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Abstract: The success of anticancer treatments relies on a long-term response which can be mediated
by the immune system. Thus, the concept of immunogenic cell death (ICD) describes the capacity of
dying cancer cells, under chemotherapy or physical stress, to express or release danger-associated
molecular patterns (DAMPs). These DAMPs are essential to activate dendritic cells (DCs) and to
stimulate an antigen presentation to CD8 cytotoxic cells. Then, activated CD8 T cells exert their
antitumor effects through cytotoxic molecules, an effect which is transitory due to the establishment
of a feedback loop leading to T-cell exhaustion. This phenomenon can be reversed using immune
checkpoint blockers (ICBs), such as anti-PD-1, PD-L1 or CTLA-4 Abs. However, the blockade of
these checkpoints is efficient only if the CD8 T cells are recruited within the tumor. The CD8 T-cell
chemoattraction is mediated by chemokines. Hence, an important question is whether the ICD
can not only influence the DC activation and resulting CD8 T-cell activation but can also favor the
chemokine production at the tumor site, thus triggering their recruitment. This is the aim of this
review, in which we will decipher the role of some chemokines (and their specific receptors), shown to
be released during ICD, on the CD8 T-cell recruitment and antitumor response. We will also analyze
the clinical applications of these chemokines as predictive or prognostic markers or as new targets
which should be used to improve patients’ response.

Keywords: immunogenic cell death; CD8; chemokines; immune checkpoint blockers

1. Introduction

Over the past decade, the most effective therapies used to treat cancers rely on the
antitumor immune response. This effectiveness is widely due to a marked and durable
response. The optimal antitumor immune response is driven by the presentation of tumor
antigens by APCs (antigen-presenting cells) to CD8+ cytotoxic T cells. These lymphocytes
exert their action on tumor cells by secreting cytotoxic molecules, such as granzyme B,
perforin or IFNγ, to maintain antitumor immunity. While the tumor antigen presentation
was shown to be improved by immunogenic tumor cell death (ICD) inducers (mainly
chemotherapeutic agents), the sustained CD8 T-cell activity can be triggered by immune
checkpoint blockers (ICBs: anti-PD-1/PD-L1 and anti-CTLA-4 Ab). After antigen stimula-
tion, CD8 T cells progressively lose their effector functions and overexpress PD-1. Blocking
the PD-1/PD-L1 pathway reinvigorates the CD8 T cells, thus driving their proliferation
and the restoration of their functions in humans and mice [1].

However, the blockade of the checkpoints will be efficient only if CD8 T cells are
recruited within the tumor. This recruitment is heterogeneous, even for tumors from the
same organ, and may depend on the tumor mutation status, the tumor microenvironment
(TME) or treatments. The CD8 T-cell infiltration was proposed as a marker to identify
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poorly infiltrated non-responders to chemo-immunotherapy “cold tumors” as compared to
“hot tumors”, highly infiltrated and responders [2].

The CD8 T-cell chemoattraction is mediated by chemokine gradients from the starting
initial localization of CD8 T cells to the arrival scene, where chemokines are produced. The
four main classes of chemokines are established according to the location of the first two
cysteine (C) residues in their protein sequence: the CC, CXC, C and CX3C chemokines.
Chemokines able to chemoattract CD8 T cells will be the ligands of receptors expressed at
their cell surface. Most chemokine receptors are transmembrane-spanning heterotrimeric
G-protein-coupled receptors. The binding of chemokines on their receptors induces the
G-protein coupling and the subsequent activation of the downstream signaling proteins
involved in cell migration, such as Rac, Rho and Cdc42, thus leading to the moving of the
cells toward the chemotactic gradient [3].

The main receptors expressed on the CD8 T-cell membrane are CXCR3, CXCR4,
CXCR6, CCR2, CCR5, CCR6 and CX3CR1 [4–6]. Each of them recognizes one or several
chemokines. The main receptor/ligands implicated in this process are compiled in Table 1.

Table 1. Main receptor/chemokine described to participate in CD8 T-cell migration.

Chemokine Receptors Chemokines Ref

CXCR3 CXCL9, 10 and 11, CCL21 [7–13]
CXCR4 CXCL12 [14,15]
CXCR6 CXCL16 [16,17]
CCR5 CCL3, CCL4, CCL5 [10,18]
CCR6 CCL20 [19]

CX3CR1 CX3CL1 [20]
CCR2 CCL2 [21]

The aim of this review is to understand how immunogenic cell death can influence the
recruitment of CD8 T cells at the tumor site to improve the antitumor immune response.

2. Immunogenic Cell Death (ICD)

One of the first steps to start the antitumor immune response is the tumor antigen
recognition by the APCs. This phase can be sensitized by the DAMPs (danger-associated
molecular patterns) which are expressed at the cell surface or released by dying cancer
cells. Thus, some chemotherapeutic drugs or physical treatments (such as irradiation)
have the capacity to kill cancer cells through ICD, a type of cell death identified to activate
an adaptive immune response specific to tumor antigens. ICD is mainly characterized
by calreticulin (CRT) exposure at the cell surface of dying tumor cells, the release of the
ATP, HMGB1 (High-Mobility Group Box 1) and annexin A1 (ANXA1) in the extracellular
space. Finally, ICD is characterized by the activation of an intrinsic type I interferons (IFNs)
pathway which triggers the CXCL10 release by dying cancer cells in an autocrine signaling
loop (Figure 1) [22].

Chemotherapeutic and physical treatments were shown to be able to induce all or
part of these features, depending on the cell type, concentration and time of exposure. For
example, some platinum derivatives were shown to be able to induce ICD features in some
studies but not in other ones [23]. Such a discrepancy might rely on the tumor type which
could influence the apparition of the ICD process.

2.1. ER Stress and CRT Exposure

CRT exposure at the cell surface of dying cells will behave as an “eat me” signal for
dendritic cells (DCs). CRT is a chaperon protein that fixes calcium at the ER level [24].
Three steps are required to lead to CRT exposure. (1) ER stress with eukaryotic Initiation
Factor 2α (eIF2α) phosphorylation. (2) An apoptotic signal with caspase-8 activation and
consequently the cleavage of its target Bap31. The cleaved Bap31 entails the Bax and
Bak oligomerization, leading to the disruption of the mitochondrial permeability and the
cytochrome c release in the cytosol. (3) A transport from the ER to the Golgi apparatus
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engaged by the two first steps, which allows CRT exocytosis through its translocation
from the ER to the plasma membrane. This transport is dependent on VAMP1 (Vesicle-
Associated Membrane Protein 1) and SNAP25 (SyNaptosomal-Associated Protein 25) [25].
Then, the membrane-associated CRT is recognized by the APCs (DCs, macrophages and
neutrophils) through CD91 and CD69 and favors the phagocytosis of apoptotic bodies [26].

Figure 1. Immunogenic cell death (ICD) features. ICD is characterized by ER stress and calreticulin
(CRT) exposure, ATP, HMGB1 (High-Mobility Group Box 1), ANXA1 (annexin A1) and type I
interferon (IFN) production by dying cancer cells, thus leading to DC recruitment, maturation and
activation. ICD is also characterized by chemokine production (mediated in some circumstances by
type I IFN) which in turn triggers CD8 T-cell recruitment at the tumor site.

2.2. ATP Release

The ATP release from dying tumor cells can be induced by several mechanisms.
However, the main pathway is autophagy which enables high levels of intracellular ATP.
The ATP included in cytoplasmic vesicles is transferred into autolysosomes through an
autophagy process dependent on ATG5 (autophagy-related genes 5), ATG7 and Beclin1.
Autolysosomal LAMP1 (Lysosomal-Associated Membrane Protein 1) favors the lysosome
membrane rupture and ATP release in the cytosol or in the extracellular environment when
autolysosomes merge with the plasma membrane. ATP can also be released outside of the
cell by the membrane channel pannexin 1 after activation by caspases [27,28]. Extracellular
ATP plays an attractant role at the tumor site on immune cells, through the fixation on its
receptor P2Y2 expressed by monocytes or DCs. Once recruited and activated by the “eat
me” signals in the tumor, naïve immune cells need further activation signals. ATP signaling
via P2RX7 leads to the release of potassium ions and to the NLRP3 inflammasome activation
in DCs and macrophages. The assembly of the NLRP3 inflammasome triggers the caspase-1
activation, which in turn cleaves and maturates IL-1β and IL-18, two pro-inflammatory
cytokines [29]. Although P2RX7 is expressed on many cell types, ATP seems to act mainly
on DCs after ICD.

2.3. HMGB1 Release

HMGB1 is a ubiquitous protein playing an important role in nucleosome stability,
transcription regulation and DNA repair. In addition to its nuclear function, HMGB1 plays
a role in inflammation, cell differentiation and migration and the tumor metastasis of the
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remaining cells after chemotherapy [30]. HMGB1 is released by dying tumor cells after
nuclear and cytoplasmic membrane permeabilization. HMGB1 binds Toll-like receptors
(TLR) 2 and 4 or RAGE (receptor for advanced glycation end products) [31,32]. However,
the binding of HMGB1 to DC TLR4 might be the signal driving the perception of the ICD
by restricting the lysosomal degradation of the phagocyted material, then leading to the
efficient processing and cross-presentation of dying tumor-derived antigens by DCs. Thus,
cell death cannot be sensed as immunogenic in the absence of HMGB1 in cancer cells or
TLR4 in myeloid cells [33].

2.4. ANXA1 Release

ANXA1 has the role of the homing factor to recruit DCs or their precursors to cancer
cells undergoing ICD, through binding to its receptor formyl peptide receptor 1 (FPR1).
Thus, when cancer cells lack Anxa1 or when the host is deficient for Fpr1, the anticancer
activity of anthracyclines in mice is compromised. Moreover, the loss-of-function polymor-
phisms in FPR1 are associated with poor overall survival and metastasis-free survival in
breast cancer patients treated with adjuvant anthracycline-based chemotherapy [34].

2.5. Type I IFNs

The type I IFN response is triggered by both RNA and DNA species. While RNA
is recognized by endosomal TLR3, DNA is sensed by cGAS (cytosolic cyclic GMP-AMP
(cGAMP) synthase) and STING (stimulator of IFN response cGAMP interactor 1) [35,36].
Once secreted, type I IFN binds to the heterodimeric IFNAR1/2 (IFNα receptor 1/2)
expressed on various immune cells, thus leading to immunostimulatory events, such as the
enhancement of CD8 T- and NK-cell cytotoxic functions [37] or cross-priming by DCs [38].

2.6. Chemokines

Besides these direct functions on immune cells, dying cancer cell-derived type I IFN
also triggers the synthesis of CXCL10 via an autocrine signaling loop [35]. Moreover, the
CXCL10 production can also be induced after the engulfment of chemotherapy-damaged
mitochondria in autophagolysosomes and the sensing of released mitochondrial DNA by
TLR9 [39]. Thus, ICD inducers are able to induce the CXCL10 secretion by cancer cells,
raising CXCL10 as another ICD feature. For example, oxaliplatin induces the CXCL10
production by melanoma cells [40] and cisplatin triggers the CXCL10 (together with CRT)
expression in vivo in a B16 melanoma model [41]. While the production of CXCL10 was
not investigated in CT26 or LL/2 tumor-bearing mice treated with cisplatin, the addition of
the recombinant CXCL10 increases the antitumor effects [42]. Moreover, the immunogenic
dying cancer cells were proposed to trigger a pathogen response-like chemokine signature,
the CXCL1, CCL2 and CXCL10 co-release. This signature is responsible for the recruitment
of neutrophils as the first innate immune responders [43].

Kroemer’s team also showed that some ICD inducers were able to induce the expres-
sion of a lot of chemokines within tumors, such as CCL11, 17, 22 and CXCL16 (induced
by oxaliplatine) or CCL1, 2, 4, 5, 9, CXCL2, 9, 10, 11, 12, 13 and 14 (oxaliplatine and
mithoxanthrone). Among these chemokines, some of them seemed not to be induced by
cisplatin (CCL1, 2, 4, 5, 9, 11, 17, 22 or CXCL2 and 13), a non-inducer of ICD in this context,
suggesting that their expression would be driven only by ICD inducers [44]. The association
of the chemokine release with ICD is strengthened by the observation that CXCL2 (or its
human ortholog CXCL8) is responsible for the translocation of the CRT to the outer leaflet
of the plasma membrane [44].

Then, other studies have highlighted the production of chemokines during ICD. In
bladder cancer cell lines, mitomycin C was shown to induce the expression of CXCL2, 3,
5, 6 and CCL20 [45]. Radiations which are known to induce ICD stigmata also induce
CXCL16 in human breast cancer cells and in diverse murine cancer cell lines [46,47]. Along
the paclitaxel-mediated ICD, the cancer cell autonomous TLR4 signaling is essential to
the release of DAMPs, which led, in an autocrine manner, to the activation of the NF-



Cells 2022, 11, 3672 5 of 24

κB-mediated CCL2 transcription, together with CXCL10 [48]. Moreover, crizotinib, an
FDA-approved TKI able to allow cisplatin to induce ICD, was also shown to induce
Cxcl5 expression within tumors in association with cisplatin [49]. The cyclin-dependent
kinase inhibitor dinaciclib, which is able to induce ICD, also triggers the expression of
type I IFN and MHC class I gene expression and Ccl5, Cxcl10 and Ccl2 [50]. In human
NSCLC cells, docetaxel induces the release of HMGB1 which in turn (such as recombinant
HMGB1) is able to induce the CXCL11 expression and production [51]. Another role of
HMGB1 was shown by its capacity to bind to CXCL12, thus allowing DCs’ chemotaxis via
CXCR4 signaling [52].

3. CD8 T-Cell Chemoattraction by Chemokines Released during ICD

One of the features of ICD is the chemokine production in tumors. Once released,
these molecular actors will attract cells expressing specific receptors. Thus, one chemokine
will regulate the migration of many cell types with potent pro- or antitumor effects. Here,
we will focus on CD8 T cells to decipher how ICD inducers may improve the CD8 T-cell-
dependent antitumor immune response. Among the chemokines described to be released
during ICD, some reports identified several chemokine/receptor couples able to regulate
the CD8 T-cell migration: CXCL9, 10, 11/CXCR3, CXCL16/CXCR6, CX3CL1/CX3CR1,
CCL2/CCR2, CCL3, 4, 5/CCR5 and CCL20/CCR6 (Figure 2).

Figure 2. Chemokines and chemokine receptors that may be involved in CD8 T-cell chemoattraction
during ICD. Cells in the tumor microenvironment and cancer cells (at the center) able to secrete
chemokines and corresponding receptors (at the periphery) expressed by CD8 T cells.

3.1. CXCR3

CXCR3 is expressed by CD8 T cells but can also be found at the membrane of CD4
Th1, NK cells and macrophages. It is the receptor for the Th1-type chemokines CXCL9,
CXCL10 and CXCL11. When these molecules are highly produced within the tumor,
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their ligation with CXCR3 allows their migration into tumors. This phenomenon was
observed in different murine cancer models, such as breast or renal cancer, lymphoma
or melanoma [7,8,11,12,53]. Different types of cells forming the tumor microenvironment
were shown to be able to produce CXCR3 ligands, such as myeloid cells (DCs, macrophages
or myeloid-derived suppressor cells (MDSCs)) and cancer cells themselves [35,39,54–57].

In a colon cancer model with a heterogeneous response to avelumab (anti-PD-L1),
single-cell RNA sequencing on biopsies before treatment allowed the discovery of a Cxcl9+

macrophage subset which is associated with the response. Furthermore, blocking CXCL9
in mice canceled the tumor growth inhibition initially obtained with avelumab [58].

When melanoma or ovarian cancer cells overexpressing CXCL9 are s.c. injected into
mice, the CD4 and CD8 T-cell recruitment and activation are increased and the tumor
growth is slowed down [59,60]. Similarly, the CXCL9/10/11 overexpression in Lewis Lung
carcinoma cells increases the CD8 T-cell recruitment and controls the tumor growth alone
or in association with an anti-PD-1 Ab [61].

In the same way, several approaches were tested to deliver DNA coding for CXCR3
ligands in the tumors. Thus, the electroporation of established colon tumors with a plasmid
coding for CXCL9 together with IL-12 increases the CD8 T-cell recruitment and delays the
tumor growth, either alone or in combination with an anti-PD-1 Ab [62]. CXCL11-armed
oncolytic poxvirus i.p. injected into mesothelioma-bearing mice favors the CD8 T-cell
accumulation in the tumor which is then responsible for an efficient antitumor immune
response [63]. In a colon carcinoma model, the intratumor injection of an adenovirus armed
with the Cxcl10 gene allows the recruitment of CD8 T cells. In this context, an anti-PD-1 Ab
must be added to have an antitumor effect [64].

Besides overexpression, another approach is to find chemokine inductors. Intratumor
injections of the STING agonist were shown to activate the type I IFN pathway, thus
leading to chemokine expression (CXCL10, CCL5 and CXCL2), CD8 T-cell recruitment
in a CXCR3-dependent manner and pancreatic tumor growth delay [65]. Moreover, the
use of romidepsin, an HDAC inhibitor, or celecoxib, a COX2 inhibitor, reinforces the
expression of chemokines such as CXCL9/10 or CCL5 in cancer cells, macrophages and
T cells. This allows the recruitment of CD8 T cells in melanoma and lung tumors and the
slowdown of tumor growth, both improved when using an anti-PD-1 Ab [66,67]. Similar
results were obtained with entolimod or imiquimod, two agonists of TLR5 and TLR7,
respectively, which triggered a CD8 T-cell chemoattraction through an INFγ-CXCL9/10
pathway and colon or vaginal tumor growth delay [68,69]. In murine hepatocellular
carcinoma models, regorafenib—a multikinase anti-VEGFR—combined with anti-PD1
confers a survival benefit which requires the presence of CD8 T cells. Indeed, CXCL10
expression is enhanced by the combination therapy, thus promoting CXCR3-mediated
cytotoxic T-lymphocyte infiltration and leading to a delay in hepatocarcinoma tumor
growth [70]. We also showed the importance of CXCL10 in the chemo-immunotherapy
response. In lung cancer models mutated for KRAS, the overactivation of MEK-ERK blocks
the CXCL10 expression in cancer cells. Thus, inhibiting this pathway with trametinib allows
chemotherapy (cisplatin/pemetrexed) to increase the CXCL10 expression and production
by cancer cells, the recruitment of CD8 T cells within the tumor and the control of the
tumor growth when associated with the anti-PD-1 antibody [39]. Finally, a single injection
of cyclophosphamide, a drug able to induce ICD, can increase the Cxcl9, Cxcl10 and Cxcl11
expression within mastocytoma tumors (an effect dependent on CD4 T cells), thus allowing
the recruitment of CD8 T cells and tumor regression [71]. Moreover, the association of
cyclophosphamide with a TLR9 agonist increases the chemokine expression in murine colon
tumors (Ccl5, Cxcl9 and Cxcl10) and CD8 T-cell proportion and inhibits tumor growth [72].

Another way to increase chemokine expression is to remove transcription inhibition,
such as promoter methylation. In this setting, the use of EZH2-mediated histone modifica-
tion (GSK126) and DNA-methylation (5-AZA dC) inhibitors removes the Cxcl9 and Cxcl10
transcription repression in ovarian cancer cells, thus increasing the CD8 T-cell recruitment
in the tumor, slowing down the tumor growth and improving the anti-PD-L1 therapy
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efficacy [73]. Similarly, the methyltransferase inhibitor decitabine increases the Cxcl10 (and
also other chemokines, such as Ccl5) expression by ovarian cancer cells. This increased
chemokine expression is associated with improved CD8 and NK cell numbers in the tumors
and an improved response to the anti-CTLA-4 Ab [74].

Other strategies have been evaluated. First, the inhibition of the dipeptidylpepti-
dase DPP4 dampens the CXCL10 degradation, thus improving the CD4 and CD8 T-cell
recruitment and limiting the melanoma and colon tumor growth in the presence or not of
anti-PD-1 and/or anti-CTLA-4 [75]. Second, an immunotherapeutic cocktail comprising a
vaccine, chemotherapy and a TLR3 agonist (VCT) specific for hardly curable tumors was
administrated to melanoma and glioma tumor-bearing mice. It induces high amounts of
CCL5 and CXCL10 in tumor cells with distinct kinetics. In this context, CXCL10 was shown
to contribute to the therapeutic success of this treatment by promoting the recruitment of
CXCR3+CD8+ T cells at the tumor site. However, the secretion of CCL5 by cancer cells
drives the accumulation of immunosuppressive CCR5+ cells and not CD8 T cells in this
context. Thus, the blockade of CCL5 improves the therapeutic efficacy of the VCT [76]. The
importance of these two chemokines was also shown in deficient DNA mismatch repair
colorectal cancer (CRC). Due to their unstable genomes, these cells produce particular
cytoplasmic DNA fragments (at baseline or under chemotherapeutic treatments) which
sense the cGAS/STING and type I IFN signaling pathways to induce the production of
CXCL10 and CCL5 and the recruitment of CD8 T cells at the tumor site. However, the
impact of this pathway on tumor growth was not evaluated in this study [77]. A similar
observation was made in multiple myeloma models. Bortezomide is able to induce ICD
in these models and especially type I IFN and CXCL9 production in a STING-dependent
manner which is associated with an increase in the lymphocytes at the tumor site. Moreover,
bortezomide slows down multiple myeloma tumor growth, an effect emphasized by a
STING agonist [78].

Another way to increase the chemokine expression within the tumors is to use cellular
therapy. MSC (mesenchymal stem cells) are promising cellular vehicles that possess an
intrinsic preferential migratory ability toward a number of different tumor types upon
systemic administration. Hence, using MSC engineering to deliver CXCL9 (and also
immunostimulatory factors OX40L and TNFSF4) triggers an increase in the CD8 and NK
cells expressing granzyme B in colon tumor models. In this therapeutic context, both the
CXCL9 and immunostimulatory factors are required to improve the antitumor response,
an effect which is upgraded in association with an anti-PD-1 Ab [79].

Moreover, an amplification loop seems to exist between CXCL9, 10 and/or 11 and
ICBs, as anti-PD-1 or anti CTLA-4 Abs allow an increase in these chemokines within murine
and human tumors [56,57,80]. Thus, the upregulation of CXCL9 and 10 by ICBs enhances
T-cell homing in a CXCR3-dependent manner. Interestingly it appears that the main source
of CXCL9 is macrophages in multiple tumor models [57]. These data emphasize the role of
other immune cells in the tumor microenvironment that are critical for ICB efficacy.

Because the number of activated CD8 T cells within melanoma or colon tumor
models is decreased in Cxcr3−/− mice, some studies aimed at identifying the role of
this pathway in T-cell proliferation and activation. The absence of CXCR3 seems not
to interfere with the ex vivo-specific lysis against tumor cells (OT-I CD8 T cells/OVA-
expressing tumor cells) nor with the IFNγ, TNFα or Granzyme B expression [11,81].
However, under anti-PD-1 treatment, CXCR3 is required for CD8 T-cell proliferation
and activation (IFNγ and TNFα) [81].

3.2. CXCR6

CXCR6 is expressed at the cell surface of T cells, mainly the CD4 Th1, CD8 Tc1 and
NKT cells, and on NK or cancer cells. Its sole ligand is CXCL16 which is expressed at the cell
surface and released as a soluble factor after cleavage by disintegrin or metalloproteinases.
CXCL16 is expressed by a wide number of cells within the TME, such as endothelial,
mesenchymal stem cells, macrophages, MDSCs, CAFs and cancer cells too [17]. Because of
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the expression of both CXCR6 and CXCL16 by many cell types, this tandem has a lot of
effects on cancer fate. Concerning CD8 T cells, it has been shown that irradiation induces
CXCL16 production by breast cancer cells, thus allowing the migration and recruitment of
CD8-activated T cells at the tumor site [16]. However, while CXCL16 is highly expressed
within pancreatic tumors, CXCR6 is absent from CD8 T cells. Thus, the use of CXCR6-
transduced CD8 T cells in pancreatic tumor-bearing mice allows their migration in the
tumor where they can play their antitumor role [82]. On the contrary, CXCR6 has been
described to be highly expressed in CD8 T cells from murine and human lung and colorectal
tumors. CXCR6-deficient CD8 T cells have weaker antitumor effects in murine melanoma,
lung and colon cancer models and are less recruited at the tumor site even after anti-PD-1
treatment [83,84]. More than driving the chemoattraction of CD8 T cells, CXCR6 also
favors their interaction with DC. Then, the DC-derived IL-15 sustains the effector-like CD8
T-cell survival [85].

3.3. CX3CR1

CX3CR1 is expressed at the surface of immune cells, such as T lymphocytes, NK, mono-
cytes, granulocytes or DCs, but also on cancer cells. The ligand of CX3CR1, CX3CL1 (or
fractalkine), is expressed on DCs and endothelial and cancer cells [20]. Like CXCL6, CX3CL1
can be cleaved and released by disintegrin or metalloproteinases but also by cathepsin
S. Depending on the context, the expression of CX3CR1 and/or CX3CL1, in a wide number
of cell types, may lead to opposite effects on cancer progression. Hence, the overexpression
of CX3CL1 in tumor cells was shown to inhibit hepatocellular and colon tumor incidence
in association with CD4 and CD8 T-cell infiltration in the tumors [86,87]. However, the
participation of immune cells in this antitumor effect depends on the localization: in the sub-
cutaneous model, CD8 T cells are responsible for CX3CL1 effects, while in liver localization,
it is CD4 T cells [87]. Concerning CD8 T cells, the peripheral blood-circulating CX3CR1+

CD8 T-cell frequency is associated with the ICB (anti-PD-1, anti-CTLA-4 or both) efficacy in
murine colon cancer models [88]. Similar results were found in a study on a few metastatic
melanoma patients under chemo-immunotherapy treatments [89].

3.4. CCR2

CCR2 was described to be expressed on many cell types, such as immune and cancer
cells. CCL2 (MCP-1) is the ligand with the most important affinity, but CCR2 can also bind
CCL7 (MCP-2), CCL8 (MCP-3) and CCL13 (MCP-4) [21]. According to its primary name,
CCL2 has the function of a monocyte-chemoattractant protein, but it has been also shown
to play a role in CD8 T-cell migration. However, a controversial effect of CCL2/CCR2 on
CD8 T cells has been described. For example, the deletion of CCR2 in mice is associated
with an increase in the CD8 T cells within the tumors in an N-nitrosomethylbenzylamine
(NMBA)-induced esophageal squamous cell carcinoma (ESCC) model. This can be ex-
plained by an indirect effect of CCL2 on the recruitment of TAMs (and their differentiation
into M2) which inhibit the infiltration of CD8 T cells at the tumor site [90]. In a murine
breast cancer model, blocking CCR2 with RS504393 decreases the tumor growth in the
presence of anti-PD-1. This combination of treatments does not modify the frequency
of CD8 T cells within the tumor, but these cells have a lower expression of exhaustion
markers PD-1 and LAG3. The authors also observed a decrease in Treg cells, but the
importance of both cells in the antitumor effects of the inhibitor of CCR2 was not investi-
gated [91]. The use of another CCL2 antagonist, N-[2-[[(3R)−1-[(4-chlorophenyl)methyl]−3-
pyrrolidinyl]amino]−2-oxoethyl]−3-(trifluoromethyl)benzamide hydrochloride (BHC) in
combination with anti-PD-1 also delays lung tumor apparition, which is associated (but
not proved implicated) with an increase in CD8 T cells producing IFNγ [92].

However, the CCL2/CCR2 pathway was described to allow the recruitment of adop-
tively transferred CD8 T cells within lymphoma murine tumors, and this was associated
with tumor growth control [93,94]. Similarly, this pathway was also shown to be involved
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in the recruitment of type I cytotoxic γδ T cells in melanoma tumors, a hybrid NK/CD8 T
lymphocyte able to kill cancer cells, thus conferring an antitumor role of CCL2/CCR2 [95].

One possible explanation for this dual role of CCL2 on CD8 T-cell chemoattraction is
post-traductional modifications. Hence, CCL2 has been described to be nitrated/nitrosylated
in human colon tumors and in different murine tumor models. This modification inhibits
the potential of CCL2 to recruit CD8 T cells in the tumor bed and promote tumor growth.
When the production of reactive nitrogen species is inhibited, the CCL2/CCR2 pathway is
working to allow CD8 T-cell recruitment and tumor growth control [94].

3.5. CCR5

CCR5 is the common receptor of CCL3 (MIP (macrophage inflammatory)-1α), CCL4
(MIP-1β) and CCL5 (RANTES). Both the receptor and ligands are mostly described to be
expressed in cancer and immunosuppressive cells (Treg, MDSCs, CAFs and endothelial
cells), thus participating in tumor progression [18]. However, it is also expressed on CD8 T
cells, thus considering not only to inhibit it but also to activate the recruitment of cytotoxic
lymphocytes at the tumor site through this pathway. Hence, the deficiency of CCR5 in
mice and more particularly in T cells slows down the tumor growth in different cancer
models. Thus, lung cancer cell-derived CCL5 favors the CCR5+ CD8 T-cell recruitment
and activation, a phenomenon fully achieved by CCR5+ CD4 T cells, through the CD40L
upregulation and full maturation of APCs [96]. However, an opposing role of CCL5 on
CD8 T-cell recruitment was described. In murine renal adenocarcinoma-bearing mice,
the use of an anti-CCR5 increases the CD8 T cells (together with CD4 and DCs) within
the tumor and retards the tumor progression [97]. Moreover, in murine colon tumor
models, the CCL5 deficiency within the cancer cells enhances the CD8 T-cell homing into
the tumor, thus leading to the delay of both tumor growth and metastasis. Interestingly,
such a deficiency could reinforce anti-PD1 therapy through a perturbation of the TAM
metabolism framework [98]. In murine colon cancer models, the CCL5 produced by
myeloid cells seems to inhibit CD8 T-cell migration, thus favoring tumor growth [98]. The
contradictory results obtained after the inhibition of the CCR5/CCL5 on CD8 T cells and
tumor progression might be due to the expression of this receptor/ligand on other cell
types, such as immunosuppressive cells, and the proportion of these cells at the tumor site.

Moreover, some chemokines can regulate each other. This is the case for CXCL9 and
CCL5. CCL5 regulates the expression of CXCL9 (but not CXCL10) in the TAMs, thus
allowing the recruitment of CD8 T cells within the tumor and tumor growth control [9].

Concerning CCL3 and CCL4, it was shown that intratumor basophils are able to
secrete these chemokines and to attract CD8 T cells. Thus, expanding these cells with IL-
3/anti-IL-3 therapy increases the CD8 T-cell recruitment in melanoma tumors and delays
the tumor growth in a CCL3/CCL4-dependent manner [99]. The overexpression of CCL3
in murine colon cancer cells or the subcutaneous injection of CCL3 near the established
tumor does not modify the proportion of CD8 T cells but favors their capacity to produce
IFNγ. What is interesting in this study is that a low level (500 ng) of CCL3 has an effect,
while high amounts (5000 ng) do not, thus suggesting that the effects of chemokines on the
recruitment and/or activation of CD8 T cells may partly depend on the quantity produced
at the tumor site [100].

3.6. CCR6

CCR6 has a unique ligand CCL20 (MIP-3α) which is expressed in many healthy tissues
but also by cancer cells and M2 TAMs. CCL20 thus allows the recruitment of CCR6+ CD4
immunosuppressive T cells (Th17, Treg) at the tumor site and favors the migration and the
metastatic potential of CCR6-expressing cancer cells from diverse types [101]. However,
CCR6 was also shown to be expressed by human CD8 T cells [19]. Hence, while human
CRC-infiltrating Th17 cells have protumor effects on endothelial cells and neutrophil
recruitment through IL-17 and IL-8, respectively, and the presence of these cells within
tumors is not correlated with patient survival. This is due to a dual role of Th17 cells



Cells 2022, 11, 3672 10 of 24

and their capacity to secrete CCL20, thus recruiting cytotoxic CD8 T cells [102]. Moreover,
CCL20 has an indirect effect on CD8 T-cell recruitment. Indeed, under cisplatin treatment,
there is a production of CCL20 and IL-1β by murine lung and breast cancer cells, which
triggers the recruitment of the CCR6+ type 3 innate lymphoid cells (ILC3) at the tumor site.
Then, these cells secrete CXCL10, thus allowing CD8 and CD4 T-cell chemoattraction and
improving the ICB efficacy [103].

4. Usefulness of Chemokines Released during ICD as a Biomarker

We now know that ICD is mainly driven by two main mechanisms, the antigenicity
and the adjuvanticity of dying cancer cells. While the first depends on the exposure of
tumor neoantigens (TNAs), tumor-associated antigens (TAAs) and the tumor mutational
burden (TMB), the second relies more on an efficient communication between dying cancer
cells and immune cells to promote an antitumor immune response.

Focusing on the adjuvanticity of dying cancer cells, it has been recently accepted that
chemokine expression, like other immunostimulatory signals such as the extracellular ATP
release (find-me signal), calreticulin exposure (eat-me signal) and HMGB1 release, has
a key role occurring in this narrow and complex communication between cells which is
needed to obtain an efficient recruitment of APCs and to prime a cytotoxic lymphocyte
(CTL)-dependent immune response. There is some evidence that the DAMP emission
by cancer cells could have a prognostic value in cancer-treated patients. Nevertheless,
if a specific chemokine expression could be used as a biomarker of treatment efficacy
remains unclear.

4.1. As a Negative Prognostic/Predictive Biomarker

CCL5 has been correlated with malignancy, cancer cell proliferation and progressive
disease in a number of types of pathologies, such as gynecological, genito-urinary and
digestive cancers [104–108]. In node-negative breast carcinoma, the high expression of
CCR5 (a CCL5 receptor which may promote tumor progression as mentioned earlier) is an
independent prognostic factor of poor survival. In murine models, cancer cells harboring
this receptor initiate tumor growth. Reciprocally, the reintroduction of CCR5 into CCR5-
negative cells is associated with tumor metastases. An explanation, provided by a single-cell
analysis, is that CCR5 may induce the PIK3/Akt pathway leading to cell survival [109]. As
expected, CCL5 positivity has an unfavorable prognostic value in stage II breast carcinoma,
which is strengthened when combined with estrogen receptor negativity [110]. Similarly,
the expression of CCR3 and CCR5 in gastric cancer tissues is also significantly associated
with lower survival [111,112]. In this setting, in vitro data suggest that the proliferation
of cancer cells harboring CCL5 receptors is related to CD4 T cells, which are the main
CCL5 producers among other immune cells. Moreover, a drop in CD8 T cells but not in
CD4 T cells is observed when CCL5-treated tumor cells are co-cultured with peripheral
blood mononuclear cells (PBMCs). This could indicate some cooperation between tumor
and CD4 T cells, resulting in the apoptosis of the cytotoxic population, thus preventing
the elimination of the cancer cells [113]. These findings suggest that the CCL5-CCR5 axis
potentially has a pejorative prognostic value in several types of malignancies.

Staying aware of the dual role of CCL2, an analysis of a human ESCC cohort confirmed
that TAM infiltration was associated with a high level of CCL2, both correlated with a
poor outcome. Moreover, the CCL2-CCR2 axis was related to the upregulation of the PD-1
pathway. In CCR2+/+ ESCC murine models, most of the TAMs display M2 subtypes, and
reciprocally, knocking-out CCR2 dramatically reverses this M2 polarization and enhances
the cytotoxic T-cell infiltration. A further investigation shows that tumor escapement
from the immune system control is mediated by the PD-L2 expression. Altogether, this
suggests that the TAM M2 polarization guided by the CCL2-CCR2 axis leads to immune
evasion, going through the PD-L2 immune checkpoint pathway [90]. Some data suggest
that CCL2-recruited macrophages also have a promoting role in angiogenesis [114]. In
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the same way, breast cancer patients displaying a high CCL2 tumor expression and high
resident TAM levels were more prone to present early recurrence [115].

Surprisingly, in prostate cancer, after analyzing radical prostatectomy tissues by im-
munohistochemistry (IHC) and microarray in a multicenter cohort, high CXCL16, CXCR6
and CXCL16-CXCR6 co-expression were found to be independent prognostic factors for
poorer clinical failure-free survival (the progression of local symptoms or metastasis to
bone, visceral organs or lymph nodes), like other anatomopathological features such as a
Gleason > 7, vascular infiltration and positive surgical margins [116].

In colorectal cancer, tumors with a CX3CL1-CX3CR1 negative axis are more prone to
have a further tumor relapse or metachronous metastasis [117]. Measuring the chemokine
expression in samples of soft tissue sarcoma patients, low mRNA levels of CCL2, CX3CL1
and the combination of both are independent prognostic factors of poor survival. Unexpect-
edly, this association with a worse outcome is stronger in female than in male patients [118].

The prognostic value of immune marker expression investigated in a cohort of resected
pT1 bladder cancer has demonstrated a shorter recurrence-free survival in patients with low
mRNA CXCL9 versus a high level. In addition, it is an independent prognostic parameter
for decreased overall, disease-specific and recurrence-free survival [119]. Some studies have
also shown counterintuitive results. In a prospective study, blood samples were collected
from lung cancer patients and healthy controls in order to monitor the plasmatic chemokine
levels of CXCL9/10/11 and IFNγ which are known to promulgate T-cell efficacy. There
was a higher CXCL9/10 level in the lung cancer patient plasma than the healthy control,
and surprisingly, CXCL9/11 were independent prognostic factors for poor survival [120].

4.2. As a Positive Prognostic/Predictive Biomarker

Knowing that CD8 presence is correlated with a better outcome, obtaining a success-
ful migration into tumor sites is therefore critical. In order to precisely describe what
chemokine is involved in T-cell homing, a transcriptomic approach, conducted in seven
types of human cancers, proposed that CCL5 and CXCL9 expression is correlated with
CD8A expression in the tumors [9]. A similar experiment was performed in CRC and found
that CD8A expression was correlated with high CCL3, 4, 5, 8, CXCL9, 10 and 12 expres-
sion [121]. Concordant with previous observations, the analyses of metastatic melanoma
biopsies showed an association between the presence of CD8 T cells and the expression of
a subset of six chemokines (CCL2, 3, 4, 5, CXCL9 and CXCL10). These findings confirm
that T-cell homing is mediated by a certain chemokine expression profile [122].

4.2.1. In Localized and Locally Advanced Setting

Chemokine expression could have an interest before and after a treatment with curative
intent. Indeed, a low CCL2 level (measured using a cytometric bead array and flow
cytometry) in patients’ serum with colorectal cancer before surgery is an independent
prognostic factor of better overall survival at 5 years [123]. Interestingly, after surgery
in operated colorectal cancer, PCR and IHC analyses were performed on tumor tissues
and CCR5 expression was positively correlated with CD8 T-cell infiltration, whereas the
absence or a weak CCR5 expression correlated with lymph node involvement and with a
poorer outcome [124].

The CXCL16 immunohistochemical analysis of 58 colorectal samples, collected during
surgery, demonstrated a higher CD4 and CD8 tumor infiltration in patients who exhibited
a high level of this chemokine expression. Moreover, a significant longer survival was
observed in patients with high CXCL16 levels, suggesting its potential role as a prognostic
biomarker, explained by a better improvement in the tumor-infiltrated lymphocytes (TILs)
recruitment [125].

The CXCR3-CXCL9/10/11 axis is known to drive the migration of T and NK cells in
solid tumors [5]. Concerning CXCL9, a high expression of this chemokine in early breast
tumor tissues (RT-PCR or IHC analyses) was associated with a better outcome [126,127].
Focusing on the chemokine receptor CXCR3, its expression on stage III melanoma patients’



Cells 2022, 11, 3672 12 of 24

peripheral or tumor-involved lymph node CD8 T cells improves survival [128]. A meta-
analysis conducted on gastric cancer confirmed the good prognostic value of CXCR3 [129].
An integrative approach using gene expression, phenome mapping, tissue microarrays
and the T-cell repertoire in colorectal cancer also exhibited that a high T-cell presence
is correlated to the expression of specific adhesion molecules and chemokines (CX3CL1,
CXCL10 and CXCL9). Importantly, the high expression of these molecules is translated
to a better outcome for patients, confirming that is a benefit conferred by better T-cell
homing, mediated by chemokines [130]. As mentioned earlier, other data suggested that
the clinical benefit observed with colorectal cancer cells that express CX3CL1-CX3CR1 is
more related to the prevention of metastases dissemination than to T-cell infiltration [117].
In other types of cancer, such as early breast carcinoma or gastric adenocarcinoma, high
CX3CL1 expression (IHC) is correlated with increased stromal CD8, DC and NK cells
and also associated with a disease-free survival benefit for both types of cancer and an
overall survival improvement in breast carcinoma [131,132]. Similarly, an overall survival
advantage was found in lung adenocarcinoma with an increased CX3CL1 mRNA level [133].
In IDH-1 mutant gliomas, there is a higher NK-κB pathway activation, leading to NK cell
migration in a CX3CL1-dependent manner, thus bringing a possible explanation for better
outcomes observed in this setting compared to IDH-1 wild-type tumors [134]. Furthermore,
in all of these works, CX3CL1 was an independent prognostic factor of better outcomes
in each setting [131–134]. In ESCC tumor tissues (IHC), CXCL10 and CCL5 (also known
to be a type 1 DC chemoattractant) were positively associated with local expressions of
cytotoxic lymphocyte markers, such as CD8 and granzyme B. Thus, CCL5 expression is
positively associated with a better outcome and high CXCL10 is an independent prognostic
factor of overall survival and disease-free survival in ESCC [135,136]. Furthermore, for
CXCL10-high patients, there was no difference in 5-year overall survival between surgery
alone compared to surgery with adjuvant chemotherapy, whereas CXCL10-low patients
seemed to benefit from the addition of adjuvant therapy. Consequently, hoping for ulterior
validation in prospective studies, CXCL10 expression could serve as a useful marker
for the need of adjuvant chemotherapy in locally advanced ESCC [136]. Investigating
the role of CXCL11 in gastrointestinal lower tract disease, the transcriptomic approach
demonstrated a significant association between high-chemokine expression and longer
survival in colon, but not in rectal, adenocarcinoma. A further analysis in a cohort with
localized and locally advanced colon cancer confirmed that patients having high CXCL11
in the tumor tissue lived longer. The favorable prognostic value of CXCL11 was confirmed
in a multivariable analysis [137]. In the neoadjuvant setting of muscle-invasive bladder
cancer, tumor biopsies before treatment revealed that the CXCL11 abundance correlated
with high TILs. Moreover, the presence of CXCR3alt-CXCL11 (CXCR3alt resulting from an
alternative spliced transcript with more affinity to CXCL11 than CXCL9 or 10) is predictive
of the neoadjuvant chemotherapy responsiveness [138].

An mRNA analysis of immune-activating and immunosuppressing factors was con-
ducted in the early breast carcinoma tissue of patients before randomization in the GeparSixto
trial, which investigated the impact of adding carboplatin to the neoadjuvant chemotherapy
regimen (anthracycline + taxane). Unexpectedly, immunosuppressive (IDO1, PD1, PDL1,
CTLA4 and FOXP3) as well as immune-activating (CXCL9, CCL5, CD8A, CD80, CXCL13, IGKC
and CD21) markers were both predictors of a pathological complete response, particularly in
patients receiving carboplatin, with the highest predictive value for PDL1 and CCL5 [139].

4.2.2. In Advanced/Metastatic Setting

Regarding the CXCL9/10/11-CXCR3 axis, a CXCR3 score, reflecting this activation
pathway, was created in a cohort of metastatic urothelial carcinoma bladder cancers treated
with ICBs and was found to be an independent prognostic factor of good overall survival.
There is a higher CXCR3 pathway activation in responders (partial or complete response)
than non-responders (stable or progressive disease). In high CXCR3-score patients, there
are more ICB responders and consequently longer overall survival. More precisely, there
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is a higher CXCL9/10-CXCR3-pathway-score protein expression in responder patients.
Altogether, this suggests that a higher CXCR3-CXCL9/10 axis activation results in a better
response to immunotherapy in this setting [140]. In a French cohort of 60 stage III/IV
advanced NSCLC from whom a plasma soluble factors analysis was conducted before an
immunotherapy injection, we showed that higher CXCL10 levels were correlated with a
better response to first-line treatment, consisting of platinum-based doublet chemother-
apy. Moreover, we observed a higher progression-free survival rate in patients with high
CXCL10 levels after anti-PD1 therapy. Thus, these data suggest that increased CXCL10
production after receiving chemotherapy is predictive of the ICB further efficacy [39].

In metastatic melanoma patients, biopsies were collected before and post-treatment
with ipilimumab, an antibody targeting CTLA-4, and as expected, patients displaying
higher immune-related gene expression (including CXCL9, 10 and 11) at baseline had a
higher total infiltration of lymphocytes and a better response to the ICB. Interestingly,
post-treatment biopsy analyses demonstrated an increased expression of a number of genes,
including CXCL11. Of note, even if this rise in immune gene expression was presented
in both responders and non-responders, the amplitude was larger in the responders. Still
looking for a clinical benefit, a higher post-treatment expression of CXCL11 and CXCR3 was
associated with longer survival [80]. In murine models, CXCR3-deficient mice displayed a
poor response to anti-PD-1 treatment, and its induction in non-responsive murine tumors
restores the ICB efficacy. Moreover, the CXCR3 ligand expression in murine tumors but
also in the plasma of melanoma patients is correlated to the ICB antitumor response,
highlighting a potential predictive value [81].

Conversely, a weak CCL5-CCR5 axis could be correlated with a better outcome. Indeed,
a baseline low serum level of CCL5 in a cohort of metastatic colorectal cancer treated with
regorafenib was associated with a survival benefit [141].

Many other chemokines could recruit both anti- and protumor immune cells, and it
becomes complex to determine each role of every single chemokine, especially in different
organ cancers. Based on this complexity, the prognostic role of CXCL11 has been explored
in a pan-cancer study with 33 types of malignancies. Even though CXCL11-high expression
correlated with the immune pathway and the presence of CD8 T cells in the TME, its
prognostic value nonetheless remains inconsistent across different malignancies [142].
This is why, more than focusing on one chemokine or chemokine receptor, chemokine
signatures are in development. A prognosis signature using CXCL2, CXCL13, CCL26,
CCL20 and CX3CR1 in lung adenocarcinoma turned out to be an independent prognostic
factor which could also be predictive of the immunotherapy response [143]. Therefore, a
further investigation is needed to ascertain the precise role of chemokines as a prognostic
or a predictive biomarkers [144].

5. Targeting Chemokine Expression within the Tumor to Improve Treatment Efficacy

The development of immunotherapy, which targets ICBs, has revolutionized the
treatment of many solid cancer types. Nevertheless, most patients present an intrinsic
resistance to ICBs. Numerous biological phenomena could explain this, such as the loss
of MHC-I expression, a low level of tumor neoantigens or weak inflammatory signaling
due to poor CD8 T-cell infiltration [145–147]. Because of such an intrinsic resistance against
ICB monotherapy, new therapeutic tools are required to improve their efficacy. Numerous
studies have described the ability of chemotherapies to improve the antitumor immune
response by targeting immunosuppressive cells [148] or by inducing immunogenic cell
death [149], and a promising way consists of inducing the chemokine expression within
the tumor to improve the treatments.

5.1. From in Vitro and in Vivo Models toward Clinic

Nowadays, metastatic melanoma requires a 1st-line therapy containing ICBs, pro-
viding a 5-year overall survival of more than 50% [150]. Nevertheless, some patients
experience progressive disease with the poor efficacy of ICBs. Re-examining chemotherapy



Cells 2022, 11, 3672 14 of 24

usefulness, in vitro dacarbazine, temozolomide and cisplatin have the ability to enhance
the CCL5, CXCL9 and -10 expression by cancer cells. Moving toward in vivo models, the
upregulation of these chemokines after temozolomide treatment is translated into a higher
CD3+ T-cell homing in a CXCR3-dependent manner. Moreover, using a qPCR in melanoma
tumors collected before and after chemotherapy with dacarbazine, a significant increase
in CCL5, CXCR3 ligands and CD8 gene expression was observed. Of note, all of these
chemokine expression levels were predictors of the tumor response, and patients displaying
a high intratumor chemokine level after chemotherapy had a longer survival. Interestingly,
CCL5, which has been mainly correlated with cancer progression, seems to be synergic with
CXCR3 ligands. All of these findings suggest that the benefit in chemotherapy-sensitive
tumors could be mainly driven by the antitumor immune response, opening the door to
a potential combotherapy in order to improve the ICB efficacy [59]. The capacity of rego-
rafenib to increase the CD8 T-cell recruitment in murine hepatocellular carcinoma models
was also observed in humans. In blood samples from patients treated with regorafenib, the
CXCL10 concentration increases along with the treatment which confirms this chemokine
induction in humans [70].

Using single-cell RNA sequencing on biopsies from murine CT26 colon cancer tumors
before treatment, Qu et al. identified a macrophage resident population correlated with the
response to avelumab (anti-PD-L1). This TAM pro-inflammatory subset displayed a high
CXCL9 expression profile, thus attracting CXCR3+ effector cells in the tumor. Regarding
human cohorts treated with either avelumab or atezolizumab, it appeared that a CXCL9-
high expression was associated with longer overall survival. These data highlight the
existence of the TAM subpopulation harboring a pro-inflammatory chemokine signature,
thus leading to a better response to ICBs. Finding a way to promote CXCL9 production in
a tumor microenvironment appears interesting [58].

5.2. In Early Phase Trials

There is emerging evidence in early phase trials that chemokine expression improves
the outcome. In a phase I/II trial with a stage IV or unresectable stage III advanced
melanoma treated with TEBENTAFUSP-a TCR/anti-CD3 bispecific fusion protein targeting
a TAA in melanoma-increasing CXCL10 expression correlates with the reduction in periph-
eral CXCR3+ CD8 T cells and with at least a 2-fold increase in the number of intratumor
T cells after treatment (the pre- and post-treatment tumor biopsy IHC showing a greater
presence of T-cell markers after treatment). Moreover, a greater increase in the CXCL10
serum level is associated with longer overall survival and better tumor shrinkage. Similar
effects are observed with a greater increase in CXCL11. Consistently, a greater decrease
in the circulating CXCR3+ CD8 T cells is also associated with a better outcome. What is
really relevant for clinicians is that the rash occurring in treatment correlates with longer
overall survival, a greater-fold increase in the CXCL10 serum level and a decrease in the
circulating CXCR3+ CD8 T cells, showing that this eruption testifies to the treatment efficacy
by redirecting the CD8 T cells into tumors [151].

Using DCs transduced with an adenoviral vector expressing the CCL21 gene (a lig-
and of CXCR3 and CCR7), an autologous intratumor injection, guided by bronchoscopy
or CT-scan, was performed in a few patients harboring stage III/IVB NSCLC. The TAA-
specific peripheral blood lymphocyte induction of IFNγ demonstrated a systemic immune
response in nearly 38% of patients. In analyzing tumor biopsies, more than half of the
cohort displayed a 3-fold average increase in tumor-infiltrated T cells. Interestingly, pa-
tients for whom vaccination resulted in a higher CD8 infiltration showed a greater PD-L1
mRNA expression, suggesting negative feedback of the immune response was elicited
with the vaccine. These observations suggest that in situ vaccination with DC-CCL21
promotes a systemic and specific antitumor immune response which might be synergic
with immunotherapy [152].

A new immunotherapy approach using Coxsackie virus A21 (CVA21), which targets
cells expressing the intercellular adhesion molecule-1 (ICAM-1), was explored in non-
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muscle-invasive bladder cancer patients after promising in vitro results. Patients received
either CVA21 alone or with a mitomycin C low dose, a chemotherapy which previously
provided evidence of the ICAM-1 upregulation on cancer cells. Each regimen demonstrated
an increased inflammation in the tissue biopsies. The transcriptomic analysis comparing the
treated and non-treated patients illustrated a significant upregulation of a number of genes
correlated with the IFNγ and Th1 immune response, such as CXCL10 and CXCL11 in treated
patients’ tissues. Withal, there was a concomitant boost of the immune checkpoint genes
CD274 (PD-L1), CD273 (PD-L2) and LAG3, suggesting again a negative feedback initiation.
From a clinical point of view, no safety issues were reported. Such data pointed out the
ability of this virus-mediated therapy to heat the immunologic tumor microenvironment,
also suggesting that a combination with ICBs would be interesting to explore [153].

In the setting of recurrent platinum-sensitive ovarian cancer, a phase I trial com-
bining intraperitoneal chemotherapy, TLR3 ligand, IFNα and an oral COX-2 blocker
raised the local chemokine expression, such as CXCL9, 10 and 11, which are known
for their lymphocyte-attractive role. This chemokine-modulatory regimen (CKM) also
triggers the upregulation of MHC I/II, perforin and granzymes, testifying to TIL ac-
tivity. Adding a tumor-loaded dendritic cell vaccine to such therapy will be further
under investigation [154].

6. Conclusions

In this review, we have seen that the study of chemokines and more particularly
chemokines induced by treatments, such as ICD inducers, is very difficult. Actually,
one chemokine may attract different cell types expressing its specific receptor with a
different effect on the antitumor response. For example, the presence of CXCL10 or CXCL11
within the tumor is associated with a CD8 T-cell number but also with the CD4 Treg cell
accumulation with immunosuppressive and cancer-initiating effects, thus rendering it
difficult to use such chemokines as prognostic factors [155,156]. Beyond the single effect of
immune cell attraction, it is important to remind that the expression of different chemokines,
either by immune cells or tumor cells, has a role in shaping the tumor microenvironment
framework in different ways: while the Th1 cell signature provides a good prognostic, the
orientation toward Th2, Th17 and Treg cells yields a worse one [157]. For example, apart
from chemoattraction, chemokines can also affect other cellular processes, such as T-cell
differentiation (CCL3/CCR5-Th1 or CCL2/CCR2-Th2) or APC functions (CCL3, 4, 5/CCR5
and CCL2/CCR2-IL-12 production), macrophage polarization (CXCR3-M2) or cancer cell
metastasis (CXCL10, CCL5, CCL2) [108,158–162].

Rising in complexity, one chemokine may have different effects according to the
quantity produced: while high CCL3 or CXCL12 have chemorepulsive effects, low CCL3 or
CXCL12 have chemoattractive effects toward CD8 T cells. [100,163]. Such an ambivalent
effect was also observed for the IFNγ a factor involved in chemokine expression [164].

All these arguments make the possibility of using chemokines as biomarkers or
therapeutic targets difficult. However, based on the works exposed in this review,
some chemokines seem to be relevant markers of CD8 T-cell recruitment in the tumor
and predictive companion markers of patients’ responses. Moreover, the preclinical
development of new therapeutic tools is promising, such as chemokine inductors or virus-
mediated chemokine delivery. A number of early phase trials focusing on chemokine
modulation to treat cancer are ongoing, with a few of them already completed with
available results (Table 2).

Finally, even if all the studies did not always link the chemokine production at the
tumor site with ICD, the use of chemotherapy and/or radiation able to induce such a cell
death argues for the participation of the ICD-mediated chemokine production in CD8 T-cell
chemoattraction and in tumor growth control in some specific contexts.



Cells 2022, 11, 3672 16 of 24

Table 2. Early phase trials focusing on chemokine modulation to treat cancer.

Target NCT Phase Drugs Type of Cancer Associated
Treatments

Chemokine-modulatory
regimen (CKM) in order

to modulate cancer
immune response

NCT01545141
NCT03403634 I/II

Celecoxib
IFN-α2b

Rintatolimod (TLR3 agonist)

Colorectal None

NCT03599453 I TNBC + Pembrolizumab

NCT03899987 II Prostate Aspirin instead of
celecoxib

NCT02151448 I/II Peritoneal + αDC1 vaccine

NCT04093323 II Melanoma + αDC1 vaccine
+ anti-PD-1/PD-L1

CCL21 NCT01433172 I/II

CD40L-expressing
bystander cell line

GM.CD40L
vaccine + CCL21

Lung
adenocarcinoma None

CCL2
NCT00992186 II

Anti-CCL2 mAb
mCRPC None

NCT00537368 I Solid tumors None

CCR2 NCT02732938 II CCR2 antagonist
PF-04136309 Pancreas Gemcitabine,

Nab-paclitaxel

CCR5

NCT04504942 II
Anti-CCR5 mAb

Solid tumors None
NCT03838367 I/II TNBC Carboplatin
NCT03631407 II Vicriviroc Colorectal Pembrolizumab
NCT01276236 II Maraviroc Kaposi’s sarcoma None

CXCR4

NCT02737072 I CXCR4 peptide
antagonist LY2510924 Solid tumors Durvalumab

NCT05465590 I Anti-CXCR4 peptide–drug
conjugate MB1707 (PDC) Solid tumors Paclitaxel-

conjugated

NCT04543071 II CXCR4 antagonist
motixafortide Pancreas

Cemiplimab,
Gemcitabine,

Nab-paclitaxel

NCT04177810 II CXRC4 antagonist
plexirafor Pancreas None

CXCL12 NCT03168139 I/II

CXCL12 pegylated
L-oligoribonucleotide
antagonist (olapsted

pegol NOX A-12)

Pancreas,
colorectal Pembrolizumab

mCRPC: metastatic castrate-resistant prostate cancer; TNBC: triple-negative breast cancer.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Philip, M.; Schietinger, A. CD8+ T cell differentiation and dysfunction in cancer. Nat. Rev. Immunol. 2022, 22, 209–223. [CrossRef]

[PubMed]
2. Pagès, F.; Mlecnik, B.; Marliot, F.; Bindea, G.; Ou, F.-S.; Bifulco, C.; Lugli, A.; Zlobec, I.; Rau, T.T.; Berger, M.D.; et al. International

validation of the consensus Immunoscore for the classification of colon cancer: A prognostic and accuracy study. Lancet 2018, 391,
2128–2139. [CrossRef]

3. Schulz, O.; Hammerschmidt, S.I.; Moschovakis, G.L.; Förster, R. Chemokines and Chemokine Receptors in Lymphoid Tissue
Dynamics. Annu. Rev. Immunol. 2016, 34, 203–242. [CrossRef] [PubMed]

4. Maimela, N.R.; Liu, S.; Zhang, Y. Fates of CD8+ T cells in Tumor Microenvironment. Comput. Struct. Biotechnol. J. 2019, 17, 1–13.
[CrossRef] [PubMed]

5. Kohli, K.; Pillarisetty, V.G.; Kim, T.S. Key chemokines direct migration of immune cells in solid tumors. Cancer Gene Ther.
2022, 29, 10–21. [CrossRef] [PubMed]

6. Singh, K.; Hotchkiss, K.M.; Patel, K.K.; Wilkinson, D.S.; Mohan, A.A.; Cook, S.L.; Sampson, J.H. Enhancing T Cell Chemotaxis
and Infiltration in Glioblastoma. Cancers 2021, 13, 5367. [CrossRef] [PubMed]

http://doi.org/10.1038/s41577-021-00574-3
http://www.ncbi.nlm.nih.gov/pubmed/34253904
http://doi.org/10.1016/S0140-6736(18)30789-X
http://doi.org/10.1146/annurev-immunol-041015-055649
http://www.ncbi.nlm.nih.gov/pubmed/26907216
http://doi.org/10.1016/j.csbj.2018.11.004
http://www.ncbi.nlm.nih.gov/pubmed/30581539
http://doi.org/10.1038/s41417-021-00303-x
http://www.ncbi.nlm.nih.gov/pubmed/33603130
http://doi.org/10.3390/cancers13215367
http://www.ncbi.nlm.nih.gov/pubmed/34771532


Cells 2022, 11, 3672 17 of 24

7. Hensbergen, P.J.; Wijnands, P.G.J.T.B.; Schreurs, M.W.J.; Scheper, R.J.; Willemze, R.; Tensen, C.P. The CXCR3 Targeting Chemokine
CXCL11 Has Potent Antitumor Activity In Vivo Involving Attraction of CD8+ T Lymphocytes But Not Inhibition of Angiogenesis.
J. Immunother. 2005, 28, 343–351. [CrossRef]

8. Chheda, Z.S.; Sharma, R.K.; Jala, V.R.; Luster, A.D.; Haribabu, B. Chemoattractant receptors BLT1 and CXCR3 regulate antitumor
immunity by facilitating CD8+ T cell migration into tumors. J. Immunol. 2016, 197, 2016–2026. [CrossRef]

9. Dangaj, D.; Bruand, M.; Grimm, A.J.; Ronet, C.; Barras, D.; Duttagupta, P.A.; Lanitis, E.; Duraiswamy, J.; Tanyi, J.L.; Benencia, F.;
et al. Cooperation between Constitutive and Inducible Chemokines Enables T Cell Engraftment and Immune Attack in Solid
Tumors. Cancer Cell 2019, 35, 885–900.e10. [CrossRef]

10. Musha, H.; Ohtani, H.; Mizoi, T.; Kinouchi, M.; Nakayama, T.; Shiiba, K.; Miyagawa, K.; Nagura, H.; Yoshie, O.; Sasaki, I. Selective
infiltration of CCR5+CXCR3+ T lymphocytes in human colorectal carcinoma. Int. J. Cancer 2005, 116, 949–956. [CrossRef]

11. Mikucki, M.; Fisher, D.; Matsuzaki, J.; Skitzki, J.; Gaulin, N.; Muhitch, J.; Ku, A.; Frelinger, J.; Odunsi, K.; Gajewski, T.; et al.
Non-redundant Requirement for CXCR3 Signaling during Tumoricidal T Cell Trafficking across Tumor Vascular Checkpoints.
Nat. Commun. 2015, 6, 7458. [CrossRef] [PubMed]

12. Pan, J.; Burdick, M.D.; Belperio, J.A.; Xue, Y.Y.; Gerard, C.; Sharma, S.; Dubinett, S.M.; Strieter, R.M. CXCR3/CXCR3 Ligand
Biological Axis Impairs RENCA Tumor Growth by a Mechanism of Immunoangiostasis. J. Immunol. 2006, 176, 1456–1464.
[CrossRef] [PubMed]

13. Rappert, A.; Biber, K.; Nolte, C.; Lipp, M.; Schubel, A.; Lu, B.; Gerard, N.P.; Gerard, C.; Boddeke, H.W.G.M.; Kettenmann, H.
Secondary lymphoid tissue chemokine (CCL21) activates CXCR3 to trigger a Cl- current and chemotaxis in murine microglia. J.
Immunol. 2002, 168, 3221–3226. [CrossRef] [PubMed]

14. Goedhart, M.; Gessel, S.; van der Voort, R.; Slot, E.; Lucas, B.; Gielen, E.; Hoogenboezem, M.; Rademakers, T.; Geerman, S.; van
Buul, J.D.; et al. CXCR4, but not CXCR3, drives CD8+ T-cell entry into and migration through the murine bone marrow. Eur. J.
Immunol. 2019, 49, 576–589. [CrossRef]

15. Chaix, J.; Nish, S.A.; Lin, W.-H.W.; Rothman, N.J.; Ding, L.; Wherry, E.J.; Reiner, S.L. Cutting edge: CXCR4 is critical for CD8+
memory T cell homeostatic self-renewal but not rechallenge self-renewal. J. Immunol. 2014, 193, 1013–1016. [CrossRef]

16. Matsumura, S.; Wang, B.; Kawashima, N.; Braunstein, S.; Badura, M.; Cameron, T.O.; Babb, J.S.; Schneider, R.J.; Formenti, S.C.;
Dustin, M.L.; et al. Radiation-induced CXCL16 release by breast cancer cells attracts effector T cells. J. Immunol. 2008, 181,
3099–3107. [CrossRef]

17. Korbecki, J.; Bajdak-Rusinek, K.; Kupnicka, P.; Kapczuk, P.; Simińska, D.; Chlubek, D.; Baranowska-Bosiacka, I. The Role of
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20. Korbecki, J.; Simińska, D.; Kojder, K.; Grochans, S.; Gutowska, I.; Chlubek, D.; Baranowska-Bosiacka, I. Fractalkine/CX3CL1 in

Neoplastic Processes. Int. J. Mol. Sci. 2020, 21, 3723. [CrossRef]
21. Hao, Q.; Vadgama, J.V.; Wang, P. CCL2/CCR2 signaling in cancer pathogenesis. Cell Commun. Signal. 2020, 18, 82. [CrossRef]

[PubMed]
22. Fucikova, J.; Kepp, O.; Kasikova, L.; Petroni, G.; Yamazaki, T.; Liu, P.; Zhao, L.; Spisek, R.; Kroemer, G.; Galluzzi, L. Detection of

immunogenic cell death and its relevance for cancer therapy. Cell Death Dis. 2020, 11, 1–13. [CrossRef] [PubMed]
23. Rébé, C.; Demontoux, L.; Pilot, T.; Ghiringhelli, F. Platinum Derivatives Effects on Anticancer Immune Response. Biomolecules

2019, 10, 13. [CrossRef] [PubMed]
24. Obeid, M.; Tesniere, A.; Ghiringhelli, F.; Fimia, G.M.; Apetoh, L.; Perfettini, J.-L.; Castedo, M.; Mignot, G.; Panaretakis, T.; Casares,

N.; et al. Calreticulin exposure dictates the immunogenicity of cancer cell death. Nat. Med. 2007, 13, 54–61. [CrossRef]
25. Panaretakis, T.; Kepp, O.; Brockmeier, U.; Tesniere, A.; Bjorklund, A.-C.; Chapman, D.C.; Durchschlag, M.; Joza, N.; Pierron, G.;

van Endert, P.; et al. Mechanisms of pre-apoptotic calreticulin exposure in immunogenic cell death. EMBO J. 2009, 28, 578–590.
[CrossRef]

26. Garg, A.D.; Krysko, D.V.; Verfaillie, T.; Kaczmarek, A.; Ferreira, G.B.; Marysael, T.; Rubio, N.; Firczuk, M.; Mathieu, C.; Roebroek,
A.J.M.; et al. A novel pathway combining calreticulin exposure and ATP secretion in immunogenic cancer cell death. EMBO J.
2012, 31, 1062–1079. [CrossRef]

27. Martins, I.; Wang, Y.; Michaud, M.; Ma, Y.; Sukkurwala, A.Q.; Shen, S.; Kepp, O.; Métivier, D.; Galluzzi, L.; Perfettini, J.-L.; et al.
Molecular mechanisms of ATP secretion during immunogenic cell death. Cell Death Differ. 2014, 21, 79–91. [CrossRef]

28. Derangère, V.; Chevriaux, A.; Courtaut, F.; Bruchard, M.; Berger, H.; Chalmin, F.; Causse, S.Z.; Limagne, E.; Végran, F.; Ladoire,
S.; et al. Liver X receptor β activation induces pyroptosis of human and murine colon cancer cells. Cell Death Differ. 2014, 21,
1914–1924. [CrossRef]

29. Ghiringhelli, F.; Apetoh, L.; Tesniere, A.; Aymeric, L.; Ma, Y.; Ortiz, C.; Vermaelen, K.; Panaretakis, T.; Mignot, G.; Ullrich, E.; et al.
Activation of the NLRP3 inflammasome in dendritic cells induces IL-1beta-dependent adaptive immunity against tumors. Nat.
Med. 2009, 15, 1170–1178. [CrossRef]

30. Luo, Y.; Chihara, Y.; Fujimoto, K.; Sasahira, T.; Kuwada, M.; Fujiwara, R.; Fujii, K.; Ohmori, H.; Kuniyasu, H. High mobility group
box 1 released from necrotic cells enhances regrowth and metastasis of cancer cells that have survived chemotherapy. Eur. J.
Cancer 2013, 49, 741–751. [CrossRef]

http://doi.org/10.1097/01.cji.0000165355.26795.27
http://doi.org/10.4049/jimmunol.1502376
http://doi.org/10.1016/j.ccell.2019.05.004
http://doi.org/10.1002/ijc.21135
http://doi.org/10.1038/ncomms8458
http://www.ncbi.nlm.nih.gov/pubmed/26109379
http://doi.org/10.4049/jimmunol.176.3.1456
http://www.ncbi.nlm.nih.gov/pubmed/16424173
http://doi.org/10.4049/jimmunol.168.7.3221
http://www.ncbi.nlm.nih.gov/pubmed/11907075
http://doi.org/10.1002/eji.201747438
http://doi.org/10.4049/jimmunol.1400488
http://doi.org/10.4049/jimmunol.181.5.3099
http://doi.org/10.3390/ijms22073490
http://doi.org/10.3389/fimmu.2017.01981
http://doi.org/10.1002/eji.200636251
http://doi.org/10.3390/ijms21103723
http://doi.org/10.1186/s12964-020-00589-8
http://www.ncbi.nlm.nih.gov/pubmed/32471499
http://doi.org/10.1038/s41419-020-03221-2
http://www.ncbi.nlm.nih.gov/pubmed/33243969
http://doi.org/10.3390/biom10010013
http://www.ncbi.nlm.nih.gov/pubmed/31861811
http://doi.org/10.1038/nm1523
http://doi.org/10.1038/emboj.2009.1
http://doi.org/10.1038/emboj.2011.497
http://doi.org/10.1038/cdd.2013.75
http://doi.org/10.1038/cdd.2014.117
http://doi.org/10.1038/nm.2028
http://doi.org/10.1016/j.ejca.2012.09.016


Cells 2022, 11, 3672 18 of 24

31. Scaffidi, P.; Misteli, T.; Bianchi, M.E. Release of chromatin protein HMGB1 by necrotic cells triggers inflammation. Nature 2002,
418, 191–195. [CrossRef] [PubMed]

32. Lotze, M.T.; Tracey, K.J. High-mobility group box 1 protein (HMGB1): Nuclear weapon in the immune arsenal. Nat. Rev. Immunol.
2005, 5, 331–342. [CrossRef] [PubMed]

33. Apetoh, L.; Ghiringhelli, F.; Tesniere, A.; Obeid, M.; Ortiz, C.; Criollo, A.; Mignot, G.; Maiuri, M.C.; Ullrich, E.; Saulnier, P.; et al.
Toll-like receptor 4-dependent contribution of the immune system to anticancer chemotherapy and radiotherapy. Nat. Med. 2007,
13, 1050–1059. [CrossRef] [PubMed]

34. Vacchelli, E.; Ma, Y.; Baracco, E.E.; Sistigu, A.; Enot, D.P.; Pietrocola, F.; Yang, H.; Adjemian, S.; Chaba, K.; Semeraro, M.; et al.
Chemotherapy-induced antitumor immunity requires formyl peptide receptor 1. Science 2015, 350, 972–978. [CrossRef]

35. Sistigu, A.; Yamazaki, T.; Vacchelli, E.; Chaba, K.; Enot, D.P.; Adam, J.; Vitale, I.; Goubar, A.; Baracco, E.E.; Remédios, C.; et al.
Cancer cell-autonomous contribution of type I interferon signaling to the efficacy of chemotherapy. Nat. Med. 2014, 20, 1301–1309.
[CrossRef]

36. Motwani, M.; Pesiridis, S.; Fitzgerald, K.A. DNA sensing by the cGAS–STING pathway in health and disease. Nat. Rev. Genet.
2019, 20, 657–674. [CrossRef]

37. Oh, J.H.; Kim, M.J.; Choi, S.J.; Ban, Y.H.; Lee, H.K.; Shin, E.-C.; Lee, K.-M.; Ha, S.-J. Sustained Type I Interferon Reinforces NK
Cell-Mediated Cancer Immunosurveillance during Chronic Virus Infection. Cancer Immunol. Res. 2019, 7, 584–599. [CrossRef]

38. Bek, S.; Stritzke, F.; Wintges, A.; Nedelko, T.; Böhmer, D.F.R.; Fischer, J.C.; Haas, T.; Poeck, H.; Heidegger, S. Targeting intrinsic
RIG-I signaling turns melanoma cells into type I interferon-releasing cellular antitumor vaccines. Oncoimmunology 2019, 8,
e1570779. [CrossRef]

39. Limagne, E.; Nuttin, L.; Thibaudin, M.; Jacquin, E.; Aucagne, R.; Bon, M.; Revy, S.; Barnestein, R.; Ballot, E.; Truntzer, C.;
et al. MEK inhibition overcomes chemoimmunotherapy resistance by inducing CXCL10 in cancer cells. Cancer Cell 2022, 40,
136–152.e12. [CrossRef]

40. Sagwal, S.K.; Pasqual-Melo, G.; Bodnar, Y.; Gandhirajan, R.K.; Bekeschus, S. Combination of chemotherapy and physical plasma
elicits melanoma cell death via upregulation of SLC22A16. Cell Death Dis. 2018, 9, 1–13. [CrossRef]

41. Luo, R.; Firat, E.; Gaedicke, S.; Guffart, E.; Watanabe, T.; Niedermann, G. Cisplatin Facilitates Radiation-Induced Abscopal Effects
in Conjunction with PD-1 Checkpoint Blockade Through CXCR3/CXCL10-Mediated T-cell Recruitment. Clin. Cancer Res. 2019,
25, 7243–7255. [CrossRef] [PubMed]

42. Li, G.; Tian, L.; Hou, J.; Ding, Z.; He, Q.; Feng, P.; Wen, Y.; Xiao, F.; Yao, B.; Zhang, R.; et al. Improved Therapeutic Effectiveness
by Combining Recombinant CXC Chemokine Ligand 10 with Cisplatin in Solid Tumors. Clin. Cancer Res. 2005, 11, 4217–4224.
[CrossRef] [PubMed]

43. Garg, A.D.; Vandenberk, L.; Fang, S.; Fasche, T.; Van Eygen, S.; Maes, J.; Van Woensel, M.; Koks, C.; Vanthillo, N.; Graf, N.; et al.
Pathogen response-like recruitment and activation of neutrophils by sterile immunogenic dying cells drives neutrophil-mediated
residual cell killing. Cell Death Differ. 2017, 24, 832–843. [CrossRef] [PubMed]

44. Sukkurwala, A.Q.; Martins, I.; Wang, Y.; Schlemmer, F.; Ruckenstuhl, C.; Durchschlag, M.; Michaud, M.; Senovilla, L.; Sistigu,
A.; Ma, Y.; et al. Immunogenic calreticulin exposure occurs through a phylogenetically conserved stress pathway involving the
chemokine CXCL8. Cell Death Differ. 2014, 21, 59–68. [CrossRef]

45. Oresta, B.; Pozzi, C.; Braga, D.; Hurle, R.; Lazzeri, M.; Colombo, P.; Frego, N.; Erreni, M.; Faccani, C.; Elefante, G.; et al.
Mitochondrial metabolic reprogramming controls the induction of immunogenic cell death and efficacy of chemotherapy in
bladder cancer. Sci. Transl. Med. 2021, 13, eaba6110. [CrossRef]

46. Yoon, M.S.; Pham, C.T.; Phan, M.-T.T.; Shin, D.-J.; Jang, Y.-Y.; Park, M.-H.; Kim, S.-K.; Kim, S.; Cho, D. Irradiation of breast
cancer cells enhances CXCL16 ligand expression and induces the migration of natural killer cells expressing the CXCR6 receptor.
Cytotherapy 2016, 18, 1532–1542. [CrossRef]

47. Matsumura, S.; Demaria, S. Up-regulation of the Pro-inflammatory Chemokine CXCL16 is a Common Response of Tumor Cells
to Ionizing Radiation. Radiat. Res. 2010, 173, 418–425. [CrossRef]

48. Lau, T.S.; Chan, L.K.Y.; Man, G.C.W.; Wong, C.H.; Lee, J.H.S.; Yim, S.F.; Cheung, T.H.; McNeish, I.A.; Kwong, J. Paclitaxel Induces
Immunogenic Cell Death in Ovarian Cancer via TLR4/IKK2/SNARE-Dependent Exocytosis. Cancer Immunol. Res. 2020, 8,
1099–1111. [CrossRef]

49. Liu, P.; Zhao, L.; Pol, J.; Levesque, S.; Petrazzuolo, A.; Pfirschke, C.; Engblom, C.; Rickelt, S.; Yamazaki, T.; Iribarren, K.; et al.
Crizotinib-induced immunogenic cell death in non-small cell lung cancer. Nat. Commun. 2019, 10, 1486. [CrossRef]

50. Hossain, D.M.S.; Javaid, S.; Cai, M.; Zhang, C.; Sawant, A.; Hinton, M.; Sathe, M.; Grein, J.; Blumenschein, W.; Pinheiro, E.M.;
et al. Dinaciclib induces immunogenic cell death and enhances anti-PD1–mediated tumor suppression. J. Clin. Investig. 2018, 128,
644–654. [CrossRef]

51. Gao, Q.; Wang, S.; Chen, X.; Cheng, S.; Zhang, Z.; Li, F.; Huang, L.; Yang, Y.; Zhou, B.; Yue, D.; et al. Cancer-cell-secreted CXCL11
promoted CD8+ T cells infiltration through docetaxel-induced-release of HMGB1 in NSCLC. J. Immunother. Cancer 2019, 7, 42.
[CrossRef] [PubMed]

52. Schiraldi, M.; Raucci, A.; Muñoz, L.M.; Livoti, E.; Celona, B.; Venereau, E.; Apuzzo, T.; De Marchis, F.; Pedotti, M.; Bachi, A.; et al.
HMGB1 promotes recruitment of inflammatory cells to damaged tissues by forming a complex with CXCL12 and signaling via
CXCR4. J. Exp. Med. 2012, 209, 551–563. [CrossRef] [PubMed]

http://doi.org/10.1038/nature00858
http://www.ncbi.nlm.nih.gov/pubmed/12110890
http://doi.org/10.1038/nri1594
http://www.ncbi.nlm.nih.gov/pubmed/15803152
http://doi.org/10.1038/nm1622
http://www.ncbi.nlm.nih.gov/pubmed/17704786
http://doi.org/10.1126/science.aad0779
http://doi.org/10.1038/nm.3708
http://doi.org/10.1038/s41576-019-0151-1
http://doi.org/10.1158/2326-6066.CIR-18-0403
http://doi.org/10.1080/2162402X.2019.1570779
http://doi.org/10.1016/j.ccell.2021.12.009
http://doi.org/10.1038/s41419-018-1221-6
http://doi.org/10.1158/1078-0432.CCR-19-1344
http://www.ncbi.nlm.nih.gov/pubmed/31506388
http://doi.org/10.1158/1078-0432.CCR-04-2117
http://www.ncbi.nlm.nih.gov/pubmed/15930360
http://doi.org/10.1038/cdd.2017.15
http://www.ncbi.nlm.nih.gov/pubmed/28234357
http://doi.org/10.1038/cdd.2013.73
http://doi.org/10.1126/scitranslmed.aba6110
http://doi.org/10.1016/j.jcyt.2016.08.006
http://doi.org/10.1667/RR1860.1
http://doi.org/10.1158/2326-6066.CIR-19-0616
http://doi.org/10.1038/s41467-019-09415-3
http://doi.org/10.1172/JCI94586
http://doi.org/10.1186/s40425-019-0511-6
http://www.ncbi.nlm.nih.gov/pubmed/30744691
http://doi.org/10.1084/jem.20111739
http://www.ncbi.nlm.nih.gov/pubmed/22370717


Cells 2022, 11, 3672 19 of 24

53. Han, X.; Wang, Y.; Sun, J.; Tan, T.; Cai, X.; Lin, P.; Tan, Y.; Zheng, B.; Wang, B.; Wang, J.; et al. Role of CXCR3 signaling in response
to anti-PD-1 therapy. EBioMedicine 2019, 48, 169–177. [CrossRef] [PubMed]

54. Fujita, M.; Zhu, X.; Ueda, R.; Sasaki, K.; Kohanbash, G.; Kastenhuber, E.R.; McDonald, H.A.; Gibson, G.A.; Watkins, S.C.;
Muthuswamy, R.; et al. Effective Immunotherapy against Murine Gliomas Using Type 1 Polarizing Dendritic Cells—Significant
Roles of CXCL10. Cancer Res. 2009, 69, 1587–1595. [CrossRef]

55. Dengel, L.T.; Norrod, A.G.; Gregory, B.L.; Clancy-Thompson, E.; Burdick, M.D.; Strieter, R.M.; Slingluff, C.L.; Mullins, D.W.
Interferons Induce CXCR3-cognate Chemokine Production by Human Metastatic Melanoma. J. Immunother. 2010, 33, 965–974.
[CrossRef]

56. Peng, W.; Liu, C.; Xu, C.; Lou, Y.; Chen, J.; Yang, Y.; Yagita, H.; Overwijk, W.W.; Lizée, G.; Radvanyi, L.; et al. PD-1 BLOCKADE
ENHANCES T CELL MIGRATION TO TUMORS BY ELEVATING IFN-γ INDUCIBLE CHEMOKINES. Cancer Res. 2012, 72,
5209–5218. [CrossRef] [PubMed]

57. House, I.G.; Savas, P.; Lai, J.; Chen, A.X.Y.; Oliver, A.J.; Teo, Z.L.; Todd, K.L.; Henderson, M.A.; Giuffrida, L.; Petley, E.V.; et al.
Macrophage-Derived CXCL9 and CXCL10 Are Required for Antitumor Immune Responses Following Immune Checkpoint
Blockade. Clin. Cancer Res. 2020, 26, 487–504. [CrossRef]

58. Qu, Y.; Wen, J.; Thomas, G.; Yang, W.; Prior, W.; He, W.; Sundar, P.; Wang, X.; Potluri, S.; Salek-Ardakani, S. Baseline Fre-
quency of Inflammatory Cxcl9-Expressing Tumor-Associated Macrophages Predicts Response to Avelumab Treatment. Cell Rep.
2020, 32, 107873. [CrossRef]

59. Hong, M.; Puaux, A.-L.; Huang, C.; Loumagne, L.; Tow, C.; Mackay, C.; Kato, M.; Prévost-Blondel, A.; Avril, M.-F.; Nardin, A.;
et al. Chemotherapy induces intratumoral expression of chemokines in cutaneous melanoma, favoring T-cell infiltration and
tumor control. Cancer Res. 2011, 71, 6997–7009. [CrossRef]

60. Seitz, S.; Dreyer, T.F.; Stange, C.; Steiger, K.; Bräuer, R.; Scheutz, L.; Multhoff, G.; Weichert, W.; Kiechle, M.; Magdolen, V.; et al.
CXCL9 inhibits tumour growth and drives anti-PD-L1 therapy in ovarian cancer. Br. J. Cancer 2022, 126, 1470–1480. [CrossRef]

61. Ma, Y.; Liu, Y.; Zhi, Y.; Wang, H.; Yang, M.; Niu, J.; Zhao, L.; Wang, P. Delivery of CXCL9/10/11 plasmid DNAs promotes
the tumor-infiltration of T cells and synergizes with PD1 antibody for treating lung cancer. Cancer Nanotechnol. 2022, 13, 10.
[CrossRef]

62. Lee, J.Y.; Nguyen, B.; Mukhopadhyay, A.; Han, M.; Zhang, J.; Gujar, R.; Salazar, J.; Hermiz, R.; Svenson, L.; Browning, E.; et al.
Amplification of the CXCR3/CXCL9 axis via intratumoral electroporation of plasmid CXCL9 synergizes with plasmid IL-12
therapy to elicit robust anti-tumor immunity. Mol. Ther. Oncolytics 2022, 25, 174–188. [CrossRef] [PubMed]

63. Liu, Z.; Ravindranathan, R.; Li, J.; Kalinski, P.; Guo, Z.S.; Bartlett, D.L. CXCL11-Armed oncolytic poxvirus elicits potent antitumor
immunity and shows enhanced therapeutic efficacy. Oncoimmunology 2015, 5, e1091554. [CrossRef] [PubMed]

64. Li, X.; Lu, M.; Yuan, M.; Ye, J.; Zhang, W.; Xu, L.; Wu, X.; Hui, B.; Yang, Y.; Wei, B.; et al. CXCL10-armed oncolytic adenovirus
promotes tumor-infiltrating T-cell chemotaxis to enhance anti-PD-1 therapy. OncoImmunology 2022, 11, 2118210. [CrossRef]
[PubMed]

65. Vonderhaar, E.P.; Barnekow, N.S.; McAllister, D.; McOlash, L.; Eid, M.A.; Riese, M.J.; Tarakanova, V.L.; Johnson, B.D.; Dwinell, M.B.
STING Activated Tumor-Intrinsic Type I Interferon Signaling Promotes CXCR3 Dependent Antitumor Immunity in Pancreatic
Cancer. Cell. Mol. Gastroenterol. Hepatol. 2021, 12, 41–58. [CrossRef] [PubMed]

66. Zheng, H.; Zhao, W.; Yan, C.; Watson, C.C.; Massengill, M.; Xie, M.; Massengill, C.; Noyes, D.R.; Martinez, G.V.; Afzal, R.; et al.
HDAC inhibitors enhance T cell chemokine expression and augment response to PD-1 immunotherapy in lung adenocarcinoma.
Clin. Cancer Res. 2016, 22, 4119–4132. [CrossRef]

67. Li, Y.; Fang, M.; Zhang, J.; Wang, J.; Song, Y.; Shi, J.; Li, W.; Wu, G.; Ren, J.; Wang, Z.; et al. Hydrogel dual delivered celecoxib and
anti-PD-1 synergistically improve antitumor immunity. Oncoimmunology 2015, 5, e1074374. [CrossRef]

68. Brackett, C.M.; Kojouharov, B.; Veith, J.; Greene, K.F.; Burdelya, L.G.; Gollnick, S.O.; Abrams, S.I.; Gudkov, A.V. Toll-like receptor-5
agonist, entolimod, suppresses metastasis and induces immunity by stimulating an NK-dendritic-CD8+ T-cell axis. Proc. Natl.
Acad. Sci. USA 2016, 113, E874–E883. [CrossRef]

69. Soong, R.-S.; Song, L.; Trieu, J.; Knoff, J.; He, L.; Tsai, Y.-C.; Huh, W.; Chang, Y.-N.; Cheng, W.-F.; Roden, R.B.S.; et al. Toll like
receptor agonist imiquimod facilitates antigen-specific CD8+ T cell accumulation in the genital tract leading to tumor control
through interferon-γ. Clin. Cancer Res. 2014, 20, 5456–5467. [CrossRef]

70. Shigeta, K.; Matsui, A.; Kikuchi, H.; Klein, S.; Mamessier, E.; Chen, I.X.; Aoki, S.; Kitahara, S.; Inoue, K.; Shigeta, A.; et al.
Regorafenib combined with PD1 blockade increases CD8 T-cell infiltration by inducing CXCL10 expression in hepatocellular
carcinoma. J. Immunother. Cancer 2020, 8, e001435. [CrossRef]

71. Rahir, G.; Wathelet, N.; Hanoteau, A.; Henin, C.; Oldenhove, G.; Galuppo, A.; Lanaya, H.; Colau, D.; Mackay, C.R.; Van den
Eynde, B.; et al. Cyclophosphamide treatment induces rejection of established P815 mastocytoma by enhancing CD4 priming and
intratumoral infiltration of P1E/H-2Kd-specific CD8+ T cells. Int. J. Cancer 2014, 134, 2841–2852. [CrossRef] [PubMed]

72. Leong, W.I.; Ames, R.Y.; Haverkamp, J.M.; Torres, L.; Kline, J.; Bans, A.; Rocha, L.; Gallotta, M.; Guiducci, C.; Coffman, R.L.; et al.
Low-dose metronomic cyclophosphamide complements the actions of an intratumoral C-class CpG TLR9 agonist to potentiate
innate immunity and drive potent T cell-mediated anti-tumor responses. Oncotarget 2019, 10, 7220–7237. [CrossRef] [PubMed]

73. Peng, D.; Kryczek, I.; Nagarsheth, N.; Zhao, L.; Wei, S.; Wang, W.; Sun, Y.; Zhao, E.; Vatan, L.; Szeliga, W.; et al. Epigenetic
silencing of Th1 type chemokines shapes tumor immunity and immunotherapy. Nature 2015, 527, 249–253. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ebiom.2019.08.067
http://www.ncbi.nlm.nih.gov/pubmed/31521609
http://doi.org/10.1158/0008-5472.CAN-08-2915
http://doi.org/10.1097/CJI.0b013e3181fb045d
http://doi.org/10.1158/0008-5472.CAN-12-1187
http://www.ncbi.nlm.nih.gov/pubmed/22915761
http://doi.org/10.1158/1078-0432.CCR-19-1868
http://doi.org/10.1016/j.celrep.2020.107873
http://doi.org/10.1158/0008-5472.CAN-11-1466
http://doi.org/10.1038/s41416-022-01763-0
http://doi.org/10.1186/s12645-022-00116-z
http://doi.org/10.1016/j.omto.2022.04.005
http://www.ncbi.nlm.nih.gov/pubmed/35592387
http://doi.org/10.1080/2162402X.2015.1091554
http://www.ncbi.nlm.nih.gov/pubmed/27141352
http://doi.org/10.1080/2162402X.2022.2118210
http://www.ncbi.nlm.nih.gov/pubmed/36092638
http://doi.org/10.1016/j.jcmgh.2021.01.018
http://www.ncbi.nlm.nih.gov/pubmed/33548597
http://doi.org/10.1158/1078-0432.CCR-15-2584
http://doi.org/10.1080/2162402X.2015.1074374
http://doi.org/10.1073/pnas.1521359113
http://doi.org/10.1158/1078-0432.CCR-14-0344
http://doi.org/10.1136/jitc-2020-001435
http://doi.org/10.1002/ijc.28617
http://www.ncbi.nlm.nih.gov/pubmed/24249003
http://doi.org/10.18632/oncotarget.27322
http://www.ncbi.nlm.nih.gov/pubmed/31921384
http://doi.org/10.1038/nature15520
http://www.ncbi.nlm.nih.gov/pubmed/26503055


Cells 2022, 11, 3672 20 of 24

74. Wang, L.; Amoozgar, Z.; Huang, J.; Saleh, M.H.; Xing, D.; Orsulic, S.; Goldberg, M.S. Decitabine Enhances Lymphocyte Migration
and Function and Synergizes with CTLA-4 Blockade in a Murine Ovarian Cancer Model. Cancer Immunol. Res. 2015, 3, 1030–1041.
[CrossRef]

75. Barreira da Silva, R.; Laird, M.E.; Yatim, N.; Fiette, L.; Ingersoll, M.A.; Albert, M.L. Dipeptidylpeptidase 4 inhibition enhances
lymphocyte trafficking, improving both naturally occurring tumor immunity and immunotherapy. Nat. Immunol. 2015, 16,
850–858. [CrossRef]

76. Conforti, R.; Ma, Y.; Morel, Y.; Paturel, C.; Terme, M.; Viaud, S.; Ryffel, B.; Ferrantini, M.; Uppaluri, R.; Schreiber, R.; et al.
Opposing effects of toll-like receptor (TLR3) signaling in tumors can be therapeutically uncoupled to optimize the anticancer
efficacy of TLR3 ligands. Cancer Res. 2010, 70, 490–500. [CrossRef]

77. Mowat, C.; Mosley, S.R.; Namdar, A.; Schiller, D.; Baker, K. Anti-tumor immunity in mismatch repair-deficient colorectal cancers
requires type I IFN–driven CCL5 and CXCL10. J. Exp. Med. 2021, 218, e20210108. [CrossRef]

78. Gulla, A.; Morelli, E.; Samur, M.K.; Botta, C.; Hideshima, T.; Bianchi, G.; Fulciniti, M.; Malvestiti, S.; Prabhala, R.H.; Talluri, S.;
et al. Bortezomib Induces Anti–Multiple Myeloma Immune Response Mediated by cGAS/STING Pathway Activation. Blood
Cancer Discov. 2021, 2, 468–483. [CrossRef]

79. Yin, P.; Gui, L.; Wang, C.; Yan, J.; Liu, M.; Ji, L.; Wang, Y.; Ma, B.; Gao, W.-Q. Targeted Delivery of CXCL9 and OX40L by
Mesenchymal Stem Cells Elicits Potent Antitumor Immunity. Mol. Ther. 2020, 28, 2553–2563. [CrossRef]

80. Ji, R.-R.; Chasalow, S.D.; Wang, L.; Hamid, O.; Schmidt, H.; Cogswell, J.; Alaparthy, S.; Berman, D.; Jure-Kunkel, M.; Siemers,
N.O.; et al. An immune-active tumor microenvironment favors clinical response to ipilimumab. Cancer Immunol. Immunother.
2012, 61, 1019–1031. [CrossRef]

81. Chow, M.T.; Ozga, A.J.; Servis, R.L.; Frederick, D.T.; Lo, J.A.; Fisher, D.E.; Freeman, G.J.; Boland, G.M.; Luster, A.D. Intratumoral
activity of the CXCR3 chemokine system is required for the efficacy of anti- PD-1 therapy. Immunity 2019, 50, 1498–1512.e5.
[CrossRef] [PubMed]

82. Lesch, S.; Blumenberg, V.; Stoiber, S.; Gottschlich, A.; Ogonek, J.; Cadilha, B.L.; Dantes, Z.; Rataj, F.; Dorman, K.; Lutz, J.; et al. T
cells armed with C-X-C chemokine receptor type 6 enhance adoptive cell therapy for pancreatic tumours. Nat. Biomed. Eng. 2021,
5, 1246–1260. [CrossRef] [PubMed]

83. Wang, B.; Wang, Y.; Sun, X.; Deng, G.; Huang, W.; Wu, X.; Gu, Y.; Tian, Z.; Fan, Z.; Xu, Q.; et al. CXCR6 is required for antitumor
efficacy of intratumoral CD8+ T cell. J. Immunother. Cancer 2021, 9, e003100. [CrossRef] [PubMed]

84. Karaki, S.; Blanc, C.; Tran, T.; Galy-Fauroux, I.; Mougel, A.; Dransart, E.; Anson, M.; Tanchot, C.; Paolini, L.; Gruel, N.; et al.
CXCR6 deficiency impairs cancer vaccine efficacy and CD8+ resident memory T-cell recruitment in head and neck and lung
tumors. J. Immunother. Cancer 2021, 9, e001948. [CrossRef] [PubMed]

85. Di Pilato, M.; Kfuri-Rubens, R.; Pruessmann, J.N.; Ozga, A.J.; Messemaker, M.; Cadilha, B.L.; Sivakumar, R.; Cianciaruso,
C.; Warner, R.D.; Marangoni, F.; et al. CXCR6 positions cytotoxic T cells to receive critical survival signals in the tumor
microenvironment. Cell 2021, 184, 4512–4530.e22. [CrossRef] [PubMed]

86. Tang, L.; Hu, H.D.; Hu, P.; Lan, Y.H.; Peng, M.L.; Chen, M.; Ren, H. Gene therapy with CX3CL1/Fractalkine induces antitumor
immunity to regress effectively mouse hepatocellular carcinoma. Gene Ther. 2007, 14, 1226–1234. [CrossRef]

87. Vitale, S.; Cambien, B.; Karimdjee, B.F.; Barthel, R.; Staccini, P.; Luci, C.; Breittmayer, V.; Anjuère, F.; Schmid-Alliana, A.; Schmid-
Antomarchi, H. Tissue-specific differential antitumour effect of molecular forms of fractalkine in a mouse model of metastatic
colon cancer. Gut 2007, 56, 365–372. [CrossRef]

88. Yamauchi, T.; Hoki, T.; Oba, T.; Jain, V.; Chen, H.; Attwood, K.; Battaglia, S.; George, S.; Chatta, G.; Puzanov, I.; et al. T-
cell CX3CR1 expression as a dynamic blood-based biomarker of response to immune checkpoint inhibitors. Nat. Commun.
2021, 12, 1402. [CrossRef]

89. Yan, Y.; Cao, S.; Liu, X.; Harrington, S.M.; Bindeman, W.E.; Adjei, A.A.; Jang, J.S.; Jen, J.; Li, Y.; Chanana, P.; et al. CX3CR1
identifies PD-1 therapy–responsive CD8+ T cells that withstand chemotherapy during cancer chemoimmunotherapy. JCI Insight
2018, 3, e97828. [CrossRef]

90. Yang, H.; Zhang, Q.; Xu, M.; Wang, L.; Chen, X.; Feng, Y.; Li, Y.; Zhang, X.; Cui, W.; Jia, X. CCL2-CCR2 axis recruits tu-
mor associated macrophages to induce immune evasion through PD-1 signaling in esophageal carcinogenesis. Mol. Cancer
2020, 19, 41. [CrossRef]

91. Tu, M.M.; Abdel-Hafiz, H.A.; Jones, R.T.; Jean, A.; Hoff, K.J.; Duex, J.E.; Chauca-Diaz, A.; Costello, J.C.; Dancik, G.M.; Tamburini,
B.A.J.; et al. Inhibition of the CCL2 receptor, CCR2, enhances tumor response to immune checkpoint therapy. Commun. Biol. 2020,
3, 1–12. [CrossRef] [PubMed]

92. Wang, Y.; Zhang, X.; Yang, L.; Xue, J.; Hu, G. Blockade of CCL2 enhances immunotherapeutic effect of anti-PD1 in lung cancer. J.
Bone Oncol. 2018, 11, 27–32. [CrossRef] [PubMed]

93. Brown, C.E.; Vishwanath, R.P.; Aguilar, B.; Starr, R.; Najbauer, J.; Aboody, K.S.; Jensen, M.C. Tumor-Derived Chemokine MCP-
1/CCL2 Is Sufficient for Mediating Tumor Tropism of Adoptively Transferred T Cells. J. Immunol. 2007, 179, 3332–3341. [CrossRef]
[PubMed]

94. Molon, B.; Ugel, S.; Del Pozzo, F.; Soldani, C.; Zilio, S.; Avella, D.; De Palma, A.; Mauri, P.; Monegal, A.; Rescigno, M.; et al.
Chemokine nitration prevents intratumoral infiltration of antigen-specific T cells. J. Exp. Med. 2011, 208, 1949–1962. [CrossRef]

http://doi.org/10.1158/2326-6066.CIR-15-0073
http://doi.org/10.1038/ni.3201
http://doi.org/10.1158/0008-5472.CAN-09-1890
http://doi.org/10.1084/jem.20210108
http://doi.org/10.1158/2643-3230.BCD-21-0047
http://doi.org/10.1016/j.ymthe.2020.08.005
http://doi.org/10.1007/s00262-011-1172-6
http://doi.org/10.1016/j.immuni.2019.04.010
http://www.ncbi.nlm.nih.gov/pubmed/31097342
http://doi.org/10.1038/s41551-021-00737-6
http://www.ncbi.nlm.nih.gov/pubmed/34083764
http://doi.org/10.1136/jitc-2021-003100
http://www.ncbi.nlm.nih.gov/pubmed/34462326
http://doi.org/10.1136/jitc-2020-001948
http://www.ncbi.nlm.nih.gov/pubmed/33692218
http://doi.org/10.1016/j.cell.2021.07.015
http://www.ncbi.nlm.nih.gov/pubmed/34343496
http://doi.org/10.1038/sj.gt.3302959
http://doi.org/10.1136/gut.2005.088989
http://doi.org/10.1038/s41467-021-21619-0
http://doi.org/10.1172/jci.insight.97828
http://doi.org/10.1186/s12943-020-01165-x
http://doi.org/10.1038/s42003-020-01441-y
http://www.ncbi.nlm.nih.gov/pubmed/33247183
http://doi.org/10.1016/j.jbo.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29892522
http://doi.org/10.4049/jimmunol.179.5.3332
http://www.ncbi.nlm.nih.gov/pubmed/17709550
http://doi.org/10.1084/jem.20101956


Cells 2022, 11, 3672 21 of 24

95. Lança, T.; Costa, M.F.; Gonçalves-Sousa, N.; Rei, M.; Grosso, A.R.; Penido, C.; Silva-Santos, B. Protective Role of the Inflammatory
CCR2/CCL2 Chemokine Pathway through Recruitment of Type 1 Cytotoxic γδ T Lymphocytes to Tumor Beds. J. Immunol. 2013,
190, 6673–6680. [CrossRef]

96. González-Martín, A.; Gómez, L.; Lustgarten, J.; Mira, E.; Mañes, S. Maximal T cell-mediated antitumor responses rely upon CCR5
expression in both CD4(+) and CD8(+) T cells. Cancer Res. 2011, 71, 5455–5466. [CrossRef]

97. Zhou, Q.; Qi, Y.; Wang, Z.; Zeng, H.; Zhang, H.; Liu, Z.; Huang, Q.; Xiong, Y.; Wang, J.; Chang, Y.; et al. CCR5 blockade inflames
antitumor immunity in BAP1-mutant clear cell renal cell carcinoma. J. Immunother. Cancer 2020, 8, e000228. [CrossRef]

98. Zhang, S.; Zhong, M.; Wang, C.; Xu, Y.; Gao, W.-Q.; Zhang, Y. CCL5-deficiency enhances intratumoral infiltration of CD8+ T cells
in colorectal cancer. Cell Death Dis. 2018, 9, 1–15. [CrossRef]

99. Sektioglu, I.M.; Carretero, R.; Bulbuc, N.; Bald, T.; Tüting, T.; Rudensky, A.Y.; Hämmerling, G.J. Basophils Promote Tumor
Rejection via Chemotaxis and Infiltration of CD8+ T Cells. Cancer Res. 2017, 77, 291–302. [CrossRef]

100. Kang, T.G.; Park, H.J.; Moon, J.; Lee, J.H.; Ha, S.-J. Enriching CCL3 in the Tumor Microenvironment Facilitates T cell Responses
and Improves the Efficacy of Anti-PD-1 Therapy. Immune Netw. 2021, 21, e23. [CrossRef]

101. Kadomoto, S.; Izumi, K.; Mizokami, A. The CCL20-CCR6 Axis in Cancer Progression. Int. J. Mol. Sci. 2020, 21, 5186. [CrossRef]
102. Amicarella, F.; Muraro, M.G.; Hirt, C.; Cremonesi, E.; Padovan, E.; Mele, V.; Governa, V.; Han, J.; Huber, X.; Droeser, R.A.; et al.

Dual role of tumour-infiltrating T helper 17 cells in human colorectal cancer. Gut 2017, 66, 692–704. [CrossRef] [PubMed]
103. Bruchard, M.; Geindreau, M.; Perrichet, A.; Truntzer, C.; Ballot, E.; Boidot, R.; Racoeur, C.; Barsac, E.; Chalmin, F.; Hibos, C.;

et al. Recruitment and activation of type 3 innate lymphoid cells promote antitumor immune responses. Nat. Immunol. 2022, 23,
262–274. [CrossRef] [PubMed]

104. Niwa, Y.; Akamatsu, H.; Niwa, H.; Sumi, H.; Ozaki, Y.; Abe, A. Correlation of tissue and plasma RANTES levels with disease
course in patients with breast or cervical cancer. Clin. Cancer Res. 2001, 7, 285–289. [PubMed]

105. Vaday, G.G.; Peehl, D.M.; Kadam, P.A.; Lawrence, D.M. Expression of CCL5 (RANTES) and CCR5 in prostate cancer. Prostate
2006, 66, 124–134. [CrossRef]

106. Tsukishiro, S.; Suzumori, N.; Nishikawa, H.; Arakawa, A.; Suzumori, K. Elevated serum RANTES levels in patients with ovarian
cancer correlate with the extent of the disorder. Gynecol. Oncol. 2006, 102, 542–545. [CrossRef]

107. Sima, A.R.; Sima, H.R.; Rafatpanah, H.; Hosseinnezhad, H.; Ghaffarzadehgan, K.; Valizadeh, N.; Mehrabi Bahar, M.; Hakimi,
H.R.; Masoom, A.; Noorbakhsh, A.; et al. Serum chemokine ligand 5 (CCL5/RANTES) level might be utilized as a predictive
marker of tumor behavior and disease prognosis in patients with gastric adenocarcinoma. J. Gastrointest. Cancer 2014, 45, 476–480.
[CrossRef]

108. Singh, S.K.; Mishra, M.K.; Eltoum, I.-E.A.; Bae, S.; Lillard, J.W.; Singh, R. CCR5/CCL5 axis interaction promotes migratory and
invasiveness of pancreatic cancer cells. Sci. Rep. 2018, 8, 1323. [CrossRef]

109. Jiao, X.; Velasco-Velázquez, M.A.; Wang, M.; Li, Z.; Rui, H.; Peck, A.R.; Korkola, J.E.; Chen, X.; Xu, S.; DuHadaway, J.B.; et al.
CCR5 governs DNA damage repair and breast cancer stem cell expansion. Cancer Res. 2018, 78, 1657–1671. [CrossRef]

110. Yaal-Hahoshen, N.; Shina, S.; Leider-Trejo, L.; Barnea, I.; Shabtai, E.L.; Azenshtein, E.; Greenberg, I.; Keydar, I.; Ben-Baruch, A.
The chemokine CCL5 as a potential prognostic factor predicting disease progression in stage II breast cancer patients. Clin. Cancer
Res. 2006, 12, 4474–4480. [CrossRef]

111. Sugasawa, H.; Ichikura, T.; Tsujimoto, H.; Kinoshita, M.; Morita, D.; Ono, S.; Chochi, K.; Tsuda, H.; Seki, S.; Mochizuki, H.
Prognostic significance of expression of CCL5/RANTES receptors in patients with gastric cancer. J. Surg. Oncol. 2008, 97, 445–450.
[CrossRef] [PubMed]

112. Ryu, H.; Baek, S.W.; Moon, J.Y.; Jo, I.-S.; Kim, N.; Lee, H.J. C-C motif chemokine receptors in gastric cancer. Mol. Clin. Oncol. 2018,
8, 3–8. [CrossRef] [PubMed]

113. Sugasawa, H.; Ichikura, T.; Kinoshita, M.; Ono, S.; Majima, T.; Tsujimoto, H.; Chochi, K.; Hiroi, S.; Takayama, E.; Saitoh, D.; et al.
Gastric cancer cells exploit CD4+ cell-derived CCL5 for their growth and prevention of CD8+ cell-involved tumor elimination.
Int. J. Cancer 2008, 122, 2535–2541. [CrossRef]

114. Ohta, M.; Kitadai, Y.; Tanaka, S.; Yoshihara, M.; Yasui, W.; Mukaida, N.; Haruma, K.; Chayama, K. Monocyte chemoattractant
protein-1 expression correlates with macrophage infiltration and tumor vascularity in human gastric carcinomas. Int. J. Oncol.
2003, 22, 773–778. [CrossRef] [PubMed]

115. Heiskala, M.; Leidenius, M.; Joensuu, K.; Heikkilä, P. High expression of CCL2 in tumor cells and abundant infiltration with
CD14 positive macrophages predict early relapse in breast cancer. Virchows Arch. 2019, 474, 3–12. [CrossRef]

116. Richardsen, E.; Ness, N.; Melbø-Jørgensen, C.; Johannesen, C.; Grindstad, T.; Nordbakken, C.; Al-Saad, S.; Andersen, S.; Dønnem,
T.; Nordby, Y.; et al. The Prognostic Significance of CXCL16 and Its Receptor C-X-C Chemokine Receptor 6 in Prostate Cancer.
Am. J. Pathol. 2015, 185, 2722–2730. [CrossRef]

117. Erreni, M.; Siddiqui, I.; Marelli, G.; Grizzi, F.; Bianchi, P.; Morone, D.; Marchesi, F.; Celesti, G.; Pesce, S.; Doni, A.; et al. The
Fractalkine-Receptor Axis Improves Human Colorectal Cancer Prognosis by Limiting Tumor Metastatic Dissemination. J. Immunol.
2016, 196, 902–914. [CrossRef]

118. Kehlen, A.; Greither, T.; Wach, S.; Nolte, E.; Kappler, M.; Bache, M.; Holzhausen, H.-J.; Lautenschläger, C.; Göbel, S.; Würl, P.; et al.
High coexpression of CCL2 and CX3CL1 is gender-specifically associated with good prognosis in soft tissue sarcoma patients. Int.
J. Cancer 2014, 135, 2096–2106. [CrossRef]

http://doi.org/10.4049/jimmunol.1300434
http://doi.org/10.1158/0008-5472.CAN-11-1687
http://doi.org/10.1136/jitc-2019-000228
http://doi.org/10.1038/s41419-018-0796-2
http://doi.org/10.1158/0008-5472.CAN-16-0993
http://doi.org/10.4110/in.2021.21.e23
http://doi.org/10.3390/ijms21155186
http://doi.org/10.1136/gutjnl-2015-310016
http://www.ncbi.nlm.nih.gov/pubmed/26719303
http://doi.org/10.1038/s41590-021-01120-y
http://www.ncbi.nlm.nih.gov/pubmed/35102345
http://www.ncbi.nlm.nih.gov/pubmed/11234881
http://doi.org/10.1002/pros.20306
http://doi.org/10.1016/j.ygyno.2006.01.029
http://doi.org/10.1007/s12029-014-9652-5
http://doi.org/10.1038/s41598-018-19643-0
http://doi.org/10.1158/0008-5472.CAN-17-0915
http://doi.org/10.1158/1078-0432.CCR-06-0074
http://doi.org/10.1002/jso.20984
http://www.ncbi.nlm.nih.gov/pubmed/18297689
http://doi.org/10.3892/mco.2017.1470
http://www.ncbi.nlm.nih.gov/pubmed/29285394
http://doi.org/10.1002/ijc.23401
http://doi.org/10.3892/ijo.22.4.773
http://www.ncbi.nlm.nih.gov/pubmed/12632067
http://doi.org/10.1007/s00428-018-2461-7
http://doi.org/10.1016/j.ajpath.2015.06.013
http://doi.org/10.4049/jimmunol.1501335
http://doi.org/10.1002/ijc.28867


Cells 2022, 11, 3672 22 of 24

119. Kubon, J.; Sikic, D.; Eckstein, M.; Weyerer, V.; Stöhr, R.; Neumann, A.; Keck, B.; Wullich, B.; Hartmann, A.; Wirtz, R.M.; et al.
Analysis of CXCL9, PD1 and PD-L1 mRNA in Stage T1 Non-Muscle Invasive Bladder Cancer and Their Association with
Prognosis. Cancers 2020, 12, 2794. [CrossRef]

120. Lee, K.-S.; Chung, W.-Y.; Park, J.-E.; Jung, Y.-J.; Park, J.-H.; Sheen, S.-S.; Park, K.-J. Interferon-γ-Inducible Chemokines as
Prognostic Markers for Lung Cancer. Int. J. Environ. Res. Public Health 2021, 18, 9345. [CrossRef]

121. Cremonesi, E.; Governa, V.; Garzon, J.F.G.; Mele, V.; Amicarella, F.; Muraro, M.G.; Trella, E.; Galati-Fournier, V.; Oertli, D.; Däster,
S.R.; et al. Gut microbiota modulate T cell trafficking into human colorectal cancer. Gut 2018, 67, 1984–1994. [CrossRef] [PubMed]

122. Harlin, H.; Meng, Y.; Peterson, A.C.; Zha, Y.; Tretiakova, M.; Slingluff, C.; McKee, M.; Gajewski, T.F. Chemokine Expression in
Melanoma Metastases Associated with CD8+ T-Cell Recruitment. Cancer Res. 2009, 69, 3077–3085. [CrossRef] [PubMed]

123. Szczepanik, A.M.; Siedlar, M.; Szura, M.; Kibil, W.; Brzuszkiewicz, K.; Brandt, P.; Kulig, J. Preoperative serum chemokine (C-C
motif) ligand 2 levels and prognosis in colorectal cancer. Pol. Arch. Intern. Med. 2015, 125, 443–451. [CrossRef] [PubMed]

124. Zimmermann, T.; Moehler, M.; Gockel, I.; Sgourakis, G.G.; Biesterfeld, S.; Müller, M.; Berger, M.R.; Lang, H.; Galle, P.R.;
Schimanski, C.C. Low expression of chemokine receptor CCR5 in human colorectal cancer correlates with lymphatic dissemination
and reduced CD8+ T-cell infiltration. Int. J. Color. Dis. 2010, 25, 417–424. [CrossRef] [PubMed]

125. Hojo, S.; Koizumi, K.; Tsuneyama, K.; Arita, Y.; Cui, Z.; Shinohara, K.; Minami, T.; Hashimoto, I.; Nakayama, T.; Sakurai, H.; et al.
High-level expression of chemokine CXCL16 by tumor cells correlates with a good prognosis and increased tumor-infiltrating
lymphocytes in colorectal cancer. Cancer Res. 2007, 67, 4725–4731. [CrossRef] [PubMed]

126. Specht, K.; Harbeck, N.; Smida, J.; Annecke, K.; Reich, U.; Naehrig, J.; Langer, R.; Mages, J.; Busch, R.; Kruse, E.; et al. Expression
profiling identifies genes that predict recurrence of breast cancer after adjuvant CMF-based chemotherapy. Breast Cancer Res.
Treat. 2009, 118, 45–56. [CrossRef] [PubMed]

127. Liang, Y.; Deng, Z.K.; Chen, M.; Qiu, S.; Xiao, Y.; Qi, Y.; Xie, Q.; Wang, Z.; Jia, S.; Zeng, D.; et al. CXCL9 Is a Potential Biomarker of
Immune Infiltration Associated With Favorable Prognosis in ER-Negative Breast Cancer. Front. Oncol. 2021, 11, 710286. [CrossRef]

128. Mullins, I.M.; Slingluff, C.L.; Lee, J.K.; Garbee, C.F.; Shu, J.; Anderson, S.G.; Mayer, M.E.; Knaus, W.A.; Mullins, D.W. CXC
chemokine receptor 3 expression by activated CD8+ T cells is associated with survival in melanoma patients with stage III disease.
Cancer Res. 2004, 64, 7697–7701. [CrossRef]

129. Koh, H.M.; Hyun, C.L.; Jang, B.G.; Lee, H.J. CXCR3 expression as a prognostic factor in gastric cancer: A meta-analysis. Transl.
Cancer Res. 2021, 10, 1449. [CrossRef]

130. Mlecnik, B.; Tosolini, M.; Charoentong, P.; Kirilovsky, A.; Bindea, G.; Berger, A.; Camus, M.; Gillard, M.; Bruneval, P.; Fridman,
W.-H.; et al. Biomolecular network reconstruction identifies T-cell homing factors associated with survival in colorectal cancer.
Gastroenterology 2010, 138, 1429–1440. [CrossRef]

131. Park, M.H.; Lee, J.S.; Yoon, J.H. High expression of CX3CL1 by tumor cells correlates with a good prognosis and increased
tumor-infiltrating CD8+ T cells, natural killer cells, and dendritic cells in breast carcinoma. J. Surg. Oncol. 2012, 106, 386–392.
[CrossRef] [PubMed]

132. Hyakudomi, M.; Matsubara, T.; Hyakudomi, R.; Yamamoto, T.; Kinugasa, S.; Yamanoi, A.; Maruyama, R.; Tanaka, T. Increased
expression of fractalkine is correlated with a better prognosis and an increased number of both CD8+ T cells and natural killer
cells in gastric adenocarcinoma. Ann. Surg. Oncol. 2008, 15, 1775–1782. [CrossRef] [PubMed]

133. Liu, J.; Li, Y.; Zhu, X.; Li, Q.; Liang, X.; Xie, J.; Hu, S.; Peng, W.; Li, C. Increased CX3CL1 mRNA expression level is a positive
prognostic factor in patients with lung adenocarcinoma. Oncol. Lett. 2019, 17, 4877–4890. [CrossRef] [PubMed]

134. Ren, F.; Zhao, Q.; Huang, L.; Zheng, Y.; Li, L.; He, Q.; Zhang, C.; Li, F.; Maimela, N.R.; Sun, Z.; et al. The R132H mutation in IDH1
promotes the recruitment of NK cells through CX3CL1/CX3CR1 chemotaxis and is correlated with a better prognosis in gliomas.
Immunol. Cell Biol. 2019, 97, 457–469. [CrossRef]

135. Liu, J.; Li, F.; Ping, Y.; Wang, L.; Chen, X.; Wang, D.; Cao, L.; Zhao, S.; Li, B.; Kalinski, P.; et al. Local production of the chemokines
CCL5 and CXCL10 attracts CD8+ T lymphocytes into esophageal squamous cell carcinoma. Oncotarget 2015, 6, 24978–24989.
[CrossRef] [PubMed]

136. Sato, Y.; Motoyama, S.; Nanjo, H.; Wakita, A.; Yoshino, K.; Sasaki, T.; Nagaki, Y.; Liu, J.; Imai, K.; Saito, H.; et al. CXCL10
Expression Status is Prognostic in Patients with Advanced Thoracic Esophageal Squamous Cell Carcinoma. Ann. Surg. Oncol.
2016, 23, 936–942. [CrossRef]

137. Cao, Y.; Jiao, N.; Sun, T.; Ma, Y.; Zhang, X.; Chen, H.; Hong, J.; Zhang, Y. CXCL11 Correlates With Antitumor Immunity and an
Improved Prognosis in Colon Cancer. Front. Cell Dev. Biol. 2021, 9, 646252. [CrossRef]

138. Vollmer, T.; Schlickeiser, S.; Amini, L.; Schulenberg, S.; Wendering, D.J.; Banday, V.; Jurisch, A.; Noster, R.; Kunkel, D.; Brindle,
N.R.; et al. The intratumoral CXCR3 chemokine system is predictive of chemotherapy response in human bladder cancer. Sci.
Transl. Med. 2021, 13, eabb3735. [CrossRef]

139. Denkert, C.; von Minckwitz, G.; Brase, J.C.; Sinn, B.V.; Gade, S.; Kronenwett, R.; Pfitzner, B.M.; Salat, C.; Loi, S.; Schmitt, W.D.;
et al. Tumor-Infiltrating Lymphocytes and Response to Neoadjuvant Chemotherapy With or Without Carboplatin in Human
Epidermal Growth Factor Receptor 2–Positive and Triple-Negative Primary Breast Cancers. J. Clin. Oncol. 2015, 33, 983–991.
[CrossRef]

140. Feng, W.; Lin, A.; Sun, L.; Wei, T.; Ying, H.; Zhang, J.; Luo, P.; Zhu, W. Activation of the chemokine receptor 3 pathway leads to a
better response to immune checkpoint inhibitors in patients with metastatic urothelial carcinoma. Cancer Cell Int. 2022, 22, 186.
[CrossRef]

http://doi.org/10.3390/cancers12102794
http://doi.org/10.3390/ijerph18179345
http://doi.org/10.1136/gutjnl-2016-313498
http://www.ncbi.nlm.nih.gov/pubmed/29437871
http://doi.org/10.1158/0008-5472.CAN-08-2281
http://www.ncbi.nlm.nih.gov/pubmed/19293190
http://doi.org/10.20452/pamw.2886
http://www.ncbi.nlm.nih.gov/pubmed/26020569
http://doi.org/10.1007/s00384-009-0868-y
http://www.ncbi.nlm.nih.gov/pubmed/20054600
http://doi.org/10.1158/0008-5472.CAN-06-3424
http://www.ncbi.nlm.nih.gov/pubmed/17510400
http://doi.org/10.1007/s10549-008-0207-y
http://www.ncbi.nlm.nih.gov/pubmed/18925433
http://doi.org/10.3389/fonc.2021.710286
http://doi.org/10.1158/0008-5472.CAN-04-2059
http://doi.org/10.21037/tcr-20-2862
http://doi.org/10.1053/j.gastro.2009.10.057
http://doi.org/10.1002/jso.23095
http://www.ncbi.nlm.nih.gov/pubmed/22422195
http://doi.org/10.1245/s10434-008-9876-3
http://www.ncbi.nlm.nih.gov/pubmed/18363071
http://doi.org/10.3892/ol.2019.10211
http://www.ncbi.nlm.nih.gov/pubmed/31186696
http://doi.org/10.1111/imcb.12225
http://doi.org/10.18632/oncotarget.4617
http://www.ncbi.nlm.nih.gov/pubmed/26317795
http://doi.org/10.1245/s10434-015-4909-1
http://doi.org/10.3389/fcell.2021.646252
http://doi.org/10.1126/scitranslmed.abb3735
http://doi.org/10.1200/JCO.2014.58.1967
http://doi.org/10.1186/s12935-022-02604-z


Cells 2022, 11, 3672 23 of 24

141. Suenaga, M.; Mashima, T.; Kawata, N.; Wakatsuki, T.; Horiike, Y.; Matsusaka, S.; Dan, S.; Shinozaki, E.; Seimiya, H.; Mizunuma,
N.; et al. Serum VEGF-A and CCL5 levels as candidate biomarkers for efficacy and toxicity of regorafenib in patients with
metastatic colorectal cancer. Oncotarget 2016, 7, 34811–34823. [CrossRef] [PubMed]

142. Li, Y.; Han, S.; Wu, B.; Zhong, C.; Shi, Y.; Lv, C.; Fu, L.; Zhang, Y.; Lang, Q.; Liang, Z.; et al. CXCL11 Correlates with Immune
Infiltration and Impacts Patient Immunotherapy Efficacy: A Pan-Cancer Analysis. Front. Immunol. 2022, 13, 951247. [CrossRef]
[PubMed]

143. Fan, T.; Liu, Y.; Liu, H.; Wang, L.; Tian, H.; Zheng, Y.; Zheng, B.; Xue, L.; Tan, F.; Xue, Q.; et al. Comprehensive analysis of a
chemokine- and chemokine receptor family-based signature for patients with lung adenocarcinoma. Cancer Immunol. Immunother.
2021, 70, 3651–3667. [CrossRef]

144. Tokunaga, R.; Zhang, W.; Naseem, M.; Puccini, A.; Berger, M.D.; Soni, S.; McSkane, M.; Baba, H.; Lenz, H.-J. CXCL9, CXCL10,
CXCL11/CXCR3 axis for immune activation—A target for novel cancer therapy. Cancer Treat. Rev. 2018, 63, 40–47. [CrossRef]

145. Chowell, D.; Krishna, C.; Pierini, F.; Makarov, V.; Rizvi, N.A.; Kuo, F.; Morris, L.G.T.; Riaz, N.; Lenz, T.L.; Chan, T.A. Evolutionary
divergence of HLA class I genotype impacts efficacy of cancer immunotherapy. Nat. Med. 2019, 25, 1715–1720. [CrossRef]

146. Havel, J.J.; Chowell, D.; Chan, T.A. The evolving landscape of biomarkers for checkpoint inhibitor immunotherapy. Nat. Rev.
Cancer 2019, 19, 133–150. [CrossRef] [PubMed]

147. Rizvi, N.A.; Hellmann, M.D.; Snyder, A.; Kvistborg, P.; Makarov, V.; Havel, J.J.; Lee, W.; Yuan, J.; Wong, P.; Ho, T.S.; et al.
Mutational landscape determines sensitivity to PD-1 blockade in non–small cell lung cancer. Science 2015, 348, 124–128. [CrossRef]
[PubMed]

148. Fumet, J.-D.; Limagne, E.; Thibaudin, M.; Ghiringhelli, F. Immunogenic Cell Death and Elimination of Immunosuppressive Cells:
A Double-Edged Sword of Chemotherapy. Cancers 2020, 12, 2637. [CrossRef]

149. Galluzzi, L.; Buqué, A.; Kepp, O.; Zitvogel, L.; Kroemer, G. Immunogenic cell death in cancer and infectious disease. Nat. Rev.
Immunol. 2017, 17, 97–111. [CrossRef] [PubMed]

150. Larkin, J.; Chiarion-Sileni, V.; Gonzalez, R.; Grob, J.-J.; Rutkowski, P.; Lao, C.D.; Cowey, C.L.; Schadendorf, D.; Wagstaff, J.;
Dummer, R.; et al. Five-Year Survival with Combined Nivolumab and Ipilimumab in Advanced Melanoma. N. Engl. J. Med. 2019,
381, 1535–1546. [CrossRef] [PubMed]

151. Middleton, M.R.; McAlpine, C.; Woodcock, V.K.; Corrie, P.; Infante, J.R.; Steven, N.M.; Evans, T.R.J.; Anthoney, A.; Shoushtari,
A.N.; Hamid, O.; et al. Tebentafusp, A TCR/Anti-CD3 Bispecific Fusion Protein Targeting gp100, Potently Activated Antitumor
Immune Responses in Patients with Metastatic Melanoma. Clin. Cancer Res. 2020, 26, 5869–5878. [CrossRef] [PubMed]

152. Lee, J.M.; Lee, M.-H.; Garon, E.; Goldman, J.W.; Salehi-Rad, R.; Baratelli, F.E.; Schaue, D.; Wang, G.; Rosen, F.; Yanagawa, J.; et al.
Phase I Trial of Intratumoral Injection of CCL21 Gene-Modified Dendritic Cells in Lung Cancer Elicits Tumor-Specific Immune
Responses and CD8+ T-cell Infiltration. Clin. Cancer Res. 2017, 23, 4556–4568. [CrossRef]

153. Annels, N.E.; Mansfield, D.; Arif, M.; Ballesteros-Merino, C.; Simpson, G.R.; Denyer, M.; Sandhu, S.S.; Melcher, A.A.; Harrington,
K.J.; Davies, B.; et al. Phase I Trial of an ICAM-1-Targeted Immunotherapeutic-Coxsackievirus A21 (CVA21) as an Oncolytic
Agent Against Non Muscle-Invasive Bladder Cancer. Clin. Cancer Res. 2019, 25, 5818–5831. [CrossRef] [PubMed]

154. Orr, B.; Mahdi, H.; Fang, Y.; Strange, M.; Uygun, I.; Rana, M.; Zhang, L.; Suarez Mora, A.; Pusateri, A.; Elishaev, E.; et al. Phase I
Trial Combining Chemokine-Targeting with Loco-Regional Chemoimmunotherapy for Recurrent, Platinum-Sensitive Ovarian
Cancer Shows Induction of CXCR3 Ligands and Markers of Type 1 Immunity. Clin. Cancer Res. 2022, 28, 2038–2049. [CrossRef]
[PubMed]

155. Yang, S.; Wang, B.; Guan, C.; Wu, B.; Cai, C.; Wang, M.; Zhang, B.; Liu, T.; Yang, P. Foxp3+IL-17+ T cells promote development of
cancer-initiating cells in colorectal cancer. J. Leukoc. Biol. 2011, 89, 85–91. [CrossRef]

156. Mulligan, A.M.; Raitman, I.; Feeley, L.; Pinnaduwage, D.; Nguyen, L.T.; O’Malley, F.P.; Ohashi, P.S.; Andrulis, I.L. Tumoral
Lymphocytic Infiltration and Expression of the Chemokine CXCL10 in Breast Cancers from the Ontario Familial Breast Cancer
Registry. Clin. Cancer Res. 2013, 19, 336–346. [CrossRef]

157. Fridman, W.H.; Pagès, F.; Sautès-Fridman, C.; Galon, J. The immune contexture in human tumours: Impact on clinical outcome.
Nat. Rev. Cancer 2012, 12, 298–306. [CrossRef]

158. Luther, S.A.; Cyster, J.G. Chemokines as regulators of T cell differentiation. Nat. Immunol. 2001, 2, 102–107. [CrossRef]
159. Oghumu, S.; Varikuti, S.; Terrazas, C.; Kotov, D.; Nasser, M.W.; Powell, C.A.; Ganju, R.K.; Satoskar, A.R. CXCR3 deficiency

enhances tumor progression by promoting macrophage M2 polarization in a murine breast cancer model. Immunology 2014, 143,
109–119. [CrossRef]

160. Wightman, S.C.; Uppal, A.; Pitroda, S.P.; Ganai, S.; Burnette, B.; Stack, M.; Oshima, G.; Khan, S.; Huang, X.; Posner, M.C.;
et al. Oncogenic CXCL10 signalling drives metastasis development and poor clinical outcome. Br. J. Cancer 2015, 113, 327–335.
[CrossRef]

161. Zipin-Roitman, A.; Meshel, T.; Sagi-Assif, O.; Shalmon, B.; Avivi, C.; Pfeffer, R.M.; Witz, I.P.; Ben-Baruch, A. CXCL10 promotes
invasion-related properties in human colorectal carcinoma cells. Cancer Res. 2007, 67, 3396–3405. [CrossRef] [PubMed]

162. Dutta, P.; Sarkissyan, M.; Paico, K.; Wu, Y.; Vadgama, J.V. MCP-1 is overexpressed in triple-negative breast cancers and drives
cancer invasiveness and metastasis. Breast Cancer Res. Treat. 2018, 170, 477–486. [CrossRef] [PubMed]

http://doi.org/10.18632/oncotarget.9187
http://www.ncbi.nlm.nih.gov/pubmed/27166185
http://doi.org/10.3389/fimmu.2022.951247
http://www.ncbi.nlm.nih.gov/pubmed/35935945
http://doi.org/10.1007/s00262-021-02944-1
http://doi.org/10.1016/j.ctrv.2017.11.007
http://doi.org/10.1038/s41591-019-0639-4
http://doi.org/10.1038/s41568-019-0116-x
http://www.ncbi.nlm.nih.gov/pubmed/30755690
http://doi.org/10.1126/science.aaa1348
http://www.ncbi.nlm.nih.gov/pubmed/25765070
http://doi.org/10.3390/cancers12092637
http://doi.org/10.1038/nri.2016.107
http://www.ncbi.nlm.nih.gov/pubmed/27748397
http://doi.org/10.1056/NEJMoa1910836
http://www.ncbi.nlm.nih.gov/pubmed/31562797
http://doi.org/10.1158/1078-0432.CCR-20-1247
http://www.ncbi.nlm.nih.gov/pubmed/32816891
http://doi.org/10.1158/1078-0432.CCR-16-2821
http://doi.org/10.1158/1078-0432.CCR-18-4022
http://www.ncbi.nlm.nih.gov/pubmed/31273010
http://doi.org/10.1158/1078-0432.CCR-21-3659
http://www.ncbi.nlm.nih.gov/pubmed/35046055
http://doi.org/10.1189/jlb.0910506
http://doi.org/10.1158/1078-0432.CCR-11-3314
http://doi.org/10.1038/nrc3245
http://doi.org/10.1038/84205
http://doi.org/10.1111/imm.12293
http://doi.org/10.1038/bjc.2015.193
http://doi.org/10.1158/0008-5472.CAN-06-3087
http://www.ncbi.nlm.nih.gov/pubmed/17409450
http://doi.org/10.1007/s10549-018-4760-8
http://www.ncbi.nlm.nih.gov/pubmed/29594759


Cells 2022, 11, 3672 24 of 24

163. Vianello, F.; Papeta, N.; Chen, T.; Kraft, P.; White, N.; Hart, W.K.; Kircher, M.F.; Swart, E.; Rhee, S.; Palù, G.; et al. Murine
B16 Melanomas Expressing High Levels of the Chemokine Stromal-Derived Factor-1/CXCL12 Induce Tumor-Specific T Cell
Chemorepulsion and Escape from Immune Control. J. Immunol. 2006, 176, 2902–2914. [CrossRef]

164. Benci, J.L.; Xu, B.; Qiu, Y.; Wu, T.J.; Dada, H.; Twyman-Saint Victor, C.; Cucolo, L.; Lee, D.S.M.; Pauken, K.E.; Huang, A.C.;
et al. Tumor Interferon Signaling Regulates a Multigenic Resistance Program to Immune Checkpoint Blockade. Cell 2016, 167,
1540–1554.e12. [CrossRef] [PubMed]

http://doi.org/10.4049/jimmunol.176.5.2902
http://doi.org/10.1016/j.cell.2016.11.022
http://www.ncbi.nlm.nih.gov/pubmed/27912061

	Introduction 
	Immunogenic Cell Death (ICD) 
	ER Stress and CRT Exposure 
	ATP Release 
	HMGB1 Release 
	ANXA1 Release 
	Type I IFNs 
	Chemokines 

	CD8 T-Cell Chemoattraction by Chemokines Released during ICD 
	CXCR3 
	CXCR6 
	CX3CR1 
	CCR2 
	CCR5 
	CCR6 

	Usefulness of Chemokines Released during ICD as a Biomarker 
	As a Negative Prognostic/Predictive Biomarker 
	As a Positive Prognostic/Predictive Biomarker 
	In Localized and Locally Advanced Setting 
	In Advanced/Metastatic Setting 


	Targeting Chemokine Expression within the Tumor to Improve Treatment Efficacy 
	From in Vitro and in Vivo Models toward Clinic 
	In Early Phase Trials 

	Conclusions 
	References

