3CLI1 functions in immune
cell adhesion in an integrin-independent manner
(Fig. 1.1) [2, 3]. The mucin-like stalk facilitates
cleavage of CX3CL1 by metalloproteases: ADAM
metallopeptidase domain 10 (ADAMI10) under
homeostatic conditions and ADAM metallopepti-

ADAM10/ADAM17

CX3CL1
Extracellular
space

CX3CR1 ——>
Ga
By

Ga
By

Migration
and
Adhesion

dase domain 17 (ADAM17) under inflammatory
conditions [4, 5]. Such cleavage releases the solu-
ble glycoprotein form of CX3CL1, in which it
primarily functions as a chemotactic cytokine [1].
CX3CL1 has also been shown to mediate immune
cell survival and has been recently described in
the maintenance of memory populations of cyto-
toxic T cells [6-11]. The distinct biological effects
of CX3CL1 are mediated through its sole receptor
CX3CRI, which is expressed by CD8* T cells,
natural killer (NK) cells, B cells, monocytes, mac-
rophages, neurons, microglia, smooth muscle
cells, and even tumor cells in malignancies such
as pancreatic cancer, multiple myeloma, B-chronic
lymphocytic leukemia (B-CLL), and metastatic

Chemokine moiety

—

Cleavage into
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Immune cell migration
« Resolution of infection
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ligand (TRAIL)
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Fig. 1.1 The diverse biological functions of CX3CLI.
CX3CL1 is expressed as a transmembrane protein which
can be cleaved into a soluble form and secreted into the
extracellular space. In its transmembrane form, it predom-
inantly functions in adhesion. In a soluble form, it func-

« Obesity-associated inflammation
« Asthma

Tumor metastasis

« Lymph node metastasis of lung cancer

« EMT in prostate cancer

« Spinal metastasis of primary lung,
kidney, breast and prostate tumors

tions as a survival factor and a chemotactic cytokine. Its
biological effects on cell migration can enable crucial
immune responses but have also been implicated in
chronic inflammation and tumor metastasis [1-5, 8,9, 11,
16, 24, 27, 30, 50-54]
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prostate cancer [1, 3, 12-17]. The biological
effects of CX3CLI are also determined by the dif-
ferential expression of CX3CR1, which can be
epigenetically regulated by immune cells [10].
Specifically, higher CX3CR1 expression by
IL-7Ral®¥ effector memory (EM) CD8* T cells is
accompanied by higher levels of DNA methyla-
tion of the CX3CR1 gene promoter and this con-
fers increased migratory capacity toward
CX3CLI1, in contrast to the functionally distinct
IL-7RaMeh EM CD8* T cell subset [10]. Therefore,
since IL-7Ro®¥ EM CD8* T cells have higher lev-
els of perforin, it is likely that they have greater
cytotoxic potential than IL-7RaMs" EM CD8* T
cells and this implicates CX3CL1 as a pivotal
player in anti-tumor and anti-viral immunity [10].
Moreover, CX3CL1 has been shown to differenti-
ate CX3CRI1* pro-inflammatory macrophages in
the liver implicating it in macrophage-mediated
hepatic inflammation [18].

The redundancy of the chemokine system is
an essential fail-safe for the functionality of the
immune system and may present challenges for
effectively therapeutically targeting specific
pathways. For a long time, it was believed that
the CX3CL1:CX3CR1 axis lacked this redun-
dancy and comprised an exclusive ligand and
receptor pair, which increased the attractiveness
of this pathway for therapeutics [3]. However, in
2010 Nakayama et al. unexpectedly discovered
that the chemokine CCL26 is a functional ago-
nist for CX3CR1 [3, 12]. CCL26 was already
established as an antagonist for chemokine
receptors CCR1, CCR2, and CCRS, and a low-
affinity agonist for CCR3 with 10-fold less affin-
ity than CCL11 [19-21]. Therefore, CCL26 is
regarded as an interesting and widely interacting
chemokine, albeit a low-affinity chemokine; it
has dual agonist and triple antagonist capabili-
ties. CCL26 is classically regarded as a pivotal
player in allergy and its ability to recruit
CX3CR1-expressing cells adds another layer of
complexity to the CX3CL1:CX3CR1 axis. In
fact, it has been shown to work together with
CX3CL1 to recruit NK cells to allergic nasal tis-
sue [22]. This highlights the need for consider-
ation of CCL26 in any future studies scrutinizing
the role of CX3CL1 in cancer.

While the CX3CL1:CX3CR1 pathway is
important in the recruitment of key anti-tumor
immune cells such as NK cells and T cells, it has
been implicated in the progression and metasta-
sis of both hematological and solid malignancies
[1-3, 13-16, 23-31]. Here, we review key stud-
ies uncovering this chemokine pathway to evalu-
ate whether CX3CL1 is a friend or foe in
tumorigenesis.

1.2 Pro- and Anti-Tumor Immune

Roles of CX3CL1

There are a number of conflicting studies on the
role of CX3CLI in anti-tumor immunity.
Numerous reports implicate CX3CL1 as a potent
recruiter of NK cells and T cells into the tumor
microenvironment and a crucial promoter of
strong anti-tumor activity [25, 32-35]. Recent
studies have identified CX3CR1 as a novel
marker of effector memory CD8* T cells and a
potential marker of PD-1 therapy-responsive and
chemotherapy-resistant CD8* T cell subsets,
implicating the importance of this chemokine
pathway in successful anti-tumor immune
responses and response to immunotherapy [7,
36]. In a case study of 158 patients with T2/T3
stage gastric adenocarcinoma, higher CX3CL1
levels were shown to correlate with higher infil-
trations of CD8" T cells and NK cells and were
identified as independent prognostic factors for
disease-free survival [37]. Similar results were
reported in a cohort of 80 colorectal cancer
patients in which intratumoral CX3CL1 posi-
tively correlated with better prognosis and higher
density of tumor-infiltrating lymphocytes (TILs)
[38]. Similarly in 204 invasive breast carcinoma
patients, intratumoral CX3CL1 levels positively
correlated with higher tumor infiltrations of NK
cells, T cells, and dendritic cells (DCs) and were
identified as independent prognostic factors for
disease-free and overall survival [39].
Interestingly, high intratumoral CX3CL1 expres-
sion was associated with smaller tumor size and
lower tumor stage regardless of receptor status,
i.e., estrogen receptor (ER* and ER™), progester-
one receptor (PR*and PR™), and human epidermal
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growth factor receptor 2 (HER2* and HER2")
[39]. Moreover, high intratumoral CX3CL1 was
more prevalent in patients without lymph node
metastasis further supporting a positive role for
this chemokine in controlling breast cancer pro-
gression [39]. Unsurprisingly, intratumoral
CX3CLI1 positively correlated with higher tumor-
infiltrating lymphocytes (TILs) in a second breast
cancer study [40]. However in contrast to the
Park et al. study, this study revealed that high
CX3CL1 levels observed in 252 of the 757
patients corresponded with reduced survival and
poorer clinical outcomes such as lymph node
involvement, high Ki67, a-B crystallin expres-
sion, and luminal B (worse prognosis luminal
cancers) subtype [40]. Such adverse clinical out-
comes were mostly observed in the patients with
the lowest TILs suggesting that the complex and
multifaceted functions of CX3CL1 in breast car-
cinoma requires further scrutiny and more in-
depth immune profiling among multiple cohorts
using comparable measures of high and low
CX3CL1 expression before definitive conclu-
sions can be drawn [40]. As we will discuss later,
other studies have focused on the pro-tumorigenic
role of CX3CLI1 in breast cancer, which may
negate any positive effects this chemokine has on
anti-tumor immunity [26, 27, 31, 40].

To address the concept of CX3CL1 as a pro-
tumor chemokine, it must first be noted that sev-
eral studies have identified it as a key recruiter of
tumor-associated macrophages (TAMSs) into the
tumor microenvironment and recent reports have
uncovered soluble and molecular regulators of
these processes [23, 41]. Zhou et al. reported that
CX3CL1 correlates with increasing tumor stage
in a cohort of 38 lung cancer patients, comprising
23 cases of squamous cell carcinoma and 15 cases
of adenocarcinoma ranging in stage from I to
IV. Schmall et al. demonstrated that this could
potentially be mediated via the recruitment of
TAMs into non-small cell lung carcinomas by
CX3CL1 and CCL2. These data revealed that
macrophage-derived IL-10 within the tumor
microenvironment mediated the upregulation of
CX3CR1, while tumor-derived CX3CL1 and
CCL2 expression was driven by CCL1, granulo-
cyte colony-stimulating factor (G-CSF), and

CCL3 [41]. Furthermore, genetic ablation of
CX3CL1 and CCL2 inhibited tumor growth and
metastasis, shifted TAMs toward an anti-tumor
M1 phenotype, and suppressed tumor vessel
growth suggesting that blockade of these chemo-
kine pathways might have therapeutic potential to
block TAM-mediated immune suppression in
lung cancer [41]. Furthermore, this study demon-
strated that the prevalence of intratumoral CCR2*
TAMs correlated with tumor stage in a cohort of
72 non-small cell lung cancer patients providing
further evidence that CX3CL1 and CCL2 contrib-
ute to lung tumor progression [41]. While the pre-
vious studies provide insights into CX3CL1’s role
in lung cancer progression, a larger study examin-
ing datasets for 2443 patients across France,
Sweden, Canada, and the USA was reported using
data from The Gene Expression Omnibus data-
base and The Cancer Genome Atlas and con-
cluded that higher levels of intratumoral CX3CL1
mRNA was associated with improved overall sur-
vival in lung adenocarcinoma but not lung squa-
mous cell carcinoma [42]. Such CX3CLI1
expression was associated with genes regulating
cell adhesion, leukocyte migration, T cell activa-
tion, and NK cell-mediated cytotoxicity in lung
adenocarcinoma [42]. These reports present con-
flicting conclusions on the immune repertoires
recruited to CX3CL1-expressing lung tumors and
its divergent implications on patient outcomes
might be impacted by other chemokines in the
tumor microenvironment. For instance, CX3CL1
alone might promote anti-tumor immune
responses against lung tumors, but in the presence
of CCL2, it may enhance intratumoral TAM accu-
mulation. In a testicular germ cell cancer study,
Batool et al. demonstrated that the miRNA miR-
125b is epigenetically repressed and that its resto-
ration can reduce CX3CR1 expression and TAM
recruitment in vivo, suggesting a possible means
through which TAM accumulation in the tumor
microenvironment might be regulated [23].
However, the role of miRNA miR-125b in the
recruitment of CX3CR1* CD8* T cells and NK
cells would need to be assessed before this could
be considered therapeutically.

CX3CLI1-mediated recruitment of myeloid
derived suppressor cells (MDSCs) into the tumor
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Fig. 1.2 The anti-tumor and pro-tumor roles of CX3CLI.
Schematic illustrating the biological effects of CX3CL1
exerted on immune cells and tumor cells. (a) CX3CL1
facilitates anti-tumor immune responses via chemoattrac-
tion of CD8* T cells, natural killer (NK) cells, and den-
dritic cells (DC). (b) In its transmembrane form, CX3CL1
facilitates cell adhesion and transendothelial migration.

microenvironment is another means through
which this chemokine compromises anti-tumor
immunity and facilitates tumor progression
(Fig. 1.2) [43]. A recent study has pinpointed the
mechanisms through which CX3CRI1 expression
on MDSC is regulated and a potential means of
attenuating their CX3CL1-mediated recruitment
to tumor [43]. In brief, the cyclin-dependent
kinase (CDK) inhibitors p16INK4 and p21Cipl/
Wafl are highly expressed by monocytic MDSCs
(Mo-MDSCs) and stimulate CX3CR1 chemokine
receptor expression by preventing CDK-mediated
phosphorylation and inactivation of SMAD3 [43].
This study demonstrated that deletion of p16INK4
and p21Cipl/Wafl reduces CX3CR1 expression
on Mo-MDSC and significantly reduces their
recruitment to CX3CL1-expressing tumors, thus
suppressing tumor advancement and offering
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(¢, d) CX3CL1 has been shown to promote osteosarcoma
cell migration via intercellular adhesion molecule-1
(ICAM-1) upregulation, breast cancer cell growth via
transactivation of the epidermal growth factor (EGF)
pathway, and pancreatic cancer cell growth via hypoxia-

inducible factor (HIF)-1a [2, 3, 31, 39, 48]

therapeutic potential to prevent MDSC-mediated
immune suppression in the tumor microenviron-
ment [43]. It must be noted that other chemokines
such as CCL2, CXCL12, and CXCLS8 have also
been shown to enhance MDSC recruitment to the
tumor microenvironment in gastric and ovarian
cancers, and therefore they may offer additional
targets for use with CX3CL1-targeted therapy to
block migration of tumor-promoting immune
cells [44, 45]. Furthermore, prostaglandin E2
(PGE2) has been shown to modulate production
of some of these chemokines, which presents fur-
ther therapeutic opportunities through antagonism
of the PGE2 G-protein coupled receptors [45].
With a diverse range of reported immune
profiles and clinical outcomes accompanying
high intratumoral CX3CL1, it appears that the
biological ramifications are dependent on several
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factors including the tumor type and the condi-
tions within the tumor microenvironment. In the
absence of thorough immune profiling studies
and at a time when all biological functions of
CX3CL1 are not completely understood, it is dif-
ficult to define the role of CX3CLI in cancer and
future studies must consider a wider array of fac-
tors to truly uncover whether this multifaceted
chemokine is an enemy or ally of the anti-tumor
immune response [23, 39, 40].

1.3  CX3CL1 Exerts Direct
Biological Effects on Tumor

Progression

As previously described, CX3CL1 is a potent
driver of NK cell and CD8" T cell migration and
this in itself should make it a formidable compo-
nent in the immune system’s arsenal against
tumor growth. While several studies have demon-
strated that high intratumoral CX3CL1 levels
correspond to high TIL prevalence, there is
emerging evidence that this chemokine also plays
arole in shaping the immunosuppressive features
of the tumor microenvironment [23, 25, 37-39,
41]. Aside from governing aspects of the immune
control of tumor growth, CX3CLI1 has also been
shown to elicit direct pro-tumorigenic effects on
tumor cells through its receptor CX3CR1 and
these will be discussed in this section.
Pancreatic ductal adenocarcinoma (PDAC) is
a malignancy plagued with dismal survival rates
of ~5% and high levels of treatment resistance.
There is emerging evidence that high expression
of CX3CR1 and CX3CL1 correlates with poor
prognosis in PDAC and that CX3CL1 can directly
and indirectly promote PDAC tumor growth [17,
29, 46]. This has been the focus of several stud-
ies; a study by Huang et al. revealed significantly
elevated CX3CL1 and CX3CRI1 expression in
PDAC tumors with highest levels associated with
metastasis and severity of disease [17]. Further
analysis demonstrated that CX3CL1 could
directly enhance both growth and migration of
PDAC cells and that such growth was regulated
through the activation of the JAK/STAT signaling

pathway [17]. In support of this, a more recent
study has demonstrated that CX3CLI can pro-
mote motility, invasion, and contact-independent
growth of PDAC cells and that this can be reduced
by the CX3CRI1 inhibitor JMS-17-2 in an AKT-
dependent manner [29]. These data suggest that
the CX3CL1:CX3CRI1 axis might be therapeuti-
cally targeted to limit PDAC tumor cell growth
and metastasis [29]. Recent evidence demon-
strates that CX3CLI1 also promotes PDAC tumor
cell survival and resistance to TNF-related
apoptosis-inducing ligand (TRAIL) in an indirect
manner via the recruitment of inflammatory cells,
which in turn induces apoptosis resistance in
PDAC cells, which is mediated at least in part by
a RelA-CX3CL1 paracrine pathway [24]. This
study showed that TRAIL-resistant pancreatic
cancer cell lines exhibit enhanced NF-«B activity
compared to sensitive cell lines, and TRAIL
treatment induces CX3CL1 expression in these
cells via the RelA-centered NF-kB signaling
pathway [24]. In summary, these data reveal that
the augmented migration of inflammatory cells
conferring TRAIL resistance to PDAC tumors is
facilitated by TRAIL-mediated activation of
RelA/NF-xB and subsequent CX3CLI1 expres-
sion in such tumors (Fig. 1.1) [24].

CX3CL1-elicited effects via NF-xB activity is
not confined to TRAIL resistance and has been
shown to govern tumor progression and metasta-
sis in osteosarcoma through the regulation of
intercellular adhesion molecule-1 (ICAM-1)
[47]. This study showed that CX3CL1-induced
human osteosarcoma cell migration, via upregu-
lation of intercellular adhesion molecule-1
(ICAM-1) expression, was regulated through the
CX3CRI1/PI3K/Akt/NF-kB pathway (Fig. 1.2)
[47]. Furthermore, intratumoral levels of
CX3CL1 and ICAM-1 were associated with
tumor stage in osteosarcoma patients and further
in vivo studies revealed that lung metastases of
osteosarcomas are governed at least in part by
CX3CL1 [47]. Interestingly, such CX3CLI-
mediated regulation of [CAM-1 was not observed
in a separate study on circulating CD8* T cells
suggesting that the effects of CX3CL1 are depen-
dent on the cell type [6].
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It is well established that tumor cells must
alter their metabolic processes to survive in the
hypoxic and nutrient-depleted tumor microenvi-
ronment. A study by Ren et al. has revealed that
CX3CL1 stimulated Hypoxia-Inducible Factor
(HIF)-1a expression in PDAC through the PI3K/
Akt and MAPK pathways subsequently facilitat-
ing enhanced glucose uptake, thus identifying
CX3CL1 as a promoter of PDAC tumor cell
growth and survival in the challenging tumor
microenvironment (Fig. 1.2) [48].

While the last section highlighted CX3CL1-
mediated effects on breast cancer progression via
its cross talk with the immune system, this com-
plex chemokine has also been shown to directly
exert biological effects on breast cancer cells. For
instance, a recent study demonstrated that
CX3CL1 transactivates ErbB receptors in human
breast cancer cells and triggered proliferation of
such cells through the proteolytic shedding of an
ErbB ligand (Fig. 1.2) [31]. The group concluded
that it is likely that CX3CL1 acts as a specific
tumor promoter for ErbB2-expressing mammary
carcinomas [31].

The CX3CL1-mediated promotion of tumor
progression is not limited to solid malignancies
and has been shown in several hematological
malignancies. It is well established that CXCR4
and its ligand CXCL12 are players in the migra-
tion of myeloma cells to bone marrow and stud-
ies are uncovering a role for the
CX3CL1:CX3CRI1 axis in cross talk between
multiple myelomas and their bone microenvi-
ronments [14]. In B-cell chronic lymphocytic
leukemia (B-CLL), a study by Corcione et al.
reported that CX3CL1 binding to CX3CR1 on
B-CLL cells leads to the upregulation of
CXCR4 and increased migration of B-CLL
cells to monocyte-derived nurse like cells
(NLCs) expressing CXCLI12 in the tumor
microenvironment [15].

It is clear that CX3CL1 elicits biological
effects outside its defined function of an immune
cell adhesion and chemotactic protein and that
its role within the tumor microenvironment is
shaped by complex multicellular and molecular
cross talk.

CX3CL1 in the Metastatic
Niche

14

Emerging evidence suggests that CX3CL1 gov-
erns spinal metastasis of primary lung, kidney,
breast, and prostate tumors [16, 27]. In a study by
Liu et al., a lack of CX3CRI1 expression in such
metastatic tumors was reported and this is likely
due to sustained reduction of the receptor on the
cell surface following ligand binding [6, 27]. So
far, such CX3CLI1-mediated internalization of
CX3CRI has only been reported on CD8* T cells
and further work is warranted to determine
whether this also occurs in cancer cells and to
confirm the biological ramifications [6]. However,
others have shown that both CX3CLI and
CX3CRI expression is higher in prostate meta-
static tumors in spine compared to the primary
tumor site and that CX3CR1 overexpression
leads to more spinal metastasis in mice [16, 27].
Further analyses revealed that CX3CL1 elicited
its effects on prostate tumor metastasis via activa-
tion of the Src/FAK pathway in an epidermal
growth factor receptor (EGFR)-dependent man-
ner [16]. The inhibitors of these kinases repressed
the cell migration induced by CX3CL1 or
CX3CRI overexpression and therefore may rep-
resent potential targets for preventing spinal
metastasis in prostate cancer [16]. Others have
also implicated CX3CL1-mediated spinal metas-
tasis of breast tumors via the Src/FAK pathway
and have demonstrated that the Src inhibitor
Bosutinib and FAK inhibitor PF-00562271 can
reduce CX3CL1-driven migration further, indi-
cating that these are targetable pathways in the
prevention of spinal metastasis of solid tumors
[26]. In PDAC, tumor perineural dissemination is
a common mechanism through which tumor
recurrence occurs following surgery and the
CX3CL1:CX3CRI1 pathway is believed to drive
the migration of the PDAC cells to local periph-
eral nerves [28]. Of course, CX3CL1-mediated
metastasis is not restricted to the spine and the
chemokine has also been implicated in lymph
node involvement [40, 49]. Lymph node metasta-
sis was promoted by CX3CL1 via activation of
JNK and MMP2/MMP9 activity in lung cancer
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cells [49]. Furthermore CX3CL1 was shown to
promote epithelial-to-mesenchymal transition
through the TACE/TGF-o/EGFR pathway and
subsequent upregulation of Slug expression in
prostate cancer cells [30].

Overall, it appears that the CX3CL1 can gov-
ern cancer metastasis, either via CX3CR1 over-
expression by metastatic tumor cells to facilitate
spread to the CX3CL1-enriched microenviron-
ments or via direct effects on signaling path-
ways affecting the EMT pathways of cancer
cells [30, 42].

CX3CL1 in Inflammation-
Driven and Obesity-
Associated Cancer

1.5

As a key regulator of pro-inflammatory cell
migration, it is now well established that
CX3CL1 plays a central role in multiple inflam-
matory conditions such as asthma, obesity, der-
matitis, diabetes, and neuropathic pain [6, 9,
50-53]. In neuroinflammation, CX3CL1 medi-
ates its effects via activation of CX3CR1 on
microglial cells and subsequent phosphorylation
of p38 MAPK [50]. Furthermore, CX3CLI-
mediated activation of satellite glial cells leads to
TNFa, IL-1p, and prostanoid expression to main-
tain the inflammatory-associated pain [52]. In air-
way inflammation, CX3CLI1 serves to promote
survival of pro-inflammatory T cells in the
inflamed lungs of asthma patients [9]. The
involvement of CX3CL1 in inflammatory disor-
ders is further facilitated through its induction by
inflammatory cytokines such as TNF-a and IFN-y
which are often expressed by the CX3CLI-
responsive lymphocytes and myeloid cells, and
this can provide a pathological feedback loop in
maintaining the chronicity of the inflammation
and in the exacerbation of disease [54]. For
instance, the inflammatory subtype of monocytes/
macrophages expressing intermediate levels of
CX3CR1 (CX3CRIMNT) and producing TNF-a,
IL-1 IL-6, and CCL2 are enriched in inflamed
colon, where they undoubtedly contribute to
tissue inflammation and further recruitment of
inflammatory cells [55].

Inflammation-driven and obesity-associated
malignancies represent a unique challenge for the
immune system in that the desired immune
response should facilitate tumor eradication
without exacerbating tumorigenic inflammation
derived from obese adipose tissue, and this pres-
ents challenges for cancer immunotherapy. Given
the involvement of CX3CL1 in a plethora of
inflammatory disorders, one would assume that it
plays a role in the pathogenesis of inflammation-
driven malignancies [9, 50-53, 56]. However,
studies have shown that CX3CL1 is associated
with better outcomes in the inflammatory-driven
and obesity-associated colorectal cancer [38].
Moreover, a study by Erreni et al. indicates that
this may be facilitated by the adhesive and reten-
tion functions of CX3CLI1, which prevents
migration of primary tumor cells and limits meta-
static progression [57]. This is in striking contrast
to the pro-metastatic role of CX3CL1 in breast,
lung, kidney, pancreatic, bone, and prostate can-
cer described earlier.

While CX3CL1 has been identified as a key
player in adipose tissue inflammation in obesity,
its role in the tumorigenesis of obesity-associated
cancers such as oesophageal adenocarcinoma
(OAC) is poorly understood. OAC is an exemplar
model of inflammation-driven cancer and has one
of the strongest associations with obesity of all
malignancies [58]. Several studies have revealed
that the immune system is dysregulated and sev-
eral chemokine pathways are altered in OAC
patients and this undoubtedly contributes to
chronic inflammation and compromised anti-
tumor immunity in this cohort [6, 59-62]. One
study by Conroy et al. has identified that CX3CL1
is a key regulator of CD8" T cells in OAC and
that its abundance in the visceral adipose tissue
(VAT) strongly correlates with markers of meta-
inflammation such as CRP in these patients [6].
This is not surprising since there is an abundance
of T cells expressing CX3CLI1-inducing cyto-
kines IFN-y and TNF-a in these tissues [59, 60].
However, the role of CX3CL1 in anti-tumor
immunity at the tumor site and its effects on
tumor metastasis and patient outcomes warrant
further investigation in these patients. It is known
that CX3CLI1 can alter the CX3CRI and
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L-selectin expression of cytotoxic T cells in OAC
and this is likely to have significant ramifications
for their anti-tumor activities in this cohort [6].
Inflammation-triggered changes in CX3CRI
expression by monocytes/macrophages have also
been observed in inflamed colon leading to the
accumulation of the most inflammatory
CX3CRI™ populations of these cells in inflamed
tissue, in comparison to the CX3CR 1 phenotype
observed in normal colon [55]. Other phenotypic
and transcriptional alterations observed in this
study suggested that this altered CX3CR1 expres-
sion represents impaired monocyte-to-macrophage
differentiation in inflamed colon, but the role of
CX3CL1 in this cross talk was not elucidated [55].
However, given its regulation of CX3CR1 expres-
sion by T cells, CX3CL1 is a likely candidate in the
inflammatory shift of gut-homing monocytes in
intestinal inflammation [6, 55].

At a time when inflammation-driven and
obesity-associated malignancies such as CRC
and OAC are increasing in prevalence, it is
becoming more urgent to delineate the role of
CX3CL1 in the chronic inflammation and anti-
tumor immune responses of such immunologi-
cally complex patients.

1.6 Challenges
of Therapeutically Targeting

the CX3CL1:CX3CR1 Pathway

The complex functionality of CX3CL1 as a regu-
lator of migration, adhesion, and survival of both
anti-tumor and pro-tumor immune cells and a
facilitator of cancer growth and metastasis cloud

Table 1.1 Pro- and anti-tumorigenic functions of CX3CL1

its potential as an anti-cancer therapeutic. While
the blockade of the CX3CL1:CX3CR1 chemo-
kine pathway might limit tumor progression, it is
also likely to attenuate NK cell and cytotoxic T
cell recruitment to the tumor microenvironment,
potentially disrupting effective anti-tumor immu-
nity. Moreover, CX3CL1’s reported role in limit-
ing metastasis of colorectal tumors and in the
maintenance of crucial T cell populations would
also be compromised if its signaling through
CX3CRI1 was antagonized. While its biological
effects vary between cancer types and cell types,
the ability of CX3CLI to recruit NK cells and T
cells remains constant which should be taken into
account when considering its suitability as an
immunotherapeutic target. While the CX3CR1
antagonist JMS-17-2 shows great promise to dis-
rupt breast cancer metastasis and might present a
feasible approach in other malignancies, such
antagonism might have negative effects on
CX3CL1’s governance of T cells and NK cells
and this must be heavily scrutinized before such
therapeutics are considered [6, 7, 25, 32, 63]. The
multifaceted functionality of CX3CLI1 in the
context of the immune system alone is fascinat-
ing and complex, from a recruiter of MDSCs and
TAMs to a potent orchestrator of anti-tumor
immune cell migration and phenotype, and a
driver of pathological inflammation [6, 17, 23,
25, 32, 43, 51, 56]. However, the doubled-edged
nature of CX3CL1’s biological effects present it
as a more challenging therapeutic target and
therefore more in-depth in vivo studies are war-
ranted to gain a deeper understanding of its role
in the progression of cancer and governance of
the immune system (Table 1.1).

Cancer type Pro-tumorigenic functions

Anti-tumorigenic functions Reference

Breast CX3CL1 governs spinal metastasis of
breast tumors via the Src/FAK pathway.
CX3CLI induces ErbB receptors in
human breast cancer cells and triggered
proliferation of such cells through the
proteolytic shedding of an ErbB ligand

and transactivates EGF pathway.

High intratumoral CX3CLI associated [26, 31,
with higher TILs, less lymph node 39]
involvement, lower tumor stage and size.

(continued)
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Table 1.1 (continued)

Cancer type

Pro-tumorigenic functions

Anti-tumorigenic functions

Reference

Pancreatic

High CX3CL1 and CX3CR1 associated
with metastasis and disease severity.
CX3CLI promotes invasion and growth
of pancreatic cancer cells and drives their
migration to local peripheral nerves.
TRAIL resistance in pancreatic cancer is
conferred via RelA-CX3CLI paracrine
pathway.

CX3CLI stimulates HIF-1o expression
via PI3K/Akt and MAPK pathways
facilitating enhanced glucose uptake and
pancreatic tumor cell growth.

(17,24,
28,29,
48]

Colorectal

High CX3CL1 correlates with higher TILs.

Gastric

High CX3CL1 correlates with higher TILs.

Lung

CX3CLI correlates with increasing
tumor stage and contributes to TAM
accumulation in lung cancer.

CX3CLI promoted lymph node
metastasis via JNK and MMP2/MMP9
pathway in lung cancer cells.

High CX3CL1 expression associated with
leukocyte migration, T cell activation and
NK cell-mediated cytotoxicity and better
prognosis in lung adenocarcinoma.

[41, 42,

Osteosarcoma

CX3CLI induces osteosarcoma cell
migration, by enhancing ICAM-1 via the
CX3CRI1 /PI3K/Akt/NF-kB pathway.
CX3CLI1 governs lung metastasis.

[47]

B-CLL

CX3CL1 enhances B-CLL cell
migration.

[15]

Multiple
Myeloma
MM)

CX3CLI1:CX3CR1 axis plays a role in
MM cell migration to their bone
microenvironment.

(14]

Prostate

CX3CLI and CX3CR1 govern spinal
metastasis of prostate tumors via the Src/
FAK pathway.

CX3CL1 promotes EMT transition in
prostate tumors via TACE/TGF-o/EGFR
and upregulation of Slug.

[16, 27,
30]
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Abstract

Within the tumor microenvironment, chemo-
kines play a key role in immune cell traffick-
ing regulation and immune landscape
formulation. CCL3 or macrophage inflamma-
tory protein-la (MIP-1a), an important che-
mokine implicated in both immune
surveillance and tolerance, has emerged as a
prognostic biomarker in both solid and hema-
tological malignancies. CCL3 exerts both
antitumor and pro-tumor behavior which is
context dependent highlighting the complex-
ity of the underlying interrelated signaling
cascades. Current CCL3-directed therapeutic
approaches are investigational and further
optimization is required to increase efficacy
and minimize adverse events.
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2.1 Introduction

Chemokines belong to the cytokine family and
are small proteins (7-15 kDa) that bind to
G-protein coupled receptors and induce intra-
cellular cascades that ultimately regulate the
trafficking of immune cells. They are structur-
ally homologous to the conserved N-terminal
cysteine motifs and are subdivided into four
classes; C-X-C-, C-C-, C-, and C-X5-C-, where
X signifies the presence of an amino acid.
Chemokine receptors are named from the cor-
responding chemokines as follows: CXCR-,
CCR-, CR-, and CX;CR-. Interestingly, more
than one chemokine binds to each receptor and
each chemokine may bind to more than one
receptors. As a result, this redundancy leads to
complex agonistic and antagonistic interac-
tions [1, 2]. Thus, determining the isolated
functions of chemokines and chemokine recep-
tors and the effects of targeted interventions is
complicated.

Chemokines play a key role in inflammation
as cardinal regulators of immune cell traffick-
ing and interactions among chemokines and
their receptors orchestrate the immune land-
scape in the tumor microenvironment [3]. In
analogy to inflammation, chemokines mediate
the trafficking of immune cells to the tumoral
niche and exert direct and indirect effects on
tumor cells (Table 2.1) [2]. Major sources of
chemokines in the tumor microenvironment
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Table 2.1 The multifaceted role of chemokines in modulating the tumor microenvironment

Overall effect
Chemokine on tumor
Chemokine | receptor(s) Regulation of immune cells| Regulation of tumor cells development
CCL2 CCR2, CCRS5 | Recruiting monocytes, Promoting tumor cell proliferation, +
NKT cells, and monocytic | stemness, survival, tumor
MDSCs vascularization, extravasation, and
metastasis
CCL3 CCR1, Recruiting monocytes and | Promoting extravasation +
CCR4, CCRS5 | macrophages
Recruiting DCs, —
mediating CD4+-DC and
naive CD8+ T cell
interactions
CCL5 CCR1, Recruiting monocytes and | Promoting invasion and metastasis +
CCR3, macrophages
CCR4, CCR5
CCL18 CCR8 ND Promoting invasion and metastasis +
CCL25 CCR9 ND Promoting chemoresistance, invasion, | +
and metastasis
CXCL8 CXCRI1 Recruiting neutrophils Promoting stemness, invasion, +
and granulocytic MDSCs | migration, apoptosis, resistance to
hypoxia, premature senescence, and
angiogenesis
Increasing tumor immunogenicity -
CXCL9 CXCR3 Recruiting T and NK cells | Inhibiting angiogenesis -
CXCL10 CXCR3 Recruiting T and NK cells | Inhibiting angiogenesis -
CXCL12 CXCR4 Recruiting B cells, pDCs, | Promoting proliferation, survival, +
and T, cells invasion, metastasis, stemness,
angiogenesis
CXCL14 ND Recruiting DCs Promoting invasion and motility +
Inhibiting proliferation, invasion, -
metastasis, promoting apoptosis
CXCL17 ND Recruiting granulocytic Promoting angiogenesis +
MDSCs

+ favorable, — unfavorable, CCL CC-chemokine ligand, CXCL CXC-chemokine ligand, CXCR CXC-chemokine recep-
tor, DC dendritic cell, MDSC myeloid-derived suppressor cell, NK natural killer, NKT natural killer T cell, pDC plas-
macytoid DC, Treg cell regulatory T cell, ND not determined

include immune cells such as neutrophils and
myeloid cells, malignant cells, stromal cells,
mesenchymal stem cells, endothelial cells,
cancer-associated fibroblasts, and macro-
phages [3, 4].

The aim of this chapter is to provide insights
into the key role of chemokines in the tumor
microenvironment with focus on the role of
CCL3 signaling and its potential clinical implica-
tions via the enhancement of immune-mediated
antitumor responses.

2.2 CCL3 Basic Concepts

CCL3 belong to the C-C motif family of chemo-
kines as no amino acid separates the cysteine resi-
dues. CCL3 is also known as macrophage
inflammatory protein-la (MIP-1x) due to its role
in inflammation, which was first demonstrated in
preclinical ~ studies  involving  stimulated
macrophages that secreted CCL3 [5]. Cellular
sources of CCL3 include a great range of cell
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Table 2.2 CCL3 cellular sources and targets

Cellular source CCL3 | Target receptor | Target cell type

Immune cells (macrophages, monocytes, B and T CCRI1 Monocytes and immature
lymphocytes, NK cells, neutrophils, dendritic cells) myeloid cells

Epithelial cells, fibroblasts, osteoblasts, mesangial cells, CCR4 Th2 T cells and Tregs
vascular smooth muscle cells

Platelets, basophils, eosinophils, bone marrow CD34+ cells CCR5 Th1 T cells, NK cells, and
Glial cells, astrocytes plasmacytoid dendritic cells

Table 2.3 The role of CCL3 in regulating immune microenvironment

1. CCL3 promotes leukocyte trafficking to inflammatory sites.

2. CCL3 mediates memory CD8+ T cell response.

3. CCL3 regulates immune compartmentalization by driving trafficking of myeloid precursor cells from the bone

marrow into the periphery.

4. CCL3 promotes dendritic cell homing in lymph nodes.

(%}

. CCL3 gradient drives interactions between dendritic cells and CD4+ and naive CD8+ T cells.

6. CCL3 promotes immune cell trafficking (tumor antigen-specific CD8+ T cells, macrophages) to niches of malignancy.

types ranging from immune cells (macrophages,
monocytes, lymphocytes, NK cells, neutrophils)
to epithelial cells, fibroblasts, osteoblasts, and glial
cells [6-8]. CCL3 binds to three distinct receptors
and, thus, it exerts divergent actions in multiple
immune cell subtypes. CCR1 is found on mono-
cytes and immature myeloid cells, CCR4 on Th2 T
cells and Tregs, and CCRS is expressed on Th1 T
cells, NK cells, and plasmacytoid dendritic cells
(Table 2.2) [9]. CCL3 is a key regulator of immune
microenvironment and primarily mediates the traf-
ficking of immune cells in both inflammation and
cancer (Table 2.3) [10]. Preclinical in vitro and in
vivo studies have demonstrated the chemotactic
action of CCL3 on neutrophils and monocytes to
inflammatory sites [11]. The binding of monocytes
to the intercellular adhesion molecule-1 (ICAM-1)
on the surface of endothelial cells is the main
inducer of CCL3 production [12]. Knockout
studies have also confirmed that CCL3 is a major
regulator of monocyte and myeloid precursor
cell trafficking [13, 14]. Recent studies have also
demonstrated involvement in adaptive immunity.
Cytotoxic T cells are the main effectors of the
immune response against tumor cells, viruses, and
intracellular pathogens. The activation of CD8+
cytotoxic T cells results in chemokine secretion
including CCL3 that amplifies the immune
response by recruiting additional leukocytes

against the target cell [15, 16]. Interestingly, the
release of CCL3 from memory CD8+ T cells pro-
motes the secondary immune response to patho-
gens, which is antigen specific [17].

2.3  CCL3 Signaling in the Tumor
Microenvironment
2.3.1 Antitumor Activity of CCL3

Denderitic cells play a key role in cancer immunol-
ogy and are also involved in the tumoricidal and
abscopal effects of chemotherapy and radiother-
apy [18]. Exclusion of dendritic cells from the
tumor microenvironment and inhibition of their
differentiation are two common mechanisms of
cancer immune evasion. Therefore, the chemotac-
tic effect of CCL3 can enhance antitumor immu-
nity by favoring the homing of dendritic cells in
the tumor microenvironment [18]. More specifi-
cally, CCL3 exerts a cardinal effect on homing
dendritic cells in lymph nodes. A major contribu-
tor to this concept was the study by Trifilo and
Lane [19] that provided a proof of concept
regarding the chemotactic function of CCL3.
Increased CCL3 levels as a host response to
mouse hepatitis viral infection of the central ner-
vous system induced CDI1c(+)CDI11b(+)
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CD8a(—) dendritic cell maturation, activation,
and migration to draining cervical lymph nodes
[19]. Furthermore, lack of CCL3 resulted in sub-
optimal dendritic cell trafficking to lymph nodes,
impaired antigen presentation and reduced levels
of IFN-y by antigen-specific T cells and, conse-
quently, reduced cytotoxic activity. Preclinical
studies of HIV vaccination models have shown
that CCL3 can be used as an adjuvant to DNA
vaccines in order to enhance the immune response
by driving the migration of dendritic cells and the
antigen presentation to cytotoxic CD8(+) T cells
[20]. The enhanced priming of cytotoxic T cells
resulted in an efficient immune response upon
antigen rechallenge. Importantly, this effect was
CCL3-dependent and was not seen with other
chemokines such as CCL19 [20]. Similarly, CCL3
exerts a systemic effect favoring the homing of
dendritic cell vaccines to regional lymph nodes
[21]. Regional induction of CCL3 production by
tetanus-diphtheria toxoid injection at a single site
led to a global increase in CCL3 levels, which
enabled the migration of mRNA-loaded dendritic
cells vaccines to draining lymph nodes indepen-
dently of the injection site. This effect was evident
in both humans and mouse models [21]. Regarding
cancer vaccination, CCL3 has been evaluated as
an adjuvant to antigen-specific vaccination. CCL3
enhances the trafficking of dendritic cells to the
injection site, resulting in more potent T cell-
mediated cytotoxic effects and antitumor activity
[22, 23]. CCL3 has also been administered during
vaccination with IL-2 or GM-CSF in hematologi-
cal cancer models. Both approaches resulted in a
significant antitumor response, but distinct
immune cell subsets were implicated. CCL3 with
IL-2 favored CD8-positive T cell and NK cell
cytotoxicity, whereas CCL3 with GM-CSF
resulted in both CD8- and CD4-positive antitu-
mor response [24]. In addition, CCL3 may boost
antigen recognition by antigen-presenting cells
following ablative therapies such as radiofre-
quency ablation and chemoablation that result in
tumor-associated antigenic release [25].
Furthermore, CCL3 promotes the induction of T
cell responses specific to particular antigens [26].
The antigen recognition process during a primary
immunological response in draining lymph nodes

includes engagement of CD4-positive T cells with
dendritic cells carrying the target antigen and, sub-
sequently, binding of naive CD8-positive T cells to
dendritic cells, which initiates the CD8-positive T
cell priming (Fig. 2.1). Interestingly, high levels of
CCL3 and CCLA4 have been detected upon dendritic
cell and CD4-positive T cell contact. Importantly, it
has been shown that naive CDS8-positive T cells
prior to antigen recognition express high levels of
CCRS. Therefore, CCL3-CCRS5 interaction guides
immature CD8-positive T cells to the site of den-
dritic cell engagement with CD4-positive T cells
and, thus, favors the cytotoxic T cell response
against the tumor antigenic epitope that is presented
on the surface of the dendritic cell [26]. CCL3-
mediated NK cell recruitment is also crucial for fur-
ther enhancing CD8-positive antitumor response
[27]. Furthermore, it has been demonstrated that the
expansion of memory CD8-positive T cells, which
are vital for sustaining the antigen-specific T cell
response, is feasible only in the presence of CCL3
[26]. From a therapeutical perspective, CCL3-
targeted therapeutics have shown promising results
in preclinical studies. Genetic transfection of tumor
cells with CCL3 increased intratumoral CCL3 lev-
els and favored the recruitment of both antigen-
presenting cells and T cells that resulted
in enhanced antitumor immune response.
Interestingly, high levels of CCL3 recruited acti-
vated neutrophils that exerted a cytotoxic function
against tumor cells through increased TNF-o levels,
reactive oxygen species, and paracrine protease-
mediated cell killing [28]. Furthermore, T cells
transfected to express CCRS were subsequently
infused intratumorally along with exogenous
CCL3. This approach resulted in both tumor-spe-
cific cytotoxic T cell activity and tumor-specific T
cell memory capable to initiate an immune response
upon tumor rechallenge [29].

2.3.2 Pro-tumorigenic Effect of CCL3

The chemoattractive role of CCL3 may be multifac-
eted. Apart from regulating dendritic and cytotoxic
T cell trafficking, CCL3 gradients can be manipu-
lated by tumor cells and attract immunosuppressive
cells to the tumor bed [30]. Tumor-derived chemo-
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Fig. 2.1 Overview of the antitumor activity of CCL3.
CCL3 enhances the trafficking of dendritic cells into drain-
ing lymph nodes from sites of peripheral inflammation.
CCL3 secretion within the draining lymph node is the
result of dendritic cells engagement with antigen-specific

kine-containing microvesicles may also contain
CCL3 and orchestrate a tumor-promoting microen-
vironment [31]. Preclinical studies have shown that
high levels of CCL2 and CCL3 are associated
with increased intratumoral infiltration of regula-
tory T cells (Tregs), tumor-associated macrophages
(TAMs), and myeloid-derived suppressor cells
(MDSCs) that allow tumor cells to evade the
immune surveillance [32-35]. The cytokine and
chemokine landscape in the tumor microenviron-
ment can skew macrophages to obtain either a pro-
or an antitumorigenic phenotype [4]. Importantly,
high concentration of TAMs has been negatively
correlated with disease prognosis [34]. It has also
been reported that defective intracellular signaling
of TAMs, such as in the NF-kf} cascade, may lead to
decreased secretion of CCL3 and other chemokines
including CCL4, TNF-«, and IL-6 [36-38].
Furthermore, CCL3-driven TAM recruitment
has been recognized as a cardinal event in meta-
static niches. Importantly, high levels of CCL2
binding to CCR2 on metastasis-associated macro-
phages (MAMs) induce CCL3 secretion and

ﬁ Activated CD4+ T-cell

Tumor cell
Tumor antigen-
; . ' E specific CD8+ T-cell
Dendritic cell e ccLs

CD4-positive T cells. The resultant CCL3 gradient guides
the CCRS5-positive naive CD8-positive T cells for antigen-
specific activation. Furthermore, a CCL3 gradient pro-
motes immune cell trafficking to the tumor bed

potentiate MAMs accumulation and their inter-
action with tumor cells [39]. Inversely, CCL2
blockade results in reduced CCL3 levels and mac-
rophage recruitment [40]. In early stages of
metastasis, CCL3-driven MAMSs recruitment is
mediated by CCRI, whereas in later stages of
colonization of metastatic foci MAMs recruit-
ment is based primarily on CCL3-CCRS5 interac-
tions [40, 41]. Therefore, CCL3 sustains
MAMs-mediated support to the metastatic cancer
cells, whereas absence of CCL3 impairs the
metastatic spread [40—42]. Recent studies have
shown that mast cell activation by IL-33 is another
mechanism of increasing CCL3 levels and recruit-
ing TAMs [43]. It is possible that increased levels
of certain chemokines (CCL2, CCL5, CCL18) in
the tumor microenvironment initiate the recruit-
ment of monocyte-lineage cells and induce a de
novo expression of additional chemokines
(CCL3, CCL8, CCL22) that further support the
trafficking of MAMs and Tregs [44]. Importantly,
the net effect of CCL3 on tumor kinetics seems to
be context related. In patients with oral squamous
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cell carcinoma, high CCL3 levels were detected
in metastatic lymph nodes compared with those
which were disease free. On the other hand, high
CCL3 levels within the primary tumor bed were
associated with improved survival [45]. In this
context, it seems that CCL3 receptors mediating
recruitment of MAMs, such as CCR1, CCR2,
and CCRS, constitute a suitable therapeutic tar-
get. Simultaneously, the presence of other che-
mokine receptors such as CXCR3 ensures the
trafficking of cytotoxic T cell and NK cells to the
tumor field [46—49].

In addition, CCL3 is actively implicated in
leukemogenesis and myelomatogenesis [50-52].
Although CCL3 is a negative regulator of hema-
topoietic stem cells and progenitor cells,
leukemia-initiating cells are nonresponsive to
CCL3-mediated inhibition of proliferation. This
may be attributed to decreased expression and/or
dysfunctional CCL3 receptors [53-55]. As afore-
mentioned, CCL3 promotes the accumulation of
tumor-associated macrophages in the leukemic
and myeloma niches, as well [42]. Moreover, leu-
kemic cells may secrete CCL3 that impairs osteo-
blastic activity and deregulates bone metabolism
in favor of a leukemic shift of hematopoiesis
[56]. CCL3 favors decreased osteoblast activity
coupled with increased osteoclast function,
which constitutes the hallmark of myeloma bone
microenvironment [57, 58]. Increased CCL3 lev-
els derived from the neoplastic cells in bone mar-
row biopsies have been detected in patients with
multiple myeloma and Waldenstrom’s macro-
globulinemia and CCL3 [59, 60]. Autocrine and
paracrine CCL3 may also directly sustain sur-
vival and proliferation of myeloma cells [61].
However, taking into consideration the role of
CCL3 in regulating myeloid differentiation and
hematopoietic stem cell population, administra-
tion of a universal CCL3 inhibitor may not restore
hematopoietic homeostasis [62].

2.4  FutureTrends

CCL3 is a major regulator of immune cell traf-
ficking in both homeostasis and disease. CCL3 in
the tumor microenvironment may determine

tumor cell fate by recruiting cytotoxic or tumor-
promoting immune cell subsets. Therefore, the
therapeutic manipulation of CCL3 and its targets
is currently under clinical investigation.
Importantly, CCL3 targeting should be evaluated
in the context of the chemokine landscape, taking
also into consideration potentially compensating
mechanisms in each disease context separately. A
promising therapeutic approach is CCL3 receptor
inhibition. [63]. Although CCL3 has been
assessed as an adjuvant to tumor vaccines, further
research is essential before anticipating clinical
efficacy. Optimization of the delivery systems
should aim at overcoming stability issues and the
half-life of this small molecule. Precision is
another challenge, since CCL3-directed therapeu-
tics should avoid the positive feedback to mecha-
nisms of immune tolerance including MDSCs,
MAMs, and Tregs, along with preventing the
emergence of autoimmune adverse events.

Furthermore, CCL3 has emerged as a useful
biomarker for response and immune activation
during the recent years. Indeed, evaluation of
CCL3 levels has been included in several clinical
trials as a secondary endpoint (Clinicaltrials.gov
numbers:  NCT00319748,  NCT00824733,
NCT00626405, NCT00088855, NCT(02943473,
NCT03475628). In melanoma patients, a che-
mokine expression pattern including CCL3 has
been associated with the presence of tertiary
lymph node structures and patient prognosis
[64]. High serum levels of CCL3 and CCL4 have
been associated with dismal prognosis among
patients with colorectal cancer [63]. Regarding
clinical studies in hematological malignancies,
high CCL3 plasma levels have been associated
with increased risk of progression in chronic
lymphocytic leukemia [65], shorter progression-
free and overall survival in diffuse large B cell
lymphoma [66], inferior progression-free sur-
vival and abnormal bone remodeling in
Waldenstrom’s macroglobulinemia [67, 68], and
extent of bone disease and survival in multiple
myeloma [69]. Therefore, CCL3 levels have an
important prognostic value, whereas changes in
CCL3 levels may be a valuable surrogate marker
of response to therapy, which has to be investi-
gated in future studies.
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