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SUMMARY

Chemokines are chemotactic cytokines that regulate the migration of immune cells. Chemokines
function as cues for the coordinated recruitment of immune cells into and out of tissue and

also guide the spatial organization and cellular interactions of immune cells within tissues.
Chemokines are critical in directing immune cell migration necessary to mount and then deliver
an effective anti-tumor immune response; however, chemokines also participate in the generation
and recruitment of immune cells that contribute to a pro-tumorigenic microenvironment. Here,
we review the role of the chemokine system in anti-tumor and pro-tumor immune responses

and discuss how malignant cells and the tumor microenvironment regulate the overall chemokine
landscape to shape the type and outcome of immune responses to cancer and cancer treatment.

INTRODUCTION

Chemokines are 8- to 12-kDa secreted proteins that regulate directed cell migration
(chemotaxis), adhesion, cell positioning, and cell-cell interactions by binding to Ga.i-
protein-coupled seven-transmembrane-spanning receptors (GPCRs), so-called classical
chemokine receptors (Griffith et al., 2014). Chemokines also bind to atypical chemokine
receptors (ACKRS) that are also seven-transmembrane-spanning receptors but are not
G-protein coupled and do not induce chemotaxis (Bonecchi and Graham, 2016). The
chemokine system consists of nearly 50 chemokine ligands, 20 signaling GPCRs, and 4
ACKRs and plays essential roles during development, homeostasis, inflammation, infection,
and pathological processes, including tumorigenesis.

The process of tumorigenesis is shaped by cancer cells, tissue-resident cells, and recruited
immune cells that express a broad array of chemokine ligands and chemokine receptors
(Balkwill, 2004; Chow and Luster, 2014; Nagarsheth et al., 2017). Chemokines act on
tumor cells regulating their stem-like cell properties, proliferation, and invasiveness as well
as on stromal cells to regulate neoangiogenesis, neurogenesis, and fibrogenesis (Mukaida

et al., 2014). Moreover, chemokines regulate the phenotype and function of immune

cells by regulating their localization and cellular interactions in lymphoid tissues and

the tumor microenvironment (TME). Major breakthroughs in our understanding of the

role of the immune system during tumorigenesis has led to the development of novel
immunotherapeutic approaches to treat a variety of cancers that has greatly benefited cancer
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patients. Immunotherapy remains one of the most exciting therapeutic promises of the 215t
century.

The role of chemokines in tumor immunity is multifaceted, given the diverse and
dynamically regulated expression of chemokine ligands and chemokine receptors by
immune cells, stromal cells, and tumor cells. Chemokines regulate critical aspects of
immune cell biology during tumorigenesis, including immune cell activation, recruitment,
phenotype, and function. The role of chemokines in immune cell recruitment and immune
cell activation is well appreciated. However, chemokine-dependent control of immune cell
localization and cellular interactions within the TME that programs immune cell phenotype
and function has only started to be uncovered.

Adding to the complexity, the very same chemokine systems contribute to anti- and pro-
tumorigenic immune responses. The balance between these disparate functions is likely
dependent on the stage of tumorigenesis, the state of immune cell activation, the balance

of effector and regulatory response, and the relative expression of chemokine receptors on
effector and regulatory target cells. Given the existence of chemokine-dependent positive
feedback loops, initial small differences in anti- and pro-tumorigenic responses might be
enhanced over time, contributing to consolidation of the tumor immune contexture. For
example, often the recruitment of pro-tumorigenic immune cell types prompts chemokine-
dependent infiltration of other immunosuppressive cells. Certain chemokine systems are
predominantly associated with anti-tumorigenic immune responses, including the XCR1 and
CXCR3 chemokine axes, while other chemokine systems are predominantly associated with
pro-tumorigenic responses, including the CCR4 and CCR8 chemokine axes. Chemokines
that mediate the recruitment of anti-tumorigenic immune cells and help maintain their
functionality within TME are attractive therapeutic targets to explore in order to improve
responses to cancer therapies. Likewise, inhibition of chemokines that recruit and promote
the suppressive function of immune cells are also interesting potential therapeutic targets

to improve responses to therapies. Further, the induction or transduction of chemokine
receptors on adoptively transferred anti-tumor T cells that facilitate their ability to enter deep
into the tumor and license their functionality is another therapeutic strategy that is being
explored to improve responses to cancer therapies.

Here, we review recent advances in our understanding of chemokine function in the
immune response to cancer. We discuss the role of chemokines within TME in the
context of the heterogeneity of solid tumors at the spatial and cellular level, including the
potential involvement of chemokines in regulation of molecular and cellular cues critical
for preservation of immune cell states that correlate with potent anti-tumor immunity or
pro-tumorigenic immune cell phenotypes. We also discuss the current understanding of
how anti-tumorigenic chemokine systems operate in certain tumors but are silenced in
others, including tumor-intrinsic and extrinsic factors that regulate the chemokine landscape
during tumorigenesis, the regulation of the tumor immune contexture by oncogenic driver
mutations and ongoing immune pressure, and the role of chemokines in the context of
currently available immunotherapies. We underscore the complexity of the chemokine
system and highlight how assessment of the chemokine landscape in the context of other
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immunological parameters might guide treatment strategies and predict responsiveness to
available immunotherapies.

Chemokines in the generation, delivery, and function of pro- and anti-tumor immune cells

Tumors develop from normal cells through the acquisition of genetic changes that enable
their uncontrolled proliferation (Hanahan and Weinberg, 2011). Tumor progression is often
supported by tissue-resident immune cells, fibroblasts, endothelial cells, and neurons that
are co-opted by cancer for its benefit. Furthermore, tumor escape is promoted by recruited
immune cells with suppressive phenotypes, which are similar to the cellular phenotypes
seen in the resolution phase of wound healing or tissue remodeling (Coussens et al.,

2013; Hua and Bergers, 2019). These cell types include tumor-associated macrophages
(TAMs), tumor-associated neutrophils (TANSs), myeloid-derived suppressor cells (MDSCs),
and regulatory T (Treg) cells (Figure 1). Despite the self-origin of neoplastic cells, tumors
can be controlled by responses of natural killer (NK) cells that have strong cytolytic
function against physiologically stressed cells. Furthermore, CD4* T helper type 1 (Th1)
cells and CD8* effector T (Teff) cells that are specific for tumor-associated antigens (TAA)
or neoantigens can lyse cancer cells. The initiation of anti-tumor T cell responses depends
on antigen-presenting cells (APCs), mainly dendritic cells (DCs), that capture and process
TAAs for presentation to T cells (Figure 2). During tumorigenesis, chemokines regulate
the activation, recruitment, phenotype, and function of immune cells within the TME.
Therefore, chemokines and their receptors have a significant impact on the quality of pro-
and anti-tumorigenic immune responses.

Our knowledge regarding the role of chemokines in immune cell activation during
tumorigenesis stems primarily from models of viral and bacterial infection (Table 1). It

is assumed that the same chemokine systems operate during tumorigenesis to coordinate
the activation of immune cells. However, the activity of the chemokine axes involved in anti-
tumorigenic responses is likely reduced or even silenced by tumors, whereas the activity of
the chemokine axes driving activation of pro-tumorigenic immune cells is likely enhanced.
For instance, conventional type 1 DC (cDC1) maturation induced by the processing of
TAAs and sensing of inflammatory cues triggers upregulation of CCR7, which is critical
for cDC1 migration from the tumor into tumor-draining lymph nodes (TDLNS) (Figure

2). CCRY deficiency, specifically in the cDC1 subset, results in impaired anti-tumoral T
cell responses and tumor outgrowth (Roberts et al., 2016). Furthermore, tumor-derived
ligands for liver X receptor (LXR) can interfere with the capacity of DCs to migrate

to TDLNs (Villablanca et al., 2010). Recent data suggest that the ability of cDC2s to
migrate from the TME to TDLNSs also depends on CCR7 and is critical for priming of
anti-tumorigenic CD4* T ¢ (Figure 2). However, cDC2 recruitment is often blocked due
to the suppressive activity of intratumoral Treg cells (Binnewies et al., 2019). Growing
tumors trigger changes in chemokine expression not only within the TME but also in
surrounding tissues and lymphoid organs, interfering with immune cell activation. TDLNs
are a primary site of anti-tumor T cell activation. Efficient priming of TAA-specific CD8*
T ¢ and TAA-specific CD4™ T cells requires a series of chemokine-mediated interactions
with migratory and LN-resident DCs in specific regions of the LN (Lian and Luster, 2015)
(Figure 2). Importantly, tumor-derived factors can silence expression of CCL21 by stroma
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cells within TDLN. CCL21 is required for recruitment of T cells and DCs into the LN
and reduction of its expression in TDLN correlates with altered positioning of immune
cell populations, which likely contributes to poor T cell activation (Riedel et al., 2016).
Tumor-derived factors interfere with normal myelopoiesis in the bone marrow, increasing
generation of granulocytic MDSC (Giese et al., 2019). The CXCR4-CXCL12 chemokine
axis plays a vital role in the retention of developing and mature immune cells within the
bone marrow (Griffith et al., 2014). Solid tumors increase CXCL12 expression in bone
marrow stromal cells, leading to accumulation of CXCR4-expressing myeloid cells. Thus,
distant tumors might interfere with hematopoiesis (Chiodoni et al., 2020). It remains to be
defined if tumor-derived factors affect chemokine expression in other lymphoid tissues, such
as spleen and thymus, and how it affects immune cell generation and activation.

There is an extensive literature on the role of chemokines in the recruitment of distinct
immune cell subsets into the tumor bed, which is summarized in Table 2 and depicted

in Figures 1 and 2. Interestingly, the very same chemokine systems are often involved in
recruitment of pro- and anti-tumorigenic immune cells. For instance, CXCR3 and its ligands
CXCL9 and CXCL10, and CCR5 and its ligand CCL5, recruit both Treg cells and CD8*

T cells. Therefore, the kinetics of expression of chemokines within the TME and changes

in chemokine receptor expression on immune cells is a likely determinant of TME immune
cell composition. For example, intratumoral Treg cells are heterogeneous, and different Treg
subsets dominate at distinct stages of tumorigenesis (Li et al., 2019). During infection, the
ability of Treg cells to suppress T cell responses depends on the expression of transcription
factors and chemokine receptors characteristic for Thl (Tbet, CXCR3), Th2 (Gata3, CCR4),
Th17 (RORyt, CCR®), or follicular helper T (Tfh) cells (Bcl6, CXCR5). The Thl, Th17,
and Tth-like Treg subsets were shown to suppress responses of corresponding conventional
CD4™" Th subsets (Wing et al., 2019). CXCR3* Treg cells accumulate within the TME
earlier compared to CCR4* CCR8* Treg cells (Li et al., 2019). It remains to be defined
whether the influx of CXCR3* Treg cells occurs in response to proliferation of CXCR3*
Thl and CD8* T cells. Likewise, the functional roles of distinct Treg subsets during
tumorigenesis have to be defined. The CD27!°% and CD27M subsets of NK cells that have
distinct functional features show differential expression of CXCR3 and CX3CR1. Thus,
chemokines expressed in the TME and expression of cognate chemokine receptors on NK
cells may affect the mobilization efficiency of specific NK cell subsets into the tumor,
which in turn could influence the overall clinical outcome. Interestingly, the recruitment

of specific immune cell subsets into the TME is strongly dependent on the presence of

the immune cell populations. For instance, recruitment of cDC1s into tumors depends on
NK-cell-derived chemokines, such as XCL1 and CCL5 (Bottcher et al., 2018) (Figure 2).
Importantly, tumor-infiltrating cDC1s are one of the primary producers of CXCL9 and
CXCL10, chemokine ligands pivotal for CD8* Teff cell recruitment into the TME (Mikucki
et al., 2015; Spranger et al., 2017). In comparison to other chemokine axes that often play
redundant roles, the XCL1-XCR1 axis is uniquely involved in the recruitment of cDC1.
Therefore, its therapeutic targeting might represent a specific way to promote cDC1 and T
cell accumulation. Moreover, it might promote interactions between ¢cDC1 and CD8*T cells
to facilitate T cell expansion and acquisition of effector functions (Dorner et al., 2009). In
contrast, the CCL2-CCR2 and CXCL1/CXCL8-CXCR2 chemokine axes are predominantly

Immunity. Author manuscript; available in PMC 2022 May 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ozgaetal.

Page 5

involved in the recruitment of suppressive cells, such as monocytes and monocytic-MDSCs
or TANs and granulocytic-MDSCs, respectively. These pro-tumorigenic immune cell subsets
subsequently contribute to release of CCL18, CCL17, and CCL22 to drive infiltration

of highly suppressive CCR4* Treg cells (Figure 1). In addition, abundance of MDSCs
correlates with reduced expression of CXCL11 and decreased infiltration of CD8* T cells
(YYang et al., 2020). Thus, chemokine-mediated cellular feedback loops might enhance initial
small differences in anti- and pro-tumorigenic responses during tumor progression.

The role of chemokines in the regulation of immune cell phenotypes and function within the
TME is only just beginning to be uncovered. The emerging picture suggests that simple
characterization of cells as pro- or anti-tumorigenic does not fully reflect the cellular
complexity of the TME. For instance, the phenotype of anti-tumor CD8* T cells can

change with tumor progression, and only specific CD8* T cell signatures (TCF-1* and
CX3CR1*) correlate with effective anti-tumor immunity (Miller et al., 2019; Sade-Feldman
etal., 2018; Siddiqui et al., 2019). Likewise, Treg cell signatures can either correlate with
tumor progression (CCR8* Treg cells) (De Simone et al., 2016; Plitas et al., 2016) or
responsiveness to PD-1 immunotherapy (interferon y [IFNy]* Treg cells) (Di Pilato et al.,
2019). There is also a significant level of heterogeneity and plasticity within TAMs and
TANSs (Azizi et al., 2018; Gubin et al., 2018; Lavin et al., 2017) with extreme pro- (M1
TAMs and N2 TANSs) and anti-tumorigenic phenotypes (M2 TAMs and N1 TANSs) and likely
many intermediate cell states.

It remains poorly defined how such heterogenous cell states are maintained within the

TME and to what extent they are susceptible to therapeutic modulation. The TME is
heterogenous in regard to factors such as oxygen availability, the abundance of nutrients,
and acidity that are known to control phenotype and function of immune cells. Thus,
localization of immune cells within the TME controlled by chemokines might be one of

the key determinants of immune cell phenotype. Differentiation and maturation of immune
cells is often associated with major reprogramming of chemokine receptor expression. For
instance, as stem-like TCF-1* CD8" T cells differentiate into effector-like CD8* T cells and
ultimately to exhausted T cells, they downregulate certain chemokine receptors (CXCR5
and CXCR3) and upregulate others (CXCR6 and CX3CR1) (He et al., 2016; Philip et

al., 2017). Moreover, stem-like TCF-1* CD8*T cells locate in niches rich in APCs within
human tumors (Jansen et al., 2019). Higher expression of CXCR3 on stem-like TCF-1 *
cells might be critical for their recruitment toward CXCL9 and CXCL10 chemokine ligands
derived from cDCl1s, promoting their reactivation and expansion within TME (Broz et

al., 2014; Maurice et al., 2019) and acquisition of effector functions through exposure to
interleukin-12 (IL-12) (Ruffell et al., 2014) (Figure 2). Likewise, CXCR3 and its ligands
might regulate effector cell localization in the proximity of tumor cells (Hickman et al.,
2015)(Figure 2).

The phenotype of TAMs and TANS is likely the result of niche-specific signaling within
TME. For instance, within the TME, the CXCR4-CXCL12 axis facilitates the differentiation
of newly recruited TAMs into perivascular TAMs. These stationary TAMs promote vascular
leakiness and tumor cell intravasation (Arwert et al., 2018) (Figure 1). Furthermore,
suppressive functions of TAMs within TME can be regulated by the CCL5-CCR5 axis,
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as blocking of CCR5 alters TAM phenotype toward anti-tumorigenic and leads to objective
clinical responses in colorectal cancer patients (Halama et al., 2016). Moreover, chemokine
axes, such as CCR2-CCL2 and CCR5-CCL5, mediate cross-talk of tumor cells with TAMs,
promoting tumor stemness, metastasis, and resistance to therapy (Frankenberger et al.,
2015; Pastushenko et al., 2018) (Figure 1). Treg cell suppressive functions in the TME

are dependent on antigen recognition (Bauer et al., 2014), which might be regulated by
CCR8 and/or CCR4 chemokine-dependent recruitment of Treg cells in the proximity of
DCs within the TME. Expression of CCR8 on Treg cells contributes to the maintenance of
their suppressive phenotype, as CCL1-CCRS8 signaling enhances the expression of Foxp3
(Barsheshet et al., 2017), and Foxp3 levels correlate with the stability of the Treg phenotype
(Charbonnier et al., 2019; Di Pilato et al., 2019). Furthermore, CCR8* Treg cells show
elevated expression of suppressive markers, such as CD25, CTLA4, CD39, TIGIT, PD1,
ICOS, 0X40, and Helios, compared with their CCR8™ counterparts (Wang et al., 2019b).
Alternatively, CCR4, which regulates Treg cell/DC interactions within LNs, might play a
similar role within the TME (Rapp et al., 2019). Within the TME, CCR6 signaling can
potentiate /n situ proliferation of Treg cells (Xu et al., 2011) (Figure 1). Understanding how
chemokine cues contribute to the formation of cellular niches within the TME represents an
exciting avenue for future research. Even if chemokines and chemokine receptors represent
difficult therapeutic targets, they might help to dissect cellular components critical for
induction and maintenance of pro- and anti-tumorigenic immune cell states.

Chemokines and the tumor immune contexture

The tumor immune contexture, understood as the density, composition, functional state,
location, and type of immune cells within the tumor, is relevant for prognosis and response
to treatment. The accumulation of anti-tumorigenic immune cells, such CD8* Teff and

NK cells, at the invasive margin of primary tumor, together with decreased abundance of
myeloid cells, often correlates with improved prognosis (Galon and Bruni, 2020; Mlecnik
et al., 2016). The immune profile of tumors is highly diverse not only across tumor types
but also among patients bearing the same tumor type and even in different tumor sites
within the same patient (Mlecnik et al., 2018; Zhang et al., 2019). This diversity results
from the combination of various cancer-intrinsic and extrinsic factors, likely including
variations in tumor genetics, microbiome, and tissue of origin. Moreover, the tumor immune
contexture undergoes dynamic changes during disease progression or recurrence (Bindea et
al., 2013). Importantly, developing tumors shape the chemokine milieu within the TME to
control the abundance and function of pro- and anti-tumorigenic immune cells. Expression
of chemokines and chemokine receptors is often regulated by oncogenic driver mutations
and ongoing immune pressure that contributes to the dynamic modulation of the tumor
immune contexture. Thus, the chemokine system is an important component of the immune
contexture.

Based on the quantification and localization of CD3* and CD8* T cells within the tumor
core and the invasive margin, four main categories of tumors have been described: (1) cold
tumors (lack of CD8™ Teff cell infiltration); (2) altered, immune-excluded tumors (CD8*
Teff cell infiltration at the invasive margin but exclusion from the tumor core); (3) altered,
immunosuppressed tumors (low level of CD8* Teff cell infiltration); and (4) hot, inflamed
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tumors (high level of CD8* Teff cell infiltration within tumor core and at the invasive
margin) (Galon and Bruni, 2019). Cold tumors might show myeloid cell infiltration, but
they uniformly show a limited number or absence of CD8* Teff cells. This tumor profile is
likely reflecting inefficient generation of anti-tumor immunity. Multiple distinct mechanisms
might contribute to the establishment of cold tumors, such as low antigenicity of tumors

or impaired T cell priming within TDLNs. Cross-presenting tissue-resident cDC1s excel at
orchestrating anti-tumor CD8* T cell responses, yet tumor-intrinsic factors interfere with
cDC1 recruitment into the tumor, thereby impacting early T cell priming and infiltration
into the TME. For instance, melanomas with little or no T cell infiltration have activated
Whnt/B-catenin signaling (Spranger et al., 2015). Using an autochthonous mouse model, it
was demonstrated that melanoma-cell-intrinsic activated B-catenin suppressed production of
CCLA4 via upregulation of the transcriptional repressor ATF3, restricting cDC1 migration
into tumors (Spranger et al., 2015). The recruitment of cDC1s into tumors is mediated

by tumor-infiltrating NK cells that release CCL5 and XCL1 (Béttcher et al., 2018).
Moreover, NK cells promote cDC1 survival by production of FMS-related tyrosine kinase
3 ligand (Barry et al., 2018). Therefore, it is likely that this axis might be disrupted by
tumors to evade immune recognition. For example, cyclooxygenase 2 (COX2), which is
frequently overexpressed by cancer cells, is involved in the synthesis of prostaglandin E2
(PGE2) (Zelenay et al., 2015). PGE2 reduces NK cell viability and limits their capacity to
produce pro-inflammatory chemokines, which in turn limits cDC1 density favoring tumor
progression (Bottcher et al., 2018). Interestingly, distinct tissues differ in the steady-state
abundance of cross-presenting DCs (Salmon et al., 2019). It remains to be determined how
chemokine cross-talk between NK and cDC1 cells is regulated at distinct tissue locations
and how tumors originating from distinct organs might interfere with this axis. Moreover,
the density of cDC1s within tumors tends to decrease over time (Binnewies et al., 2018),
suggesting that progressing tumors might acquire the ability to silence the production of
cDC1-recruiting chemokines. In order to trigger productive T cell responses, cDC1s need to
be activated, and tumors might interfere with this process. For instance, tumor-derived LXR
ligands can impair CCR7 expression on DCs, and this impairs cDC1 migration into TDLNs
(Villablanca et al., 2010). It remains unknown if a different threshold of activation must

be reached to induce CCR7-dependent cDC1 migration into TDLNS in tumors originating
from sterile tissues, such as kidney and liver, versus tissues with environmental interfaces,
such as skin, lung, and gut. ACKRA4, a scavenger receptor for CCL19, CCL21, CCL25,

and CXCL13, also plays a role in tumorigenesis. By controlling CCL19 and CCL21
chemokine bioavailability and maintaining functional chemotactic gradients, ACKR4 has
been demonstrated to regulate DC migration into lymphatics as well as into T cell areas of
draining LNs (Bryce et al., 2016; Heinzel et al., 2007; Ulvmar et al., 2014). It remains to be
determined if tumors interfere with ACKR4 function to disrupt DC migration into TDLNSs.

Altered, immune-excluded tumors are characterized by CD8* T cell infiltration that
remains localized at the edge of the tumor. This immune-excluded phenotype reflects

the ability of the host to generate anti-tumor immunity but suggests the existence of
mechanisms within the tumor to physically hinder T cell infiltration into the core of the
tumor, resulting in immune escape. One reason for T cell exclusion might stem from

the absence of T-cell-recruiting signals within the core of the tumor, such as potent T-cell-
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attracting chemokines (i.e., CXCL9, CXCL10, CXCL11, CX3CL1, CCL2, and CCL5). This
deficiency in chemokine production can result from tumor-induced modulation of pathways
that control their expression. For instance, CXCR3 ligands can be epigenetically silenced

in certain tumors. Polycomb repressive complex 2 (PRC2) components, which trimethylate
histone 3 lysine 27 (H3K27me3), have been shown to repress the expression of CXCL9 and
CXCL10, but not other IFN-y-induced genes in colon cancer and ovarian cancer (Nagarsheth
etal., 2016; Peng et al., 2015). In contrast, Jumonji-C-domain-containing protein (JMJD3),
an H3K27-specific demethylase, has been shown to activate the expression of CXCL9

and CXCL10. Thus, H3K27me3-specific methyltransferases and demethylases can regulate
CXCL9 and CXCL10 expression. Furthermore, using pharmacological drugs to target
epigenetic inhibition of chemokines leads to significantly higher chemokine production

and increases CD8* Teff cell recruitment into tumor. This increase in Teff cell migration

in vivoresults in slower tumor growth (Figure 3). In contrast, in a Wnt1-overexpressing
lung adenocarcinoma model, active B-catenin was increased in cDCs, and this repressed

the production of T-cell-recruiting chemokines, such as CCL2, CXCL9, and CXCL10
(Kerdidani et al., 2019). Cleavage and inactivation of T-cell-recruiting chemokines by
proteases is another potential mechanism that contributes to immune evasion and T cell
exclusion. In the HER2-driven breast cancer murine model and the B16F10 melanoma
murine model, the activity of proteolytic enzymes cleaves CXCL9 and CXCL10. N-terminal
proteolytic cleavage by DPP4 (Barreira da Silva et al., 2015) or MMP-9 (Juric et al., 2018)
decreases the activity of CXCR3 ligands, resulting in the impaired infiltration of CD4* and
CD8* T cells into the TME and tumor progression. Consequently, inhibition of MMP-9 or
DDP4 in these tumor models results in reduced tumor burden and enhanced infiltration of T
cells into the tumor. Interestingly, another study found that CXCL9 and CXCL10 can induce
the upregulation of cathepsin B in breast cancer patients. This cysteine protease was shown
to cleave CXCR3 ligands /n7 vitro, resulting in their reduced activity. Thus, breast cancer
cells may dampen the activity of the CXCR3 chemokine system by cathepsin-B-mediated
degradation of CXCR3 ligands /7 vivo. CCL2 and CCL5 were reported to be modified by
peroxynitrite, and reactive nitrogen species within the TME can induce CCL2 chemokine
nitration (Molon et al., 2011; Thompson et al., 2017). Nitration of CCL2 reduces its affinity
for CCR2 and impairs the recruitment of CD8" T cells into the TME, resulting in tumor
evasion.

Most solid tumors consist of two distinct compartments that include the tumor parenchyma
and the surrounding stroma. Stromal cell organization can impact the ability of T cells to
infiltrate into the tumor core, impairing immunosurveillance regardless of inherent tumor
immunogenicity. For instance, tumor hypoxia and transforming growth factor p (TGF-B)
signaling activate cancer-associated fibroblasts (CAFs). Activated CAFs can secrete high
amounts of extracellular matrix molecules, creating a collagen-rich fiber that physically
limits immune cell infiltration. These effects can be disrupted by using TGF-p neutralizing
antibodies (Mariathasan et al., 2018; Tauriello et al., 2018). CAFs can also release factors
that mediate immune cell differentiation and recruitment. For instance, CXCL12 production
by CAFs favors T cell exclusion in mouse pancreatic and lung tumor models through a
mechanism that has yet to be elucidated (Feig et al., 2013). In addition to stromal cells,
there is also a network of TAMs along the tumor margin that can trap tumor-specific T cells
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and lead to their suppression (Beatty et al., 2015). The role of chemokines in this process
remains to be determined.

Some tumors show a low degree of CD8" Teff cell infiltration but prominent recruitment
of other immune cells, often with immunosuppressive properties, such as TAMs, MDSCs,
and Treg cells. These tumors show upregulation of inflammatory mediators that promote
pro-tumorigenic inflammation and shape TME toward a tumor-permissive state. In some
types of cancer, inflammation precedes cancer formation. Conversely, in other types, genetic
alterations in cancer cells or tumorigenesis-induced cell death and oxidative stress trigger
inflammatory pathways and inflammatory cell recruitment. Many of these pathways are
mechanistically linked to the increased production of chemokines (Greten and Grivennikov,
2019; Mantovani et al., 2008). For example, loss of the tumor suppressor p53 results in
the increased expression of nuclear factor xB (NF-xB)-dependent inflammatory genes,
among them chemokines. Several studies demonstrated that NF-xB-mediated induction of
chemokines contributes to tumor progression, tumor recurrence, and resistance to therapy
(Taniguchi and Karin, 2018). For example, NF-xB activity can induce the expression

of CCL5 that drives the recruitment of CCR5-expressing macrophages, which supplies
breast tumor cells with collagen that promotes their proliferation (Walens et al., 2019).

In pancreatic adenocarcinoma, NF-xB induces CXCL5 expression that drives CXCR2-
dependent recruitment of granulocytic-MDSCs, promoting tumor progression (Chao et al.,
2016). NF-xB can also trigger CCL2 production, promoting monocyte recruitment and the
establishment of a pre-metastatic niche (Keklikoglou et al., 2019). In TAMs, activation of
NF-xB induces CCL22 production that leads to the recruitment of CCR4" Treg cells (Sun
et al., 2016). In addition, TAMs recruit CCR6* Treg cells through an NF-xB-dependent
induction of CCL20 (Wu et al., 2019).

Increased activation of oncogenes is frequent in tumorigenesis and leads to expression of
chemokines that favor tumor growth. For instance, activation of protein tyrosine kinase RET
due to chromosome rearrangement is an early event in the development of papillary thyroid
carcinoma. Uncontrolled activation of RET results in the induction of a transcriptional
program that upregulates chemokines that attract monocytes and DCs, such as CCL2 and
CCL20, as well as chemokines that promote angiogenesis, such as CXCLS8 (Borrello et al.,
2005). Another oncogene, K-Ras, regulates expression of CXCL3, a chemokine important
for MDSC recruitment (Liao et al., 2019). MYC, a transcription factor that is overexpressed
in many human tumors, elicits the production of chemokines, including CCL2 and CCLS5,
which attract inflammatory cells, such as mast cells, which promote angiogenesis and tumor
growth (Soucek et al., 2007). Similarly, the BRAFY600E mutation increases the expression
of CCL17 and CCL22 to drive infiltration of CCR4-expressing Treg cells into tumors,
suppressing tumor immunity (Shabaneh et al., 2018).

Oxidative stress, amino acid deprivation, and endoplasmic reticulum stress frequently
occur during tumorigenesis and lead to upregulation of ATF4, which has an established
role in cancer progression and treatment resistance (Singleton and Harris, 2012). ATF4
can contribute to the progression of cancer by induction of CCL2 that facilitates the
recruitment of TAMs into the TME (Liu et al., 2017). Under normal oxygen conditions,
tumor suppressor von Hippel-Lindau (VHL) protein ubiquitinates and targets HIF-1 for
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degradation, thereby decreasing CXCR4 expression on cancer cells. In contrast, under
hypoxic conditions, common in many tumors, VHL is inactivated and HIF-1 is stabilized,
inducing the expression of CXCR4 on tumor cells (Staller et al., 2003). CXCR4 is
upregulated in human cancers and is involved in metastasis (Mortezaee, 2020). In

addition, hypoxia in ovarian cancer triggers the transcription of CCL28 that recruits CCR10-
expressing Treg cells into tumors, promoting tumor tolerance and angiogenesis (Facciabene
etal., 2011). In hepatocellular carcinoma, hypoxia induces CCL26 expression that recruits
MDSCs into tumors (Chiu et al., 2016). Furthermore, necroptosis-induced release of CXCL1
from pancreatic cancer cells promotes recruitment of MDSCs and TAMs, resulting in
myeloid-cell-induced adaptive immune suppression (Seifert et al., 2016).

ACKRL1 and ACKR2 act as negative regulators of inflammation. ACKR1 can sequester
CXCL1 and CXCL2, whereas ACKR2 is a scavenger for most CC chemokines. Little is
known about their regulation during tumorigenesis, but it is likely that their activity is
reduced in tumors, promoting the development of an immunosuppressive TME. Indeed,
ACKRL1 expression in mice correlated with reduced tumor burden (Shen et al., 2006).

In contrast, ACKR2 expression on lymphatic endothelial cells limits inflammation in
dextran-sulfate-sodium- and azoxymethane-induced inflammation-associated colon cancer
by scavenging CCL2, CCL3, and CCL5, which is associated with a decreased incidence of
colon cancer (Vetrano et al., 2010).

Tumor-intrinsic genetic alterations and tumorigenesis-induced extrinsic stress signals lead
to production of inflammatory cytokines and chemokines that initiate inflammation in
many cancers. Induction of tumor-promoting inflammation occurs with distinct kinetics
and can appear before or after tumor initiation. In some instances, it might be evident
only at later stages of tumorigenesis. Therefore, it might actively promote tumor growth
very early or remain silent until late stages of metastasis or therapy resistance (Greten
and Grivennikov, 2019). In addition to recruited immunosuppressive cells, tissue-resident
macrophages can also promote tumor outgrowth and metastasis. It remains to be determined
if certain chemokine cues that orchestrate cross-talk between tissue-resident macrophages
and epithelial and mesenchymal cells during normal organogenesis can be co-opted by
developing cancer to promote its progression and metastasis.

A key feature of immune-inflamed, hot tumors is the abundance of CD4* and CD8*

T cells and their localization in the proximity of tumor cells. Therefore, the efficient
priming of anti-tumor T cells within TDLNSs and sufficient production of T-cell-recruiting
chemokines is likely to be an important feature of inflamed tumors. Indeed, expression

of CCL2, CCL4, CCL5, CXCL9, and CXCL10 correlates with T cell presence (Harlin

et al., 2009). Moreover, induction of T-cell-recruiting chemokines by activation of
lymphotoxin-p-receptor signaling through TNFSF14 was sufficient to create a T-cell-
inflamed microenvironment (Tang et al., 2016). Data suggest that the initial influx of CD8*
T cells might be critical for further enhancement of T cell recruitment. Indeed, CD8*

Teff cell recruitment into tumors might be induced by chemotactic agents released upon
destruction of tumor cells by CD8* Teff cells already present within the TME. Dying tumor
cells stimulate a TLR3-dependent, cancer-cell-autonomous type | IFN response that triggers
the production of CXCL10 (Boissonnas et al., 2007; Sistigu et al., 2014).
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Hot tumors are usually characterized by high mutational burden, which is thought to
increase the occurrence of TAAs, thereby promoting immune recognition of tumor cells.
Presence of an anti-tumor T cell response within the TME is often accompanied by
infiltration of Treg and myeloid cells. In contrast to non-inflamed tumors, hot tumors show
enrichment for transcripts encoding indoleamine-2,3-dioxyenase (IDO), Foxp3, and PD-L1.
These suggest that these immunosuppressive pathways might be triggered by active anti-
tumor immunity rather than being an intrinsic property of the tumor. Indeed, activated CD8*
Teff cells can produce CCL22 that attract CCR4™ Treg cells (Spranger et al., 2013). As

a result of chronic exposure to tumor antigens, unproductive interactions with DCs within
the TME, and exposure to an immunosuppressive environment, T cells often progressively
lose their effector functions, transitioning into T cell exhaustion. T cell dysfunction and
upregulation of immune checkpoint inhibitors seems to be the major obstacle for efficient
tumor control in these types of tumors. T cell exhaustion develops over time and might be
controlled by yet-unidentified chemokine cues operating within the TME.

In sum, silencing or activation of certain chemokine systems at distinct stages of
tumorigenesis contributes to the establishment of the immune contexture within the TME,
which influences the natural history of a tumor and its response to therapy. It is unlikely
that chemokine expression alone is sufficient to define the immune contexture. The delicate
balance and timing of multiple mechanisms, such as tumor mutations, epigenetic changes,
host genetics, tissue of origin, microbiome, and cancer immune editing, shape the tumor
immune contexture. Nevertheless, the cytokine and chemokine milieu, together with the
type of immune and non-immune tumor-associated cell types at any given time, determine
the balance between anti-tumor and pro-tumor responses. Therefore, analysis of chemokine
expression, together with other critical immune parameters such as numbers, phenotype, and
positioning of immune cells, represents a valuable prognostic biomarker, which might allow
for the tailored treatment for individual patients.

Role of chemokines in cancer treatment

Immunotherapy harnesses the patient’s immune system to destroy tumors by relieving
effector cell dysfunction and inhibiting suppressive immune cell populations. The immune
contexture predicts responsiveness to immunotherapy, with hot tumors being the most
responsive and cold tumors being the least responsive. There is growing interest in
combining different cancer treatment approaches to overcome tumor resistance and sensitize
cold and altered tumors for more effective immunotherapy. Modulation of chemokine
expression during cancer treatment contributes to the efficacy of as well as the resistance to
therapy and will be reviewed in this section (Table 2).

Checkpoint blockade therapy targets immunosuppressive molecules on the surface of T cells
to restore their effector function, enabling better tumor control. The efficacy of checkpoint
blockade therapy strongly correlates with the preexisting immune response (Tumeh et

al., 2014). Patients with T-cell-inflamed tumors that are enriched for T-cell-recruiting
chemokines, such as CCL5, CXCL9, CXCL10, and CXCL11, are most likely to benefit
from checkpoint blockade therapy (Ayers et al., 2017; Dangaj et al., 2019; Gao et al., 2016;
Tumeh et al., 2014). However, responses are not guaranteed in these patients, indicating
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that immune cell infiltration into the TME is necessary, but not sufficient, for a clinical
response. Indeed, recent data correlate responsiveness to checkpoint blockade therapy with
the presence of a specific subset of T cells that are characterized by expression of the
transcription factor TCF-1 (Miller et al., 2019; Sade-Feldman et al., 2018; Siddiqui et

al., 2019). Moreover, our group has recently found that the chemokine receptor CXCR3

and its ligand, CXCL9, were important for the response to anti-PD-1 therapy in mouse
tumor models (Chow et al., 2019) (Figure 3). Upregulation of CXCL9 expression by cDC1
following PD-1 blockade enabled ¢cDC1 to specifically activate CXCR3-expressing CD8*

T cells that are not terminally exhausted, thereby facilitating the generation of an effective
anti-tumor response to eliminate tumor cells. CXCL9 is not only essential for the clinical
response to anti-PD-1 treatment but also has been demonstrated to be pivotal for the efficacy
of TIM-3 blockade therapy in mouse models (de Mingo Pulido et al., 2018). Anti-TIM-3
promoted the expression of CXCL9 by ¢cDC1s, which triggered the intratumoral response of
CDS8™ T cells, enhancing the responsiveness to paclitaxel chemotherapy. Therefore, lack of
response in some patients with T-cell-inflamed tumors might be a result of low abundance of
TCF-17 cells and/or impaired cross-talk with cDC1s within the TME.

Adoptive cell transfer therapy using chimeric antigen receptor T cell therapy and /n-vitro-
expanded autologous T cells has also shown clinical promise. However, one of the
significant hurdles that limits the efficacy of adoptive cell transfer therapy in the treatment
of solid tumors is the restriction of adoptively transferred T cell infiltration into the tumor
bed due to abnormal tumor vessels and an immunosuppressive TME. Thus, adoptive cell
transfer therapy alone might not be sufficient to treat patients with cold and altered tumor
profiles. To endow T cells with a more exceptional ability to migrate into tumors, different
chemokine systems, including CCR4 (Di Stasi et al., 2009; Rapp et al., 2015), CXCR2
(Idorn et al., 2018; Jin et al., 2019; Peng et al., 2010), CX3CR1 (Siddiqui et al., 2016), and
CXCR®6 (Lesch et al., 2019), have been tested in the context of adoptive cell transfer therapy
in mouse tumor models. However, the translation of these preclinical studies is urgently
needed to determine if manipulation of the chemokine system can enhance the efficacy of
adoptive cell transfer therapy for cancer patients.

Radiotherapy and chemotherapy are designed to induce death in rapidly proliferating
malignant cells. Although the efficacy of radiotherapy and chemotherapy was initially
attributed to the direct cytotoxic effects on malignant cells, it is now well appreciated that
it is mediated, at least in part, through the activation of an anti-tumor immune response.
Radiotherapy and chemotherapy can trigger the induction of an immunogenic cell death

of cancer cells, promoting the cross-presentation of tumor-derived antigens and subsequent
activation of adaptive anti-tumor T cell responses. Therefore, there is growing interest in
developing novel optimal radiotherapy and chemotherapy protocols to efficiently trigger T
cell responses. Moreover, several trials testing the synergy of checkpoint inhibitors with
radiotherapy or chemotherapy are ongoing. The efficacy of radiotherapy and chemotherapy
likely rely on the infiltration of cDC1s into the TME. Indeed, recent findings suggest that
CCR7-dependent migration of cDCs from the TME into TDLNs is critical for efficacy

of chemotherapy (Sharma et al., 2018). Therefore, cold tumors that interfere with cDC1
recruitment might show limited benefit from these treatment regimens unless the treatment
itself enhances APC accumulation in the TME, as demonstrated in a murine model of
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fibrosarcoma. In this cancer type, treatment with anthracycline induces the expression

of CCL2 in the TME, which recruits functional APCs and stimulates the generation of
functional anti-tumor T cell responses (Ma et al., 2013, 2014). Nevertheless, chemotherapy
and radiotherapy might be more beneficial in cold and altered tumors that do not interfere
with cDC1 recruitment. In these tumor types, chemotherapy and radiotherapy might unleash
the expression of T-cell-recruiting chemokines within the TME. For instance, in a murine
model of breast cancer, irradiation-induced CXCL16 expression was critical for the homing
of CXCR6-expressing CD8* Teff cells into the tumor (Matsumura et al., 2008) (Figure 3).
Furthermore, another chemokine axis was found to mediate a similar effect in a mouse
model of melanoma in which irradiation triggers the production of type I and Il IFNs,
upregulation of CXCL9 or CXCL10, and subsequent recruitment of CXCR3-expressing Teff
cells (Lim et al., 2014; Lugade et al., 2008) (Figure 3). Similar to radiotherapy, treatment

of tumor-bearing mice with chemotherapy leads to intratumoral expression of chemokines,
such as CXCL9, CXCL10, and CCL5, which drives recruitment of CD4" and CD8" T cells
into the tumor bed (Hong et al., 2011) (Figure 3). These chemokines are also upregulated

in patients with melanoma who responded to chemotherapy, and their expression correlated
with CD4* and CD8* T cell infiltration, tumor control, and patient survival (Hong et al.,
2011). In addition, tumor cells increase expression of CXCL10 in response to anthracycline-
based chemotherapy, which is important for anti-tumor T cell responses (Sistigu et al.,
2014). Another mechanism of action of chemotherapy might include interference with
chemokine-mediated immunosuppressive pathways. For example, treatment of non-small
cell lung cancer patients with docetaxel results in significant reduction in CCL20 expression
(Figure 3). Thus, chemotherapy might contribute to anti-tumor immune responses by
inhibiting the CCL20-CCR6" Treg axis (Zhang et al., 2015).

The resistance of cancer cells to therapy remains a significant problem in the treatment

of local and metastatic disease. Resistance can be driven by the tumor immune contexture
at the start of treatment or might be acquired as the adaptation of the tumor to therapy

and can be mediated by both tumor- and host-derived factors. Therapy-induced changes

in the expression of chemokines contribute to tumor resistance or tumor recurrence. For
instance, upregulation of CCL2 and CCL5 post-radiotherapy results in the recruitment of
immunosuppressive cells, such as CCR2*CCR5* monocytes, MDSCs, and CCR2* Treg
cells, leading to cancer outgrowth (Connolly et al., 2016; Kalbasi et al., 2017; Liang et

al., 2017; Mondini et al., 2019). In addition, CCR5-dependent recruitment of macrophages
post-radiotherapy contributes to the local recurrence of cancer (Rafat et al., 2018). The
CCL2-CCR2 axis is likely involved in resistance to BRAF inhibitor therapy in melanoma
patients, as high expression of CCL2 in melanoma patients correlates with a lack of response
(\Vergani et al., 2016). Murine tumor models suggest that the outgrowth of BRAF-inhibitor-
resistant melanomas might be associated with the recruitment of CCR2* MDSCs into the
TME (Steinberg et al., 2017). Recent data revealed a novel mechanism of chemoresistance
that is also mediated by CCL2. Chemotherapeutic drugs can induce the release of tumor-
derived extracellular vesicles (EVs) with enhanced pro-metastatic potential. These tumor-
derived EVs trigger CCL2 expression in endothelial cells that facilitates the recruitment

of pro-tumorigenic CCR2* Ly6C* monocytes (Keklikoglou et al., 2019). Interestingly, the
efficacy of immune checkpoint therapy is improved in CCR2-deficient mice. These findings
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suggest the potential contribution of the CCL2-CCR2 axis and MDSCs to resistance to
immune checkpoint therapy (Kim et al., 2019). The CCR6-CCL20 axis contributes to
resistance to various treatments, most likely through the recruitment of CCR6* Treg cells.
In colorectal cancer patients, high expression of CCL20 and CCR6™ Treg cells is closely
associated with chemoresistance (Wang et al., 2019a). Likewise, high CCL20 expression
correlates with chemoresistance in triple-negative breast cancer patients (Chen et al., 2018).
In hepatocellular carcinoma, the accumulation of CCR6™ Treg cells in response to CCL20
produced by TAAs or tumor cells contributes to resistance to PD-L1 immunotherapy (Wu
et al., 2019). In other tumors, the infiltration of suppressive cells and resistance to therapy
is dependent on CXCL1 and CXCL2. For instance, in breast cancer patients, increased
activity of NF-xB post-chemotherapy drives enhanced CXCL1 and CXCL2 expression in
cancer cells, contributing to the recruitment of MDSCs into the TME and ultimately the
survival of cancer cells and chemoresistance (Acharyya et al., 2012). Likewise, in a murine
Kras-driven model of lung cancer, resistance to PD-L1 is driven by CXCL2-dependent
recruitment of Gr1* tumor-infiltrating neutrophils (Faget et al., 2017). The resistance to
adoptive T cell therapy is common, and mechanisms underlying this phenomenon are still
poorly understood. The establishment of TMEs with low expression of T-cell-attracting
chemokines might play a critical role in the low efficacy of the treatment. For instance,
highly glycolytic tumors are poorly infiltrated by T cells, which correlates with low levels of
CXCL10 (Cascone et al., 2018).

In sum, therapeutic strategies that induce expression of T-cell-recruiting chemokines within
TME, promote recruitment of cDC1s into the TME and TDLNSs, and/or interfere with the
chemokine suppressive axis that drives the recruitment of MDSCs and Treg cells should
improve the responsiveness of cold and altered tumors to immunotherapy. In contrast,

the responsiveness of T-cell-inflamed tumors to immunotherapy should be enhanced by
facilitating CXCL9-mediated cross-talk of PD-L1-responsive T cells with cDC1s within the
TME.

Chemokines as biomarkers

Cancer biomarkers can be classified into the following three categories: (1) predictive
biomarkers that predict response to specific therapeutic intervention; (2) prognostic
biomarkers that inform about overall cancer progression and cancer recurrence, regardless of
therapy; and (3) diagnostic biomarkers that can be used to identify the disease. Data suggest
that chemokines and their receptors have the potential to serve as predictive, prognostic, and
diagnostic cancer biomarkers. Changes in the expression of chemokine receptors and their
ligands often correlate with overall survival and disease-free survival of patients, suggesting
that the chemokine system has the potential to serve as a prognostic biomarker for certain
cancers. Upregulation of certain chemokines occurs in specific cancers, making chemokines
potential useful diagnostic biomarkers. Lastly, changes in chemokine levels post-treatment
or their basal level at the start of therapy might predict responses of patients to therapy,
suggesting that chemokines can potentially be used as predictive biomarkers.

Analysis of current data demonstrates that the same chemokine axis can have either an
anti-tumorigenic or a pro-tumorigenic role depending on the immune context within which
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it operates. For instance, in ovarian carcinoma, patients with higher CXCL9 levels in ascites
(Lieber et al., 2018) or CXCL9 and CXCL10 levels in solid tumor tissue (Bronger et al.,
2016) show significantly longer relapse-free survival. High levels of CXCL9 and CXCL10
were also significantly correlated with longer overall survival in advanced pancreatic ductal
adenocarcinoma patients receiving chemotherapy (Qian et al., 2019) and in colorectal
cancer(Mlecnik et al., 2010). In contrast, increased CXCL9 levels predict poor prognosis in
oral cavity squamous cell carcinoma (Chang et al., 2013), nasopharyngeal carcinoma (Hsin
et al., 2013), and clear-cell renal carcinoma (Liu et al., 2016). In addition, patients with
higher CXCL10 levels had significantly poorer overall survival and disease-free survival

in hepatocellular carcinoma (Li et al., 2017). It is not known why the CXCL9-CXCR3

axis is pro-tumorigenic in these settings, but it has been proposed that CXCR3 signaling

in these types of cancer cells and/or the recruitment of CXCR3-expressing Treg cells is
pro-tumorigenic. Therefore, high-dimensional deep profiling of immune cells at a single-cell
level within human tumors will allow the simultaneous use of multiple parameters to predict
a patient’s prognosis and response to treatment. As an example, tumor mutational burden
(TMB) and the T-cell-inflamed gene expression profile (GEP) are emerging predictive
biomarkers for the response to anti-PD-1 therapy. The T cell-inflamed GEP is composed of
18 inflammatory genes, among which are three chemokines (CXCR6, CXCL9, and CCL5).
Patients with a high TMB and GEP show the most robust objective response rate and longer
progression-free survival, pointing to the possible importance of these chemokines in the
anti-PD-L1 immune response (Cristescu et al., 2018)

Concluding remarks

Given their role in regulating the migration and cell-cell interactions of immune cells,
chemokines are intimately involved with both anti-tumor and pro-tumor immune responses
as well as the response and resistance to cancer therapies. Chemokines participate in

the generation of anti-tumor immune responses in TDLNs and in the delivery of these
responses to the TME. Similarly, chemokines regulate the recruitment of pro-tumorigenic
immune responses to the TME and their cellular interactions within TME that promote
immunosuppression. The fact that chemokines (in some cases the very same chemokines)
can contribute to both pro-tumor and anti-tumor responses reflects the complexity of the
chemokine system, as a given chemokine can recruit and activate both anti-tumor effector
cells and pro-tumor regulatory cells. Thus, the integrated chemokine landscape of a tumor
will need to be considered in the context of the qualities of the tumor immune response to
understand its role in the overall response. Nonetheless, expression of specific chemokines
can be associated with response to therapy and as such can be used as a biomarker for
predicting and monitoring the response to therapy. Further, the induction of chemokines that
mediate the recruitment of cDCs, Th1 cells, and Teff cells into the TME is an attractive
therapeutic strategy to explore to improve responses to cancer therapies. Likewise, the
induction or transduction of chemokine receptors on adoptively transferred anti-tumor T
cells is another attractive therapeutic strategy that is being explored to improve responses to
cancer therapies.
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Figure 1. Chemokinesin pro-tumor immunity
Immune cells, including (A) tumor-associated macrophages (TAMs), (B) myeloid-derived

suppressor cells (MDSC), tumor-associated neutrophils (TANSs), and (C) regulatory T
cells (Treg) contribute to tumor growth. (A) TAMs differentiate from monocytes that are
recruited into tumors in response to the CCR5-CCL5 and CCR2-CCL2 chemokine axes.
CXCL12 signals through CXCR4 to induce monocyte differentiation towards perivascular
macrophages, which contribute to tumor intravasation and vascular leakiness. TAMs
contribute to tumor progression through the production of CCL17, CCL22, and CCL18
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that attract CCR4* and CCR8* Treg cells. CCR2-CCL2 and CCR5-CCL5 chemokine axes
regulate cross-talk between TAMs and tumor cells that contributes to tumor stemness

and metastatic potential. (B) The CXCR4-CXCL12, CXCR2-CXCL5/CXCLS8, and CCR2-
CCL2 chemokine axes contribute to the recruitment of monocytic-MDSC, whereas CXCR1-
CXCL8, CXCR2-CXCLS8, and CCR5-CCLJ5 axes attract granulocytic-MDSCs. TANSs are
predominantly recruited through CXCR2 that responds to CXCL1, CXCL2, CXCLS5 and
CXCL8. Within the TME, MDSCs and TANSs suppress T cells and NK cells, as well

as contribute to the recruitment of Treg by release of CCL3, CCL4, and CCL5 (MO-
MDSCs) or CCL17 (TANS). (C) Treg cells can be recruited by multiple chemokine
systems, including CXCR3-CXCL9/CXCL10/CXCL11, CCR10-CCL27, CCR6-CCL20,
CCR4-CCL17/CCL22, and CCR5-CCL3/CCL4/CCL5. CCR8* CCR4* highly suppressive
Treg cells contribute to tumor growth by suppressing T cell responses within TME.
Intratumoral Treg cell responses are enhanced by chemokines, such as the CCR6-CCL20
axis, which promotes Treg cell proliferation. Black arrows represent chemokine-mediated
cell recruitment. Dotted colored arrows represent cell differentiation and proliferation.
Dotted lines represent cell-mediated activation (arrow end) or inhibition (blunt end).
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Figure 2. Chemokinesin anti-tumor immunity
The generation of anti-tumor immunity requires that (1) tumor cells release tumor-

associated antigens (TAAs) and neoantigens. (2) TAAs and neoantigens are then taken
up and processed by professional antigen-presenting cells (APCs), such as intratumoral
conventional type 1 dendritic cells (cDC1s) and cDC2s. In the presence of inflammatory
cues, cDCs mature and upregulate CCR7, which promotes their migration into tumor-
draining lymph nodes (TDLN) in response to gradients of CCL19 and CCL21. (3) The
CCR7-CCL19/CCL21 chemokine axis also controls entry of naive CD8* and CD4* T
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cells into TDLN. (4) Within TDLN, naive TAA-specific CD8* and CD4* T cells engage

in interactions with cDC1s and cDC2s, respectively. The CCR5-CCL5 chemokine axis
facilitates such encounters in the case of naive TAA-specific CD8* T cells. Activation

of CD4* and CD8* T cells is accompanied by CXCR3 upregulation, which drives
migration of activated T cells into interfollicular regions (IFRs) of the LN. (5) Within

IFRs, activated T cells engage in secondary interactions with specific immune cells. For
instance, activated CD8* T cells and migratory cDC1s release chemokines, such as XCL1
and CCL3 and CCL4, to attract LN resident XCR1* ¢cDC1s and CCR5* plasmacytoid DCs
(pDCs), respectively. TAA-specific CD4™ T cells engage in CXCR3-dependent secondary
interactions with DCs that drive their differentiation toward Th1 cells. Moreover, TAA-
specific CD4* T cells and TAA-specific CD8* T cells interact with the same XCR1*
cDCl1s that facilitate the delivery of CD4™ T cell help to primed CD8* T cells. (6) Various
anti-tumorigenic immune ceils, such as NK cells, cDC1 s, Thl cells, and CD8* T cells are
recruited from the blood into the tumor microenvironment (TME) in response to distinct
chemokine gradients. For example, NK cell recruitment is driven by CX3CR1-CX3CL1 and
CXCR3-CXCL9/CXCL10/CXCL11. XCR1-XCL1, CCR5-CCL4/CCL5, and CCR1-CCL4
mediate the recruitment of cDC1s. Thl cells and CD8* T cells can be recruited through
the CXCR3-CXCL9/CXCL10/CXCL11 axis. In addition, CD8* T cell infiltration can also
be triggered by CCR5-CCLS5. (7) cDC1s release CXCL9 and CXCL10, contributing to

the recruitment of CXCR3* CD8* T cells. Moreover, this chemokine system facilitates
intratumoral DC-CD8™ T cell interactions, promoting the effector functions of intratumoral
Teff cells. (8) Finally, activated CD8* T cells and Th1 cells localize in the proximity of
tumor cells, possibly in response to tumor-derived CXCL10. CD8* T cells and Th1 cells
produce cytokines or directly lyse tumor cells, contributing to tumor eradication. Black
arrows represent chemokine-mediated cell recruitment. Gray arrows represent the flow

of cells in the tumor immunity cycle. The green arrow represents chemokine-mediated
positioning within LNs. Dotted colored arrow represents sequence of cellular events
preceding T cell activation and division.
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Figure 3. Chemokine systemsin cancer therapy
Induction of certain chemokines and downregulation of others (solid arrows) in the TME

contribute to the efficacy of cancer treatments (dotted arrows), such as radiotherapy,
chemotherapy, epigenetic modifiers, and immunotherapy. Moreover, expression of specific
chemokine receptors on adoptively transferred T cells plays a critical role in their infiltration

into the TME.
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