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Simple Summary: Chemokines and their receptors have been pointed out as key actors in a variety
of human cancers, playing pivotal roles in multiples processes and pathways. The present study
aims at deciphering the functions of several chemokine receptors in gliomas, starting from publicly
available patient-derived transcriptomic data with support from the current literature in the field,
and sheds light on the clinical relevance of chemokine receptors in targeted therapeutic approaches
for glioma patients.

Abstract: Gliomas are severe brain malignancies, with glioblastoma (GBM) being the most aggressive
one. Despite continuous efforts for improvement of existing therapies, overall survival remains poor.
Over the last years, the implication of chemokines and their receptors in GBM development and pro-
gression has become more evident. Recently, large amounts of clinical data have been made available,
prompting us to investigate chemokine receptors in GBM from a still-unexplored patient-oriented per-
spective. This study aims to highlight and discuss the involvement of chemokine receptors—CCR1,
CCR5, CCR6, CCR10, CX3CR1, CXCR2, CXCR4, ACKR1, ACKR2, and ACKR3—most abundantly
expressed in glioma patients based on the analysis of publicly available clinical datasets. Given
the strong intratumoral heterogeneity characterizing gliomas and especially GBM, receptor ex-
pression was investigated by glioma molecular groups, by brain region distribution, emphasizing
tissue-specific receptor functions, and by cell type enrichment. Our study constitutes a clinically
relevant and patient-oriented guide that recapitulates the expression profile and the complex roles
of chemokine receptors within the highly diversified glioma landscape. Additionally, it strengthens
the importance of patient-derived material for development and precise amelioration of chemokine
receptor-targeting therapies.

Keywords: glioma; chemokine receptor; patient-derived transcriptomic data; malignant processes;
tumor microenvironment

1. Introduction

Gliomas are glial tumors of the central nervous system (CNS), which are categorized
into different subtypes and clinical grades based on their histological features as well as
molecular markers (according to the World Health Organization (WHO)) [1]. Adult-type
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diffuse gliomas represent the majority of primary brain tumors detected in adults, glioblas-
toma (GBM) being the most malignant subtype [1]. It accounts for 48.3% of malignant
tumors of the adult central nervous system [2] and systematically results in fatal outcome
for patients. For over 15 years, standard-of-care treatment has combined maximal safe
surgical resection, radiotherapy and concurrent temozolomide-based chemotherapy [3]. De-
spite extensive preclinical and clinical research continuously aiming to improve therapeutic
efficacy, GBM recurrence is commonplace and patient survival from the time of diagnosis
remains low [4]. Several mechanisms underlie tumor relapse: (1) the infiltrative nature of
GBM that invades and disseminates through the whole brain tissue [5]; (2) the multilevel
heterogeneity of GBM tumors, which exhibit inter-patient and intra-tumoral disparities [6],
include diverse cell types and cellular states [7]; and (3) the ability of GBM cells to interact
with and adapt to their microenvironment [8], to interconnect with neighboring tumor
cells [9] or to harness healthy brain cells [10]. These devious mechanisms together support
GBM to escape and resist treatment.

Chemokines are a subfamily of chemotactic cytokines secreted by a wide range of
cell types in various tissues and are important regulators of developmental processes,
immune responses and tissue repair [11]. Chemokines exert their effect by activating G
protein-coupled receptors, which triggers downstream signaling pathways leading to cell
migration, modulation of gene expression and cell phenotypes [12,13]. They are classified
into four subfamilies—CC, CXC, CX3C and XC—based on the arrangement of the cys-
teine motif in their N-terminal part, while their receptors are classified according to the
type of chemokines they bind (CCR, CXCR, CX3CR and XCR). Recently, four chemokine
receptors have been grouped in a subfamily of “atypical chemokine receptors” (ACKRs)
owing to their inability to activate the classical ligand-induced G protein signaling cas-
cades. They do however have an important regulatory role and can act as scavengers by
reducing chemokine availability in the extracellular environment [14,15]. Chemokines and
chemokine receptors have been proposed as key actors in cancer cell growth, migration,
invasion, neovascularization, as well as in the fine-tuned interplay between tumor cells
and tumor-associated immune cells [16,17]. The growing interest in chemokine receptor
function in GBM is of complex nature. Not only are chemokines and chemokine receptors
involved in GBM cell malignant phenotype, they also play an important part in the immune
cell recruitment to the tumor. These molecules are therefore being increasingly considered
as potential targets in immunotherapy approaches for GBM [18].

The last decade has witnessed an unprecedented effort in collecting samples and
clinical data from patients suffering from solid cancers, including brain tumors. Interna-
tional consortia and multicenter projects (e.g., The Cancer Genome Atlas (TCGA) [19],
Glioma Longitudinal AnalySiS (GLASS) consortium [20], Gliogene [21], etc.) have gathered
considerable patient cohorts that provided the neuro-oncology community with large
multi-omics datasets, offering invaluable information for the classification and grading
of tumors as well as for the understanding of molecular mechanisms underlying glioma
biology. Whereas multiple therapeutic strategies have thus far failed to translate from the
bench to the clinic because of limited research tools, the availability of patient data and
biological material now facilitates clinically relevant research and fosters the development
of personalized therapies [22,23].

Here, we aim to refine the current knowledge about the role of chemokine receptors in
glioma from a patient-oriented perspective. We analyzed publicly available datasets and
highlighted a subset of receptors that appear to be significant in GBM patients, for which
we gather and discuss recent insight from the literature.

The purpose of this study is to provide researchers in the field with a clinically-relevant,
up-to-date practical resource that could orient the next steps toward chemokine receptor-
based treatment for glioma patients. We voluntarily highlight the literature that describes
data generated from patient material and mention preclinical data on cellular and animal
models when considered pertinent. We do not detail the mechanistic and functional aspects
of each described receptor, which were exhaustively reviewed recently [24].
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2. Methods

We aimed to highlight putative variations in the expression of chemokine receptors
in different types of gliomas, as well as in different tumor subregions and cellular subsets.
To do so, we browsed four different glioma patient datasets using available online tools
and exploited the data related to the information of interest (Table 1). We focused on gene
expression data, generated by RNA sequencing of patient-derived residual tumor tissue,
obtained after surgical resection. We analyzed the expression of 22 genes encoding for
chemokine receptors, namely CC receptors 1 to 10 (CCR1-10), CX3C receptor 1 (CX3CR1),
CXC receptors 1 to 6 (CXCR1-6), XC receptor 1 (XCR1) and the atypical chemokine receptors
ACKR1 (or DARC), ACKR2 (or D6), ACKR3 (or CXCR7/RDC1) and ACKR4 (or CCRL1).
The alternative gene names were used when required by the online platform. Original
publications, online tools, RNA sequencing method as well as number of samples and
patients included in the datasets are listed in Table 1. No recalculation nor modification of
the existing data was performed. Figures included in this manuscript are either original
heat maps displaying the unchanged data downloaded from the databases or were directly
generated on the online platforms (for scRNAseq data).

Table 1. General information about the datasets used in the review.

1 2 3 4

Publication, project

Selected information

Online tool

Method

Datasets, number of
samples and patients

Data expressed as

The Cancer Genome
Atlas (TCGA) Project
Gene expression in
three glioma subgroups

[25] [26]
Ivy Glioblastoma [27] [7]
Atlas Project

Gene expression in five
anatomical locations
within GBM tumors

Gene expression in 4 Gene expression in 7
different glioma-related  different glioma-related

(correlated with cell subtypes cell subtypes

severity)

https:/ /glioblastoma. https://singlecell.

http:/ / gliovis.bioinfo.

cnio.es [28] (accessed

alleninstitute.org
(accessed on

http:/ /gbmseq.org/
(accessed on

broadinstitute.org/
single_cell/study/

on 23 November 2021). 23 November 2021). SCP393/ (accessed on

23 November 2021). - Noveﬁnber S

Bulk RN Aseq (HiSeq) . .
Bulk RNAseq (HiSeq) after lacéer q Single cell RNAseq Single-cell RNAseq
microdissection (NextSeq) (SMART-Seq2)
Brain lower grade

glioma, LGG Glioblastoma Glioblastoma Adult and pediatric
(513 patients) (122 samples/ (3589 cells/ glioblastoma (IDHwt)
Glioblastoma, GBM 10 patients) 4 patients) (7930 cells/28 patients)

154 patients)
Log2 RSEM Log2 RSEM Log2 CPM Log TPM

Legend: CPM: counts per million; IDHwt: IDH wild-type; RNAseq: RNA sequencing; RSEM: RNA-Seq by
expectation maximization; TPM: transcripts per million.

3. Chemokine Receptor Expression in Gliomas

We first aimed to highlight which chemokine receptors are most abundantly expressed
in gliomas. We unraveled the expression of 22 chemokine receptors in tumor tissue collected
from newly diagnosed diffuse glioma patients using the TCGA LGG-GBM dataset (includ-
ing 513 low-grade gliomas (LGG) and 154 GBM diagnosed patients with available RNAseq
data). In an attempt to relate gene expression to glioma clinical subgroups associated with
respective disease severity, we classified patients based on isocitrate deshydrogenase (IDH)
mutation and 1p/19q co-deletion status, as these features were previously suggested to
correlate with histological types and clinical grades. We therefore consider “IDH mutant
1p19q codel” gliomas as oligodendrogliomas, “IDH mutant 1p19q non codel” gliomas as
enriched in low grade astrocytomas, and “IDH wt” gliomas as enriched in high grade
astrocytomas and glioblastomas [29,30] (Figure 1). Note that such enrichment does not
imply the exclusivity of a group for a given histological assessment.
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Figure 1. Chemokine receptor expression in glioma patients (TCGA LGG-GBM dataset [25], GlioVis
platform?). (a) Heatmap displaying log2 RSEM value for the 22 receptors of interest. Each cell
represents one patient. The receptors that will be highlighted in this review are underlined. (b) For
every receptor, log2 RSEM values were grouped into 3 categories (based on glioma genomic features).
Each dot represents one patient. Data are downloaded from http:/ /gliovis.bioinfo.cnio.es (accessed
on 23 November 2021), data are represented as Mean + SD, and analyzed via one-way ANOVA (vs.
“IDHmut 1p19q codel”: ** p < 0.01; *** p < 0.001 and vs. “IDHmut 1p19q non codel”: ## p < 0.01;
#H# p < 0.001).

We here highlighted CCR1, CCR5, CCR6, CCR10, CX3CR1, CXCR2, CXCR4, ACKR1,
ACKR?2 and ACKR3 based on their average mRNA expression within at least one patient
subgroup (threshold arbitrarily placed at average RSEM > 4). For most of the selected
receptors, mRNA expression increases with glioma grade. Note that we do not rule out
that unselected receptors may yet be of interest. We will therefore focus this manuscript on
these ten chemokine receptors and unravel relevant literature data to further discuss their
respective contribution to glioma biology.

In the last two decades [31], extensive evidence has proven CXCR4 as significantly
related to glioma malignancy [32-34]. Its crucial contribution to the disease is supported
by the phase I/1II clinical testing of CXCR4 inhibitors for GBM treatment (e.g., plerix-
afor) [35,36], as further discussed in Section 4.1. The clinical relevance of the other selected
chemokine receptors is supported by more or less abundant (pre)clinical data from the
literature, which mostly analyzed mRNA /protein expression in glioma tissue sample
cohorts (vs control tissue samples) and related these to tumor grade and patient survival.
Among the receptors that appear highly expressed in all gliomas, CX3CR1 is a macrophage
associated receptor, whose expression has been shown similar in patient tissue from both
low and high grade gliomas [37,38], substantiating the TCGA data in Figure 1. Of note, a
specific CX3CR1 defective polymorphism (V2491) correlates with increased patient survival
in patients with GBM [39] and LGG [40], stressing its important role in tumor maintenance.
ACKRS3, formerly known as CXCR7/RDC1, has also been investigated in glioma patient
tissue where its expression pattern appears quite inconstant: several studies highlight an
increased mRNA expression in GBM tissue samples compared to non-malignant brain
samples [41,42], while other studies do not [43]. Moreover, TCGA data show CCR1 expres-
sion in glioma samples. Although this has not been exhaustively documented in patient
tissue thus far, insights in CCR1 activity in glioma are currently emerging (see Section 4).
In comparison to the above-cited receptors, CCR5, CCR6, CCR10 and CXCR2 all display
moderate expression in glioma patients from TCGA database. Their expression in tumor
tissue has been assessed in diverse studies and was found upregulated in glioma (com-
pared to non-tumor samples), correlating with the tumor grade as well as with shorter
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disease-free and overall patient survival [44-47]. Higher expression of CCR5 and CXCR2
has also been associated with recurrent tumors [48,49]. The roles of ACKR1 and ACKR2 in
tumor growth have also been evaluated in other cancer types [50,51] where their expression
has been correlated with a reduced tumor growth and survival benefit (reviewed in [15,52]).
However, the role of these atypical receptors in gliomagenesis remains to be elucidated.

4. Chemokine Receptors in Glioma Malignant Processes

GBM is an extremely heterogeneous tumor, endowed with high invasive capacity,
harboring hypoxic areas, necrotic and proangiogenic environments. Such heterogeneity
complicates GBM treatment and constitutes an immense challenge for neuro-oncologists.
The Ivy Glioblastoma Atlas Project (IvyGAP) has addressed this intra- and inter-tumoral
heterogeneity by correlating anatomo-histological features with gene expression data in
a panel of GBM patients [26]. In this study, five separate areas were analyzed after laser
microdissection: (1) leading edge (LE), outermost boundary of the tumor; (2) infiltrating
tumor compartment (IT), intermediate zone; (3) cellular tumor (CT), core part of the
tumor with high ratio of tumor cells vs. healthy cells; (4) pseudopalisading cells around
necrosis (PAN), densely aligned tumor cells surrounding necrotic areas; (5) microvascular
proliferation (MVP) marked by two or more blood vessels. This freely accessible anatomo-
transcriptional atlas provides a valuable ground to interrogate gene function in GBM
growth processes. Here, we utilize this IvyGAP resource to look at the expression of the
selected chemokine receptors in these five regions of interest and further decipher their
activity in these specific regions (Figure 2).

U= IT CT PAN MVP

/NN N {2

(R T 1 (B IR DR
I
BENNIl nI Il I |
N UNEREN N N NAEIT) R DA

Figure 2. Chemokine receptor expression in various areas of GBM tumors (IvyGAP project). The
heatmap displays log2 RSEM value for each receptor, in the various tumor subregions. Each cell
represents one sample. Legend: LE: leading edge; IT: infiltrative tumor; CT: cellular tumor; PAN:
pseudopalisading cells around necrosis: MVP: microvascular proliferation. Data is downloaded from
https:/ /glioblastoma.alleninstitute.org (accessed on 23 November 2021).

CXCR4 once again stands out as highly expressed in the pseudopalisading cells around
necrosis (PAN) and microvascular proliferation (MVP) regions, respectively described
as related to hypoxia and angiogenesis/immune regulation [26]. ACKR3 also appears
associated with MVP regions. Additionally, these two receptors are detected in the central
tumor (CT), infiltrative tumor (IT) and leading edge (LE) regions, where their contribution
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could be of variable nature (see Sections 4.1-4.3). CX3CR1 and CCR1 are also expressed
and distributed in all tested regions. CCR5, CCR6, CCR10, CXCR2, ACKR1 and ACKR2
display moderate expression in GBM samples, regardless of the area, which is in line with
the TCGA data from Figure 1.

Using a similar approach, another study described chemokine receptor profiling
in different GBM subregions [53], which were isolated after 5-aminolevulenic acid (5-
ALA) fluorescence-guided surgery of six newly diagnosed GBM patients [54]. GBM cells
were isolated from the tumor core (strong fluorescence, ALA+), infiltrating area (pale
fluorescence, ALA-PALE) and healthy tissue (no fluorescence, ALA—). CXCR4 and ACKR3
were found upregulated in tumor core GBM cells (without distinction of necrotic and/or
angiogenic features) compared to infiltrating area and healthy tissue, which is supportive
of the IvyGAP data. Conversely, CCR1 and CCR10 were found upregulated in GBM
infiltrating area compared to the tumor core, which suggests a role for these receptors at
the margin of the tumor, probably linked to cell invasion or communication with the tumor
microenvironment (TME).

The different tumor subregions that were studied in this dataset were defined based on
specific anatomopathological features, associated with important GBM-related mechanisms.
In the following paragraphs, we will discuss the putative role of chemokine receptors
in one or several key tumor processes that could be related to their expression in the
aforementioned tumor areas.

4.1. Angiogenesis

Angiogenesis is an important feature of high-grade gliomas, supporting tumor cell
survival and invasion [55]. In line with the IvyGAP analysis of chemokine receptor expres-
sion in MVP and PAN regions, studies have demonstrated that CXCR4 is largely expressed
in endothelial cells of the normal brain, as well as in GBM blood vessels and hypoxic areas
of necrosis [42]. CXCR4 is enriched in highly vascularized GBM tissue [56] and its role in
hypoxia-induced angiogenesis has been widely documented [31,57]. CXCR4 inhibition
using plerixafor was therefore proposed in combination with bevacizumab (anti-vascular
endothelial growth factor monoclonal antibody) for diminishing resistance to this anti-
angiogenic therapy and has thus far proven safe in patients with high-grade gliomas [36].
ACKR3 is also found in endothelial cells as well as in tumor cells and microglia in GBM pa-
tient tissue specimens [42,58]. Moreover, a role for ACKR3 in tumor neovascularization has
been suggested using in vitro models of tube formation with glioma endothelial cells [59],
breast cancer cells [60] or human umbilical vein endothelial cells [61]. In glioma cells,
ACKRS3 expression appears upregulated in hypoxic conditions [62]. Given the discernible
expression of ACKR3 in MVP areas of GBM tumors, its contribution to the angiogenic
mechanisms in glioma patients and its interplay with CXCR4 definitely warrant further
investigation. Although less prominently expressed in the MVP region based on the Ivy-
GAP data, CXCR2 has also been associated with neovascularization. It colocalizes with
blood vessels in GBM patient tissue and functionally helps GBM cells to transdifferentiate
and acquire an endothelial-like phenotype, inducing vascular mimicry [47]. Finally, a
co-culture model of glioma cells with normal astrocytes suggests that astrocyte-mediated
production of CCL20 facilitates CCR6-expressing GBM cell adaptation to hypoxic TME
via upregulation of hypoxia-inducible factor 1-alpha (HIF1-x). In particular, xenografts
lacking CCR6 showed an impaired vascularization and reduced adaptability to hypoxic
stress, supporting a role for this axis in GBM [63].

4.2. GBM Cell Migration and Invasion

Although not extremely prominent, several of the selected receptors are expressed
at the invasive front of the tumor, which may suggest their involvement in GBM cell
incursion through the brain parenchyma. CXCR4 expression has been associated with
the extent of tumor cell dissemination within the patient brain (based on tumor imaging
features) [34]. Preclinical models of gliomas highlighted its role in mediating cell migration
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and invasion [64,65], especially in the migration of specific “stem-like” cell subsets (see
Section 4.3). In contrast, the activity of ACKR3 in glioma cell motility remains elusive and its
function in the invasion of other cancer cell types is still a matter of debate. Indeed, in head
and neck squamous cell carcinoma patients, ACKR3 expression has been associated with
increased lymph node metastasis rate [66] and the relationship between CXCR4 and ACKR3
has also been linked to increased breast cancer metastasis in experimental models [67].
Contrasting results rather propose that CXCR4 and ACKR3 have distinct roles. CXCR4
seems to enhance cell invasiveness, while ACKR3 appears to be mainly associated with
decreased invasive properties as well as inhibition of metastasis. ACKR3 is also suggested
to promote tumor growth by stimulating angiogenesis [68].

Experimental data indicate that CCR5 and CXCR2 are involved in glioma cell invasion
through tridimensional environments, when induced by co-cultured human mesenchymal
stem cells [48,69] or endothelial cells [70] that were shown to secrete key chemokines.
Hence, these receptors may play a role in GBM cell invasion through brain tissue.

4.3. GBM “Stem” Cell Properties and Resistance to Treatment

GBM progenitor/initiating /stem cell phenotype characterizes the self-renewing and
plastic cell population within the tumor that sustains tumor growth and promotes resistance
to treatment. Hence, significant efforts have been undertaken to specifically target these
glioma stem cells (GSCs) (reviewed in [71]). GSCs have been associated with specific
“vascular niches” within tumors [72], but also have been shown to be enriched in the
cellular tumor (based on the IvyGAP data) [73]. CXCR4 was detected in cells expressing
stem cell-associated markers (e.g., SOX2, KLF4, OCT4, NANOG) in both primary and
recurrent GBM patient tissue sections [74]. Additionally, CXCR4 expression was found in
patient-derived GSC primary cultures in vitro, where the receptor was implicated in cell
survival, self-renewal and invasion upon xenografting [75-77]. Specifically, we previously
showed that after orthotopic implantation, GSCs migrated toward the subventricular zone
in an oriented, CXCR4-medjiated fashion [78], which was associated with GSC protection
from radiation therapy [79]. In contrast, only a minor subset of stem-like cells were found
positive for ACKR3 in GBM patient tissue [74] and less information is available from
in vitro patient-derived models. A study using selective ACKR3 modulators emphasized
the involvement of ACKR3 in GSC growth in vitro together with CXCR4, although this
report revealed that GSC tumor formation in vivo was independent of CXCR4 or ACKR3
activity [80]. Aside from sustaining tumor initiation, GSCs were shown to determine
GBM cell response to therapy and were particularly suggested as crucial for the resistance
to temozolomide (TMZ) [81]. A recent study has demonstrated that CXCR2 expression
increased in patient-derived GSCs (expressing CD133, another stem cell-associated marker)
upon treatment with TMZ in vitro. Activation of CXCR2-related pathways was indeed
associated with alterations in the epigenomic landscape of cells, which impact GBM cell
plasticity and resistance to TMZ [82]. Furthermore, CCR5 has been linked to TMZ resistance.
Pericytes secrete CCL5 which activates CCR5 and downstream pathways in GBM cells.
This leads to the activation of DNA damage response and thus reduces the efficiency of
TMZ in killing GBM cells [83].

5. Chemokine Receptors in Diverse GBM Cell Subtypes

As mentioned above, the intratumoral heterogeneity of gliomas is largely accountable
for therapeutic failure. Over the last years, the emergence of single-cell profiling technolo-
gies has deepened our understanding of glioma biology and the tumor heterogeneity that
outreaches the anatomical level. Single-cell RNA sequencing is an advanced tool to decrypt
the individual role of the different cell types forming the tumor, it allows to investigate
the glioma heterogeneity at single-cell resolution. Several recent studies have shed light
on the diverse malignant and non-malignant cell types that together compose gliomas
and dictate their development, maintenance and response to therapy [6,7,27,84,85]. In
high-grade gliomas, over a third of the tumor mass is constituted of non-malignant cells.
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The TME includes neuronal and glial cells, macrophage/microglial cells, representing the
major immune cells component, endothelial cells and a low number of T cells [86].

Within the tumor, malignant/neoplastic cells were distinguished from non-malignant
TME cell types using inferred copy-number alterations, and specific cell clusters were
further categorized into TME subtypes based on their gene expression profile (for more
detailed information, please refer to the original publications [7,27]). In the process of
deciphering chemokine receptor function in gliomas, we explored two publicly available
single-cell RN Aseq datasets obtained from glioma patient tissue [7,27]. We looked into the
expression of CCR1, CCR5, CCR6, CCR10, CX3CR1, CXCR2, CXCR4, ACKR1, ACKR2 and
ACKR3 in the various cell type-related signatures that were reported (Figure 3).
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Figure 3. Chemokine receptor expression in various cell types within patient glioma samples.
(a) Single cell RNAseq data from Neftel et al. (2019, Cell) [7] show the expression of the ten selected
receptors in cells regrouped in four specific annotations (macrophage, malignant cell, oligodendrocyte
and T-cell). The “% expressing” value indicates the proportion of cells in the signature that are positive
for a given transcript, and the “scaled mean expression” is relative to each gene’s expression level
(logTPM) across all cells within the signature (https://singlecell.broadinstitute.org/single_cell/
study/SCP393/ (accessed on 23 November 2021). (b) Single-cell RN Aseq data from Darmanis et al.
(2017, Cell Reports) [27] show the expression of the ten receptors of interest in cells regrouped in
seven specific annotations (neoplastic cells, vascular cells, myeloid cells, neurons, oligodendrocytes,
oligodendrocyte precursor cells (OPCs) and astrocytes). Bar plots indicate log2CPM values (http:
/ /www.gbmseq.org/ (accessed on 23 November 2021)).

7

In both datasets, CCR1 and CX3CR1 expression strongly correlated with the “macrophage’
and “myeloid cell” signatures, while the two receptors were virtually absent from other cell
types, unsurprisingly pointing to their key role in immune cell recruitment and function in
gliomas. A high expression of CCR5 and moderate expression of CXCR?2 is found in the
same groups. CCR5 expression is also detected in the minor population of “T-cells”, as
well as CCR6. CXCR4 is abundantly present in cells assigned to the “macrophage” and
“myeloid cell” signatures, as well as in “vascular cells” and “neoplastic cells”, which is in
line with the various roles of this receptor in diverse tumor-related processes. ACKR3 is
detected in “neoplastic cells” and “vascular cells”, again supporting the data obtained from


https://singlecell.broadinstitute.org/single_cell/study/SCP393/
https://singlecell.broadinstitute.org/single_cell/study/SCP393/
http://www.gbmseq.org/
http://www.gbmseq.org/

Cancers 2022, 14, 130

90f17

GBM patient tissue specimens [42,58]. Of note, this receptor is also abundantly expressed
in “astrocytes” present in the tumor tissue. CCR10, ACKR1 and ACKR2 could be detected
in different cell types at low level. The current knowledge on the function of these receptors
in the respective cell entities will be further discussed in the following sections.

5.1. Tumor-Associated Macrophages (TAMs)

We previously mentioned that glioma TME largely contributes to the tumor bulk and
influences tumor cell maintenance and growth. Tumor-associated macrophages (TAMs)
derive from bone marrow circulating monocytes or from resident microglial cells and affect
glioma progression in diverse manners depending on their activation status, interaction
with TME components, phenotype or location within the tumor (reviewed in [87]). Thus
far, TAMs are generally considered as supportive of GBM growth. CX3CR1-mediated
macrophage infiltration into gliomas has been confirmed in patient tissue [88]. In GBM and
LGG patients carrying the defective CX3CR1 V2491 polymorphism [39,40], such infiltration
is reduced which is associated with better prognosis.

Recently, a study investigated the single-cell transcriptome of multi-sector biopsies
from 13 glioma patients (with various WHO grades) [89]. These data were used to re-
construct a ligand-receptor interaction map describing the most relevant chemoattractant
relationships existing between tumor cells and TAMs in glioma TME. Nine chemokine
receptors were detected in the 13 tumors, including CCR5, CCR6, CX3CR1, CXCR2 and
CXCR4. This study reported that glioma cells overexpress CX3CL1, which is responsible
for the recruitment of CX3CR1-expressing microglia and macrophages. CCR5 and CXCR4
were found on TAMs as well.

5.2. Tumor-Infiltrating Lymphocytes (TILs) and Other Immune Cell Types

Generally, gliomas are recognized as “cold” tumors endowed with poor immune
response, where glioma cells expressing diverse immune checkpoint molecules (e.g., PD-
L1) that hamper immune cell activation. Moreover, tumor infiltrating lymphocytes (TILs)
poorly penetrate tumors, among which regulatory lymphocytes (Treg) secrete immuno-
suppressive cytokines (IL10 and TGF-f3) and cytotoxic T cells exhibit a specific exhaustion
profile (expression of PD-1 and CTLA4). In addition to the extensive glioma heterogeneity,
such immune suppressive environment makes glioma refractory to targeted immunother-
apy [90]. Literature data suggest that the level of TILs varies between different glioma
genomic subtypes, with high grade (IDHwt) gliomas showing the highest TIL amount and
the worse prognosis [91,92]. This encourages to (1) consider genomic profiles for predicting
response to immunotherapy and (2) better understand and modulate TIL function and
access to the tumor. To that purpose, regulating chemokine receptor function is of interest.
The aforementioned report on GBM single-cell transcriptome confirmed that TILs express
CCR6 (corroborating the data from Figure 3), as well as CCR5 and CXCR4, which all could
contribute to lymphocyte recruitment toward the tumor [89].

Other immune-related cell types such as neutrophils, dendritic cells, myeloid progen-
itors and hematopoietic stem cells could also be found in gliomas [86,93] and their roles
in glioma development and response to therapy are still under investigation. The recent
literature provides pieces of information regarding the activity of chemokine receptors
in these subsets. Early studies of TME in mouse models allowed to identify immature
and immune-suppressive myeloid cells within solid tumors, which were called myeloid-
derived suppressor cells (MDSCs) (likely encompassing diverse cell entities). Although
efforts are currently carried out to standardize nomenclature and characterization of these
cells, the MDSC term is still often used. MDSCs isolated from glioma patient tissue could
be classified in monocytic (M-MDSCs) and granulocytic subsets (G-MDSCs). G-MDSCs
presented increased CXCR2 expression but showed minor accumulation in the tumors
compared to M-MDSCs [94]. Accordingly, CXCR2 was associated with neutrophils in the
aforementioned single cell mapping of glioma TME components [89]. Of note, the degree
of neutrophil infiltration has been positively correlated with glioma severity [95,96].



Cancers 2022, 14, 130

10 of 17

Efforts still have to be carried out to decipher the functional aspects of the complex
glioma-associated immune orchestra to eventually shed new light on effective treatment op-
tions, which could rely on the modulation of chemokine-mediated immune cell recruitment
to the tumors.

5.3. Vascular Cells

Endothelial cells from brain capillaries, as well as contiguous pericytes and astrocytic
feet, are key components of the blood-brain barrier (BBB), which constitutes a selective
filter that tightly regulates brain penetration of a variety of molecules and compounds. The
integrity of this BBB is compromised in brain tumors [97], and endothelial cells exhibit
various molecular alterations that reflect on their dysfunction, anatomical location, and
variable permeability [98]. The expression of chemokine receptors in endothelial cells
from glioma tissue has been detailed in Section 4.1 together with their role in angiogenesis.
The implication of CXCR4 and ACKR3 in this process has particularly been documented.
However, CXCR4 and ACKR3 expression is not specific to glioma-associated endothelial
cells, and both receptors are also detected in endothelial cells from the developing brain [99]
or from the adult brain [100]. A recent study developed an ACKR3 knock-in mouse model
and highlighted ACKR3 expression in the cerebral vasculature, distributed across various
brain structures [101], thus stressing a role of this atypical chemokine receptor in brain
physiology that deserves deeper investigation.

Pericytes also play a pivotal role in the BBB maintenance. In GBM, pericytes exhibit
specific genetic alterations. They mostly derive from GBM stem cells, which are recruited
to blood vessels via CXCL12/CXCR4-mediated axis and evolve toward pericytes that
contribute to vascular niche remodeling [102] and modulate GBM cell activity. Pericytes
secrete CCL5, which binds the CCRS5 receptor expressed by GBM cells. This interaction
triggers the activation the DNA damage response, thereby overcoming TMZ-induced cell
death. Inhibiting CCL5/CCRS5 signaling abrogates the protective effects of pericytes against
GBM and improves the efficacy of TMZ [83].

5.4. Non-Malignant Glial Cells and Neurons

As shown in Figure 3, ACKR3 as well as CXCR4 appear to be expressed also in non-
malignant brain cells, notably in astrocytes. A study previously reported the presence of
ACKR3 in adult rat astrocytes and further showed that its expression increases upon non-
cancerous, neuroinflammatory conditions. ACKR3 is also detected in human astrocytes
from the brain cortex and hippocampus and in oligodendrocytes and oligodendrocyte
precursor cells (OPCs) [103]. In addition, preclinical models have shown the physiological
role of ACKR3 in adult neuron physiology [104] and during development [105,106]. Overall,
aside from the expression of ACKR3 and CXCR4 in glioma cells as well as in multiple
cell subtypes from the TME, it appears that cell components of the neighboring healthy
brain tissue require ACKR3 and CXCR4 for their maintenance and function, which could
complexify their targeting in GBM therapy. Similarly, CCR10 and ACKR2 were also found
to be expressed in astrocytes, albeit at lower level than ACKR3, while a small population of
oligodendrocytes and OPCs express CCR6, CCR10 and ACKR2.

6. Conclusions

Gliomas are tumors of the central nervous system that remain associated with dismal
prognosis in spite of innovative diagnostic strategies and modern therapies. Chemokines
and their receptors play crucial roles in glioma development and progression and therefore
constitute attractive candidates for targeted treatment. However, although their implication
and targeting in in vitro and in vivo rodent models are well documented, especially for
CXCR4 and ACKR3, their clinical relevance requires confirmation with patient data and
biological material. Further analysis in terms of brain region distribution and by cell type
enrichment is also necessary to better understand the complex roles of chemokine receptors
within the highly diversified glioma landscape.
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We found an overall good coverage and concordance of the different datasets used for
the present analysis and congruence with targeted reports from the literature describing
patient-derived material (Table 2). In this study, we focused on CCR1, CCR5, CCR6, CCR10,
CX3CR1, CXCR2, CXCR4, ACKR1, ACKR2 and ACKR3, whose expression is detected in
patient glioma tissue and rather well correlated with disease severity. With the aim of
shedding light on chemokine receptor function in glioma physiopathology, this analysis
integrated data from (1) publicly available bulk and single-cell transcriptomic datasets
providing various types of information together with (2) evidence from the literature.

Table 2. Summary of chemokine receptor function in GBM tumorigenic processes and in GBM cell
subtypes. Legend: TAMs: tumor-associated macrophages; TILs: tumor-infiltrating lymphocytes;
IV: evidence from in vitro experiments (GSCs and others); P: evidence from patient tissue; ?: still
debated.

Role in CCR1 CCR5 CCR6 CCR10 CX3CR1 CXCR2 CXCR4 ACKR1 ACKR2 ACKR3

Angiogenesis v P P P

Invasion 1AY v P ?

Processes psrtggércggs v b ,
Resistance v v P

Tumor cells P P

Vascular cells P P
TAMs/Microglia P P P
Cell types TILs P P P

Neutrophils P
Norrc'r:illlsglial P P

CXCR4 emerged as the most prominent receptor expressed on many different cell
types within the tumor and associated with various tumorigenic processes such as angio-
genesis, cancer cell invasion and resistance to treatment. This review also highlights ACKR3
as a multifaceted player in almost every of these glioma-related cellular processes and
subtypes and prompts researchers in the field to further apprehend the subtleties of the
CXCR4/ACKR3/CXCL12 triad in glioma. The importance of the CXCL12/CXCR4//ACKR3
axis in GBM is emphasized by multiple efforts toward the clinical translation of related
inhibitors largely validated at the preclinical level [32,36,107-109]. A phase I/II clinical trial
(NCTO04121455) is currently investigating the impact of the CXCL12 inhibitor olaptesed
pegol or NOX-A12 as part of combination therapy with radiation therapy and bevacizumab.
Another phase I/1I trial (NCT01977677), aiming at studying the safety and efficacy of the
CXCR4 inhibitor plerixafor, after chemo/radiotherapy with the chemotherapeutic agent
temozolomide (TMZ), suggests CXCR4-targeting as beneficial for patient survival and
local control of tumor recurrence [35]. Finally, a clinical study (NCT03746080) has been re-
cently initiated to better characterize the use of plerixafor in combination with whole-brain
radiation therapy and TMZ.

Other receptors such as CCR5, CCR6, CXCR2 and CX3CR1 were mostly identified for
their expression and function in immune cells from the tumor microenvironment. Despite
the lack of supporting data from the literature, CCR1, CCR10, ACKR1 and ACKR?2 also
appear as significantly expressed in glioma tissue and deserve thus deeper investigation.

Although our study focuses on human classical and atypical chemokine receptors,
Herpesviridae-encoded G protein-coupled receptors (GPCRs), homologous to human
chemokine receptors, were also proposed to be important players in GBM. For instance,
HCMV encodes for four viral GPCRs (US27, US28, UL33 and UL78) among which the oncomod-
ulatory activities of US28 and UL33 have been recently described in GBM models [110-112].

Overall, this review highlights the intricacies of chemokine receptor activity in glioma,
from central roles in glioma cells to key functions in TME partners and tumor-associated
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vasculature. It also highlights the complex and sometimes opposing roles certain receptors
may have in GBM and related TME, making their targeting challenging and the benefits
thereof uncertain. Therefore, the present study constitutes a valuable tool to gain awareness
on receptor expression and function in GBM, which is fundamental for the development of
efficient therapeutic approaches that would have the chemokines-chemokine receptors axis
as main target.

Author Contributions: Conceptualization: D.I., G.D., A.C. and V.N,; Investigation: D.I, G.D., M.W.
and V.N.; Writing—original draft preparation, D.I, G.D., M.W. and V.N.; Writing—review and editing,
B.R., AL, AC,MS. and V.N,; Supervision, BR., AL, A.C., M.S. and V.N.; Funding acquisition, B.R.,
A.C.,M.S. and V.N. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the University of Liege, and the Fonds Léon Frédéricq Associ-
ation, Luxembourg Institute of Health (LIH), Luxembourg National Research Fund (INTER/FNRS
grants 20/15084569, and PRIDE 11012546 “NextImmune” and 14254520 “I2TRON”), ER.S.-FNRS-
Télévie (grants 7.4593.19, 7.4529.19 and 7.8504.20). MS and AC are part of the Marie Sklodowska-Curie
Innovative Training Networks ONCORNET2.0 “ONCOgenic Receptor Network of Excellence and
Training” (MSCA-ITN-2020-ETN).

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

References

1.

10.

11.
12.

13.

14.

15.

Louis, D.N.; Perry, A.; Wesseling, P.; Brat, D.J.; A Cree, I; Figarella-Branger, D.; Hawkins, C.; Ng, HK,; Pfister, SM,;
Reifenberger, G.; et al. The 2021 WHO Classification of Tumors of the Central Nervous System: A summary. Neuro-Oncology 2021,
23, 1231-1251. [CrossRef]

Ostrom, Q.T.; Cioffi, G.; Gittleman, H.; Patil, N.; Waite, K.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary
Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2012-2016. Neuro-Oncology 2019, 21, v1-v100.
[CrossRef] [PubMed]

Stupp, R.; Mason, W.P;; van den Bent, M.].; Weller, M.; Fisher, B.; Taphoorn, M.].B.; Belanger, K.; Brandes, A.A.; Marosi, C.;
Bogdahn, U.; et al. Radiotherapy plus Concomitant and Adjuvant Temozolomide for Glioblastoma. N. Engl. . Med. 2005, 352,
987-996. [CrossRef] [PubMed]

Rapp, M.; Baernreuther, J.; Turowski, B.; Steiger, H.-J.; Sabel, M.; Kamp, M. Recurrence Pattern Analysis of Primary Glioblastoma.
World Neurosurg. 2017, 103, 733-740. [CrossRef]

de Gooijer, M.C.; Navarro, M.G.; Bernards, R.; Wurdinger, T.; van Tellingen, O. An Experimenter’s Guide to Glioblastoma
Invasion Pathways. Trends Mol. Med. 2018, 24, 763-780. [CrossRef]

Patel, A.P.,; Tirosh, I.; Trombetta, J.J.; Shalek, A K.; Gillespie, S.M.; Wakimoto, H.; Cahill, D.P; Nahed, B.V.; Curry, W.T,;
Martuza, R.L.; et al. Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma. Science 2014, 344,
1396-1401. [CrossRef]

Neftel, C.; Laffy, J.; Filbin, M.G.; Hara, T.; Shore, M.E.; Rahme, G.J.; Richman, A.R;; Silverbush, D.; Shaw, M.L.; Hebert, C.M.; et al.
An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma. Cell 2019, 178, 835-849.e21. [CrossRef]
Dirkse, A.; Golebiewska, A.; Buder, T.; Nazarov, P.V.; Muller, A.; Poovathingal, S.; Brons, N.H.C.; Leite, S.; Sauvageot, N.;
Sarkisjan, D.; et al. Stem cell-associated heterogeneity in Glioblastoma results from intrinsic tumor plasticity shaped by the
microenvironment. Nat. Commun. 2019, 10, 1787. [CrossRef]

Osswald, M,; Jung, E.; Sahm, F,; Solecki, G.; Venkataramani, V.; Blaes, ]J.; Weil, S.; Horstmann, H.; Wiestler, B.; Syed, M.; et al.
Brain tumour cells interconnect to a functional and resistant network. Nature 2015, 528, 93-98. [CrossRef] [PubMed]

Venkatesh, H.S.; Morishita, W.; Geraghty, A.C.; Silverbush, D.; Gillespie, S.M.; Arzt, M.; Tam, L.T.; Espenel, C.; Ponnuswami, A;
Ni, L.; et al. Electrical and synaptic integration of glioma into neural circuits. Nature 2019, 573, 539-545. [CrossRef]

Zlotnik, A.; Yoshie, O. The Chemokine Superfamily Revisited. Immunity 2012, 36, 705-716. [CrossRef]

Griffith, J.W.; Sokol, C.L.; Luster, A.D. Chemokines and Chemokine Receptors: Positioning Cells for Host Defense and Immunity.
Annu. Rev. Immunol. 2014, 32, 659-702. [CrossRef]

Bachelerie, F.; Ben-Baruch, A.; Burkhardt, A.M.; Combadiere, C.; Farber, ].M.; Graham, G.; Horuk, R.; Sparre-Ulrich, A.H.;
Locati, M.; Luster, A.D.; et al. International Union of Basic and Clinical Pharmacology. LXXXIX. Update on the Extended Family
of Chemokine Receptors and Introducing a New Nomenclature for Atypical Chemokine Receptors. Pharmacol. Rev. 2013, 66, 1-79.
[CrossRef] [PubMed]

Nibbs, N.; Graham, G. Immune regulation by atypical chemokine receptors. Nat. Rev. Immunol. 2013, 13, 815-829.
[CrossRef] [PubMed]

Sjoberg, E.; Meyrath, M.; Chevigné, A.; Ostman, A.; Augsten, M.; Szpakowska, M. The diverse and complex roles of atyp-
ical chemokine receptors in cancer: From molecular biology to clinical relevance and therapy. Adv. Cancer Res. 2020, 145,
99-138. [PubMed]


http://doi.org/10.1093/neuonc/noab106
http://doi.org/10.1093/neuonc/noz150
http://www.ncbi.nlm.nih.gov/pubmed/31675094
http://doi.org/10.1056/NEJMoa043330
http://www.ncbi.nlm.nih.gov/pubmed/15758009
http://doi.org/10.1016/j.wneu.2017.04.053
http://doi.org/10.1016/j.molmed.2018.07.003
http://doi.org/10.1126/science.1254257
http://doi.org/10.1016/j.cell.2019.06.024
http://doi.org/10.1038/s41467-019-09853-z
http://doi.org/10.1038/nature16071
http://www.ncbi.nlm.nih.gov/pubmed/26536111
http://doi.org/10.1038/s41586-019-1563-y
http://doi.org/10.1016/j.immuni.2012.05.008
http://doi.org/10.1146/annurev-immunol-032713-120145
http://doi.org/10.1124/pr.113.007724
http://www.ncbi.nlm.nih.gov/pubmed/24218476
http://doi.org/10.1038/nri3544
http://www.ncbi.nlm.nih.gov/pubmed/24319779
http://www.ncbi.nlm.nih.gov/pubmed/32089166

Cancers 2022, 14, 130 13 of 17

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Murdoch, C.; Finn, A. Chemokine receptors and their role in inflammation and infectious diseases. Blood 2000, 95, 3032-3043.
[CrossRef] [PubMed]

Nagarsheth, N.; Wicha, M.S.; Zou, W. Chemokines in the cancer microenvironment and their relevance in cancer immunotherapy.
Nat. Rev. Immunol. 2017, 17,559-572. [CrossRef]

Takacs, G.P.; Flores-Toro, J.A.; Harrison, J.K. Modulation of the chemokine /chemokine receptor axis as a novel approach for
glioma therapy. Pharmacol. Ther. 2020, 222, 107790. [CrossRef]

The Cancer Genome Atlas Research Network. Comprehensive genomic characterization defines human glioblastoma genes and
core pathways. Nature 2008, 455, 1061-1068. [CrossRef]

The GLASS Consortium; Aldape, K.; Verhaak, R.G.W. Glioma through the looking GLASS: Molecular evolution of diffuse gliomas
and the Glioma Longitudinal Analysis Consortium. Neuro-Oncology 2018, 20, 873-884. [CrossRef]

Malmer, B.; Adatto, P.; Armstrong, G.; Barnholtz-Sloan, J.; Bernstein, J.L.; Claus, E.; Davis, F.; Houlston, R.; Il'Yasova, D.; Jenkins,
R.; et al. GLIOGENE—An International Consortium to Understand Familial Glioma. Cancer Epidemiol. Biomark. Prev. 2007, 16,
1730-1734. [CrossRef]

Klein, E.; Hau, A.-C.; Oudin, A.; Golebiewska, A.; Niclou, S.P. Glioblastoma Organoids: Pre-Clinical Applications and Challenges
in the Context of Immunotherapy. Front. Oncol. 2020, 10, 2755. [CrossRef]

Golebiewska, A.; Hau, A.-C.; Oudin, A; Stieber, D.; Yabo, Y.A.; Baus, V.; Barthelemy, V.; Klein, E.; Bougnaud, S.; Keunen, O.; et al.
Patient-derived organoids and orthotopic xenografts of primary and recurrent gliomas represent relevant patient avatars for
precision oncology. Acta Neuropathol. 2020, 140, 919-949. [CrossRef]

Urbantat, R.M.; Vajkoczy, P; Brandenburg, S. Advances in Chemokine Signaling Pathways as Therapeutic Targets in Glioblastoma.
Cancers 2021, 13, 2983. [CrossRef] [PubMed]

Ceccarelli, M.; Barthel, F; Malta, T.; Sabedot, T.S.; Salama, S.; Murray, B.A.; Morozova, O.; Newton, Y.; Radenbaugh, A;
Pagnotta, S.M.; et al. Molecular Profiling Reveals Biologically Discrete Subsets and Pathways of Progression in Diffuse Glioma.
Cell 2016, 164, 550-563. [CrossRef]

Puchalski, R.B.; Shah, N.; Miller, J.; Dalley, R.; Nomura, S.R.; Yoon, J.-G.; Smith, K.A.; Lankerovich, M.; Bertagnolli, D.;
Bickley, K.; et al. An anatomic transcriptional atlas of human glioblastoma. Science 2018, 360, 660—-663. [CrossRef] [PubMed]
Darmanis, S.; Sloan, S.A.; Croote, D.; Mignardi, M.; Chernikova, S.; Samghababi, P.; Zhang, Y.; Neff, N.; Kowarsky, M.;
Caneda, C.; et al. Single-Cell RNA-Seq Analysis of Infiltrating Neoplastic Cells at the Migrating Front of Human Glioblastoma.
Cell Rep. 2017, 21, 1399-1410. [CrossRef]

Bowman, R.L.; Wang, Q.; Carro, A.; Verhaak, R.G.W.; Squatrito, M. GlioVis data portal for visualization and analysis of brain
tumor expression datasets. Neuro-Oncology 2017, 19, 139-141. [CrossRef] [PubMed]

Eckel-Passow, J.E.; Lachance, D.H.; Molinaro, A.M.; Walsh, K.M.; Decker, P.A.; Sicotte, H.; Pekmezci, M.; Rice, TW.; Kosel, M.L.;
Smirnov, I.V.; et al. Glioma Groups Based on 1p/19q, IDH, and TERT Promoter Mutations in Tumors. N. Engl. J. Med. 2015, 372,
2499-2508. [CrossRef] [PubMed]

The Cancer Genome Atlas Research Network. Comprehensive, Integrative Genomic Analysis of Diffuse Lower-Grade Gliomas.
N. Engl. ]. Med. 2015, 372, 2481-2498. [CrossRef]

Rempel, S.A.; Dudas, S.; Ge, S.; Gutiérrez, J.A. Identification and localization of the cytokine SDF1 and its receptor, CXC chemokine
receptor 4, to regions of necrosis and angiogenesis in human glioblastoma. Clin. Cancer Res. 2000, 6, 102-111. [PubMed]

Rubin, ].B.; Kung, A.L.; Klein, R.S.; Chan, J.A.; Sun, Y.; Schmidt, K.; Kieran, M.W.; Luster, A.D.; Segal, R.A. A small-molecule antag-
onist of CXCR4 inhibits intracranial growth of primary brain tumors. Proc. Natl. Acad. Sci. USA 2003, 100, 13513-13518. [CrossRef]
Woerner, B.M. Widespread CXCR4 Activation in Astrocytomas Revealed by Phospho-CXCR4-Specific Antibodies. Cancer Res.
2005, 65, 11392-11399. [CrossRef]

Stevenson, C.B.; Ehtesham, M.; McMillan, K.M.; Valadez, J.G.; Edgeworth, M.L.; Price, R.R.; Abel, TW.; Mapara, K.Y,;
Thompson, R.C. CXCR4 Expression is Elevated in Glioblastoma Multiforme and Correlates with an Increase in Intensity
and Extent of Peritumoral T2-weighted Magnetic Resonance Imaging Signal Abnormalities. Neurosurgery 2008, 63, 560-570.
[CrossRef] [PubMed]

Thomas, R.P.; Nagpal, S.; Iv, M; Soltys, S.G.; Bertrand, S.; Pelpola, ].S.; Ball, R.; Yang, J.; Sundaram, V.; Lavezo, ].; et al. Macrophage
Exclusion after Radiation Therapy (MERT): A First in Human Phase I/II Trial using a CXCR4 Inhibitor in Glioblastoma. Clin.
Cancer Res. 2019, 25, 6948—6957. [CrossRef]

Lee, E.Q.; Duda, D.G.; Muzikansky, A.; Gerstner, E.R.; Kuhn, J.G.; Reardon, D.A.; Nayak, L.; Norden, A.D.; Doherty, L.;
LaFrankie, D.; et al. Phase I and Biomarker Study of Plerixafor and Bevacizumab in Recurrent High-Grade Glioma. Clin. Cancer
Res. 2018, 24, 4643-4649. [CrossRef] [PubMed]

Erreni, M.; Solinas, G.; Brescia, P,; Osti, D.; Zunino, F.; Colombo, P.; Destro, A.; Roncalli, M.; Mantovani, A.; Draghi, R.; et al.
Human glioblastoma tumours and neural cancer stem cells express the chemokine CX3CL1 and its receptor CX3CR1. Eur. J.
Cancer 2010, 46, 3383-3392. [CrossRef]

Locatelli, M.; Boiocchi, L.; Ferrero, S.; Boneschi, EM.; Zavanone, M.; Pesce, S.; Allavena, P.; Gaini, S.M.; Bello, L.; Mantovani, A.
Human glioma tumors express high levels of the chemokine receptor CX3CR1. Eur. Cytokine Netw. 2010, 21, 27-33. [CrossRef]
Rodero, M.; Marie, Y.; Coudert, M.; Blondet, E.; Mokhtari, K.; Rousseau, A.; Raoul, W.; Carpentier, C.; Sennlaub, F; Deterre, P; et al.
Polymorphism in the Microglial Cell-Mobilizing CX3CR1 Gene Is Associated With Survival in Patients With Glioblastoma. J. Clin.
Oncol. 2008, 26, 5957-5964. [CrossRef] [PubMed]


http://doi.org/10.1182/blood.V95.10.3032
http://www.ncbi.nlm.nih.gov/pubmed/10807766
http://doi.org/10.1038/nri.2017.49
http://doi.org/10.1016/j.pharmthera.2020.107790
http://doi.org/10.1038/nature07385
http://doi.org/10.1093/neuonc/noy020
http://doi.org/10.1158/1055-9965.EPI-07-0081
http://doi.org/10.3389/fonc.2020.604121
http://doi.org/10.1007/s00401-020-02226-7
http://doi.org/10.3390/cancers13122983
http://www.ncbi.nlm.nih.gov/pubmed/34203660
http://doi.org/10.1016/j.cell.2015.12.028
http://doi.org/10.1126/science.aaf2666
http://www.ncbi.nlm.nih.gov/pubmed/29748285
http://doi.org/10.1016/j.celrep.2017.10.030
http://doi.org/10.1093/neuonc/now247
http://www.ncbi.nlm.nih.gov/pubmed/28031383
http://doi.org/10.1056/NEJMoa1407279
http://www.ncbi.nlm.nih.gov/pubmed/26061753
http://doi.org/10.1056/NEJMoa1402121
http://www.ncbi.nlm.nih.gov/pubmed/10656438
http://doi.org/10.1073/pnas.2235846100
http://doi.org/10.1158/0008-5472.CAN-05-0847
http://doi.org/10.1227/01.NEU.0000324896.26088.EF
http://www.ncbi.nlm.nih.gov/pubmed/18812968
http://doi.org/10.1158/1078-0432.CCR-19-1421
http://doi.org/10.1158/1078-0432.CCR-18-1025
http://www.ncbi.nlm.nih.gov/pubmed/29941486
http://doi.org/10.1016/j.ejca.2010.07.022
http://doi.org/10.1684/ecn.2009.0184
http://doi.org/10.1200/JCO.2008.17.2833
http://www.ncbi.nlm.nih.gov/pubmed/19001328

Cancers 2022, 14, 130 14 of 17

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

60.

61.

62.

63.

Lee, S.; Latha, K.; Manyam, G.; Yang, Y.; Rao, A.; Rao, G. Role of CX3CR1 signaling in malignant transformation of gliomas.
Neuro-Oncology 2020, 22, 1463-1473. [CrossRef]

Madden, S.L.; Cook, B.P; Nacht, M.; Weber, W.D.; Callahan, M.R; Jiang, Y., Dufault, M.R;; Zhang, X.; Zhang, W,
Walter-Yohrling, J.; etal. Vascular Gene Expression in Nonneoplastic and Malignant Brain. Am. . Pathol. 2004, 165,
601-608. [CrossRef]

Hattermann, K.; Held-Feindt, J.; Lucius, R.; Mierkéster, S.S.; Penfold, M.E.; Schall, T.].; Mentlein, R. The Chemokine Receptor
CXCR? Is Highly Expressed in Human Glioma Cells and Mediates Antiapoptotic Effects. Cancer Res. 2010, 70, 3299-3308.
[CrossRef] [PubMed]

Calatozzolo, C.; Canazza, A.; Pollo, B.; Di Pierro, E.; Ciusani, E.; Maderna, E.; Salce, E.; Sponza, V.; Frigerio, S.; Di Meco, F.; et al.
Expression of the new CXCL12 receptor, CXCR?7, in gliomas. Cancer Biol. Ther. 2011, 11, 242-253. [CrossRef] [PubMed]

Zhao, L.; Wang, Y.; Xue, Y,; Lv, W,; Zhang, Y.; He, S. Critical roles of chemokine receptor CCR5 in regulating glioblastoma
proliferation and invasion. Acta Biochim. Biophys. Sin. 2015, 47, 890-898. [CrossRef] [PubMed]

Wang, L.; Qin, H.; Li, L.; Zhang, Y.; Tu, Y.; Feng, E.; Ji, P; Zhang, ].; Li, G.; Zhao, Z.; et al. Overexpression of CCL20 and its receptor
CCR6 predicts poor clinical prognosis in human gliomas. Med. Oncol. 2012, 29, 3491-3497. [CrossRef]

Chen, L.; Liu, X.; Zhang, H.-Y.; Du, W.; Qin, Z; Yao, Y.; Mao, Y.; Zhou, L. Upregulation of chemokine receptor CCR10 is essential
for glioma proliferation, invasion and patient survival. Oncotarget 2014, 5, 6576-6583. [CrossRef] [PubMed]

Angara, K; Borin, T.F,; Rashid, M.H.; Lebedyeva, I.; Ara, R.; Lin, P.-C.; Iskander, A.; Bollag, R.J.; Achyut, B.R.; Arbab, A.S.
CXCR2-Expressing Tumor Cells Drive Vascular Mimicry in Antiangiogenic Therapy—Resistant Glioblastoma. Neoplasia 2018, 20,
1070-1082. [CrossRef]

Novak, M.; Krajnc, M.K.; Hrastar, B.; Breznik, B.; Majc, B.; Mlinar, M.; Rotter, A.; Por¢nik, A.; Mlakar, J.; Stare, K.; et al.
CCR5-Mediated Signaling is Involved in Invasion of Glioblastoma Cells in Its Microenvironment. Int. J. Mol. Sci. 2020, 21,
4199. [CrossRef]

Liu, M,; Yang, L.; Liu, Z.; Wu, R.; Gu, Z.; Yao, Q. Correlation of C-X-C chemokine receptor 2 upregulation with poor prognosis
and recurrence in human glioma. Onco. Targets Ther. 2015, 8, 3203-3209. [CrossRef]

Sjoberg, E.; Meyrath, M.; Milde, L.; Herrera, M.; Lovrot, J.; Hagerstrand, D.; Frings, O.; Bartish, M.; Rolny, C.; Sonnhammer, E.; et al.
A Novel ACKR2-Dependent Role of Fibroblast-Derived CXCL14 in Epithelial-to-Mesenchymal Transition and Metastasis of
Breast Cancer. Clin. Cancer Res. 2019, 25, 3702-3717. [CrossRef]

Wang, J.; Ou, Z.-L.; Hou, Y.-F,; Luo, ].-M.; Shen, Z.-Z.; Ding, ].; Shao, Z.-M. Enhanced expression of Duffy antigen receptor for
chemokines by breast cancer cells attenuates growth and metastasis potential. Oncogene 2006, 25, 7201-7211. [CrossRef]
Morein, D.; Erlichman, N.; Ben-Baruch, A. Beyond Cell Motility: The Expanding Roles of Chemokines and Their Receptors in
Malignancy. Front. Immunol. 2020, 11, 952. [CrossRef] [PubMed]

Manini, I.; Caponnetto, F; Dalla, E.; Ius, T.; Pepa, G.; Pegolo, E.; Bartolini, A.; Rocca, G.; Menna, G.; Loreto, C.; et al. Heterogeneity
Matters: Different Regions of Glioblastoma Are Characterized by Distinctive Tumor-Supporting Pathways. Cancers 2020, 12,
2960. [CrossRef]

Stummer, W.; Pichlmeier, U.; Meinel, T.; Wiestler, O.D.; Zanella, F; Reulen, H.-J. Fluorescence-guided surgery with 5-
aminolevulinic acid for resection of malignant glioma: A randomised controlled multicentre phase III trial. Lancet Oncol. 2006, 7,
392-401. [CrossRef]

Das, S.; Marsden, P.A. Angiogenesis in Glioblastoma. N. Engl. J. Med. 2013, 369, 1561-1563. [CrossRef] [PubMed]

Bian, X.-W.; Yang, S.-X.; Chen, ]J.-H.; Ping, Y.-F.; Zhou, X.-D.; Wang, Q.-L.; Jiang, X.-F; Gong, W.; Xiao, H.-L.; Du, L.L,; et al.
Preferential expression of chemokine receptor cxcr4 by highly malignant human gliomas and its association with poor patient
survival. Neurosurgery 2007, 61, 570-579. [CrossRef]

Zagzag, D.; Lukyanov, Y.; Lan, L.; Ali, M.A.; Esencay, M.; Mendez, O.; Yee, H.; Voura, E.B.; Newcomb, E.-W. Hypoxia-inducible
factor 1 and VEGF upregulate CXCR4 in glioblastoma: Implications for angiogenesis and glioma cell invasion. Lab. Investig. 2006,
86, 1221-1232. [CrossRef]

Walters, M.J.; Ebsworth, K.; Berahovich, R.D.; Penfold, M.E.T; Liu, S.-C.; Al Omran, R.; Kioi, M.; Chernikova, S.; Tseng, D.;
Mulkearns-Hubert, E.; et al. Inhibition of CXCR7 extends survival following irradiation of brain tumours in mice and rats. Br. J.
Cancer 2014, 110, 1179-1188. [CrossRef] [PubMed]

Yu, H.; Xue, Y.; Wang, P; Liu, X.; Ma, J.; Zheng, J.; Li, Z.; Cai, H.; Liu, Y. Knockdown of long non-coding RNA XIST increases blood—
tumor barrier permeability and inhibits glioma angiogenesis by targeting miR-137. Oncogenesis 2017, 6, e303. [CrossRef] [PubMed]
Qian, T; Liu, Y,; Dong, Y,; Zhang, L.; Dong, Y.; Sun, Y.; Sun, D. CXCR?7 regulates breast tumor metastasis and angiogenesis in vivo
and in vitro. Mol. Med. Rep. 2018, 17, 3633-3639. [CrossRef]

Zhang, M,; Qiu, L.; Zhang, Y.; Xu, D.; Zheng, ].C.; Jiang, L. CXCL12 enhances angiogenesis through CXCR?7 activation in human
umbilical vein endothelial cells. Sci. Rep. 2017, 7, 8289. [CrossRef] [PubMed]

Esencay, M.; Sarfraz, Y.; Zagzag, D. CXCR?7 is induced by hypoxia and mediates glioma cell migration towards SDF-1«. BMC
Cancer 2013, 13, 347. [CrossRef] [PubMed]

Jin, P; Shin, S.H.; Chun, Y.S.; Shin, HW.,; Shin, Y.J.; Lee, Y,; Kim, D.; Nam, D.H.; Park, ].W. Astrocyte-derived CCL20 reinforces
HIF-1-mediated hypoxic responses in glioblastoma by stimulating the CCR6-NF-kB signaling pathway. Oncogene 2018, 37,
3070-3087. [CrossRef]


http://doi.org/10.1093/neuonc/noaa075
http://doi.org/10.1016/S0002-9440(10)63324-X
http://doi.org/10.1158/0008-5472.CAN-09-3642
http://www.ncbi.nlm.nih.gov/pubmed/20388803
http://doi.org/10.4161/cbt.11.2.13951
http://www.ncbi.nlm.nih.gov/pubmed/21084856
http://doi.org/10.1093/abbs/gmv095
http://www.ncbi.nlm.nih.gov/pubmed/26390883
http://doi.org/10.1007/s12032-012-0314-9
http://doi.org/10.18632/oncotarget.2134
http://www.ncbi.nlm.nih.gov/pubmed/25149529
http://doi.org/10.1016/j.neo.2018.08.011
http://doi.org/10.3390/ijms21124199
http://doi.org/10.2147/OTT.S91626
http://doi.org/10.1158/1078-0432.CCR-18-1294
http://doi.org/10.1038/sj.onc.1209703
http://doi.org/10.3389/fimmu.2020.00952
http://www.ncbi.nlm.nih.gov/pubmed/32582148
http://doi.org/10.3390/cancers12102960
http://doi.org/10.1016/S1470-2045(06)70665-9
http://doi.org/10.1056/NEJMcibr1309402
http://www.ncbi.nlm.nih.gov/pubmed/24131182
http://doi.org/10.1227/01.NEU.0000290905.53685.A2
http://doi.org/10.1038/labinvest.3700482
http://doi.org/10.1038/bjc.2013.830
http://www.ncbi.nlm.nih.gov/pubmed/24423923
http://doi.org/10.1038/oncsis.2017.7
http://www.ncbi.nlm.nih.gov/pubmed/28287613
http://doi.org/10.3892/mmr.2017.8286
http://doi.org/10.1038/s41598-017-08840-y
http://www.ncbi.nlm.nih.gov/pubmed/28811579
http://doi.org/10.1186/1471-2407-13-347
http://www.ncbi.nlm.nih.gov/pubmed/23865743
http://doi.org/10.1038/s41388-018-0182-7

Cancers 2022, 14, 130 15 0f 17

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.
87.

Ehtesham, M.; Winston, J.A.; Kabos, P.; Thompson, R.C. CXCR4 expression mediates glioma cell invasiveness. Oncogene 2006, 25,
2801-2806. [CrossRef] [PubMed]

Yadav, V.N.; Zamler, D.; Baker, G.J.; Kadiyala, P.; Epstein, A.; Decarvalho, A.C.; Mikkelsen, T.; Castro, M.G.; Lowenstein, PR.
CXCR4 increases in-vivo glioma perivascular invasion, and reduces radiation induced apoptosis: A genetic knockdown study.
Oncotarget 2016, 7, 83701-83719. [CrossRef]

Kim, N.; Ryu, H.; Kim, S.; Joo, M.; Jeon, H.J.; Lee, M.-W.; Song, I.-C.; Kim, M.-N.; Kim, J.-M.; Lee, H.J]. CXCR7 promotes
migration and invasion in head and neck squamous cell carcinoma by upregulating TGF-$1/Smad2/3 signaling. Sci. Rep. 2019,
9, 18100. [CrossRef]

Luker, K.E.; Lewin, S.A.; Mihalko, L.A.; Schmidt, B.T.; Winkler, J.S.; Coggins, N.L.; Thomas, D.G.; Luker, G.D. Scavenging
of CXCL12 by CXCR7 promotes tumor growth and metastasis of CXCR4-positive breast cancer cells. Oncogene 2012, 31,
4750-4758. [CrossRef]

Hernandez, L.; Magalhaes, M.A.O.; Coniglio, S.J.; Condeelis, ].S.; Segall, ].E. Opposing roles of CXCR4 and CXCR?7 in breast
cancer metastasis. Breast Cancer Res. 2011, 13, R128. [CrossRef]

Bajetto, A.; Pattarozzi, A.; Corsaro, A.; Barbieri, F; Daga, A.; Bosio, A.; Gatti, M.; Pisaturo, V,; Sirito, R.; Florio, T. Different Effects
of Human Umbilical Cord Mesenchymal Stem Cells on Glioblastoma Stem Cells by Direct Cell Interaction or via Released Soluble
Factors. Front. Cell. Neurosci. 2017, 11, 312. [CrossRef]

McCoy, M.G.; Nyanyo, D.; Hung, C.K.; Goerger, ].P; Zipfel, W.R.; Williams, R.M.; Nishimura, N.; Fischbach, C. Endothelial cells
promote 3D invasion of GBM by IL-8-dependent induction of cancer stem cell properties. Sci. Rep. 2019, 9, 9069. [CrossRef]
Gimple, R.C.; Bhargava, S.; Dixit, D.; Rich, ].N. Glioblastoma stem cells: Lessons from the tumor hierarchy in a lethal cancer.
Genes Dev. 2019, 33, 591-609. [CrossRef]

Gilbertson, R.J.; Rich, ].N. Making a tumour’s bed: Glioblastoma stem cells and the vascular niche. Nat. Rev. Cancer 2007, 7,
733-736. [CrossRef] [PubMed]

Yu, D.; Khan, O.F; Suva, M.L,; Dong, B.; Panek, WK_; Xiao, T.; Wu, M.; Han, Y.; Ahmed, A.U.; Balyasnikova, I.V,; et al. Multiplexed
RNAI therapy against brain tumor-initiating cells via lipopolymeric nanoparticle infusion delays glioblastoma progression. Proc.
Natl. Acad. Sci. USA 2017, 114, E6147-E6156. [CrossRef]

FluH, C.; Hattermann, K.; Mehdorn, H.M.; Synowitz, M.; Held-Feindyt, J.; Fliih, C. Differential expression of CXCR4 and CXCR?7
with various stem cell markers in paired human primary and recurrent glioblastomas. Int. ]. Oncol. 2016, 48, 1408-1416.
[CrossRef] [PubMed]

Ehtesham, M.; Mapara, K.Y.; Stevenson, C.B.; Thompson, R.C. CXCR4 mediates the proliferation of glioblastoma progenitor cells.
Cancer Lett. 2009, 274, 305-312. [CrossRef] [PubMed]

Gatti, M,; Pattarozzi, A.; Bajetto, A.; Wiirth, R.; Daga, A.; Fiaschi, P.; Zona, G.; Florio, T.; Barbieri, F. Inhibition of CXCL12/CXCR4
autocrine/paracrine loop reduces viability of human glioblastoma stem-like cells affecting self-renewal activity. Toxicology 2013,
314, 209-220. [CrossRef] [PubMed]

Schulte, A.; Glinther, H.S.; Phillips, H.S.; Kemming, D.; Martens, T.; Kharbanda, S.; Soriano, R.H.; Modrusan, Z.; Zapf, S.;
Westphal, M.; et al. A distinct subset of glioma cell lines with stem cell-like properties reflects the transcriptional phenotype of
glioblastomas and overexpresses CXCR4 as therapeutic target. Glia 2011, 59, 590-602. [CrossRef]

Goffart, N.; Kroonen, ].; Di Valentin, E.; Dedobbeleer, M.; Denne, A.; Martinive, P.; Rogister, B. Adult mouse subventricu-
lar zones stimulate glioblastoma stem cells specific invasion through CXCL12/CXCR4 signaling. Neuro-Oncology 2015, 17,
81-94. [CrossRef]

Goffart, N.; Lombard, A.; Lallemand, F.; Kroonen, J.; Nassen, ]J.; Di Valentin, E.; Berendsen, S.; Dedobbeleer, M.; Willems, E.;
Robe, P.A ; et al. CXCL12 mediates glioblastoma resistance to radiotherapy in the subventricular zone. Neuro-Oncology 2016, 19,
66—77. [CrossRef]

Liu, C.; Pham, K,; Luo, D.; Reynolds, B.A.; Hothi, P; Foltz, G.; Harrison, ].K. Expression and Functional Heterogeneity of
Chemokine Receptors CXCR4 and CXCR? in Primary Patient-Derived Glioblastoma Cells. PLoS ONE 2013, 8, €59750. [CrossRef]
Eramo, L.; Ricci-Vitiani, A.; Zeuner, R; Pallini, E; Lotti, G.; Sette, E.; Pilozzi, L.M.; Larocca, C.; Peschle, R.D.M. Chemotherapy
resistance of glioblastoma stem cells. Cell Death Differ. 2006, 13, 1238-1241. [CrossRef]

Hasan, T.; Caragher, S.P.; Shireman, ].M.; Park, C.H.; Atashi, F; Baisiwala, S.; Lee, G.; Guo, D.; Wang, ].Y.; Dey, M.; et al.
Interleukin-8/CXCR?2 signaling regulates therapy-induced plasticity and enhances tumorigenicity in glioblastoma. Cell Death Dis.
2019, 10, 292. [CrossRef]

Zhang, X.-N.; Yang, K.-D.; Chen, C.; He, Z.-C.; Wang, Q.-H.; Feng, H.; Lv, S.-Q.; Wang, Y.; Mao, M.; Liu, Q.; et al. Pericytes augment
glioblastoma cell resistance to temozolomide through CCL5-CCR5 paracrine signaling. Cell Res. 2021, 31, 1072-1087. [CrossRef]
Miiller, S.; Kohanbash, G.; Liu, S.J.; Alvarado, B.; Carrera, D.; Bhaduri, A.; Watchmaker, P.B.; Yagnik, G.; Di Lullo, E.; Malatesta,
M.; et al. Single-cell profiling of human gliomas reveals macrophage ontogeny as a basis for regional differences in macrophage
activation in the tumor microenvironment. Genome Biol. 2017, 18, 234. [CrossRef]

Couturier, C.P; Ayyadhury, S.; Le, P.U.; Nadaf, J.; Monlong, J.; Riva, G.; Allache, R.; Baig, S.; Yan, X.; Bourgey, M; et al. Single-cell
RNA-seq reveals that glioblastoma recapitulates a normal neurodevelopmental hierarchy. Nat. Commun. 2020, 11, 3406. [CrossRef]
Qualil, D.F; Joyce, J.A. The Microenvironmental Landscape of Brain Tumors. Cancer Cell 2017, 31, 326-341. [CrossRef] [PubMed]
Buonfiglioli, A.; Hambardzumyan, D. Macrophages and microglia: The cerberus of glioblastoma. Acta Neuropathol. Commun.
2021, 9, 54. [CrossRef] [PubMed]


http://doi.org/10.1038/sj.onc.1209302
http://www.ncbi.nlm.nih.gov/pubmed/16407848
http://doi.org/10.18632/oncotarget.13295
http://doi.org/10.1038/s41598-019-54705-x
http://doi.org/10.1038/onc.2011.633
http://doi.org/10.1186/bcr3074
http://doi.org/10.3389/fncel.2017.00312
http://doi.org/10.1038/s41598-019-45535-y
http://doi.org/10.1101/gad.324301.119
http://doi.org/10.1038/nrc2246
http://www.ncbi.nlm.nih.gov/pubmed/17882276
http://doi.org/10.1073/pnas.1701911114
http://doi.org/10.3892/ijo.2016.3354
http://www.ncbi.nlm.nih.gov/pubmed/26821357
http://doi.org/10.1016/j.canlet.2008.09.034
http://www.ncbi.nlm.nih.gov/pubmed/19008040
http://doi.org/10.1016/j.tox.2013.10.003
http://www.ncbi.nlm.nih.gov/pubmed/24157575
http://doi.org/10.1002/glia.21127
http://doi.org/10.1093/neuonc/nou144
http://doi.org/10.1093/neuonc/now136
http://doi.org/10.1371/journal.pone.0059750
http://doi.org/10.1038/sj.cdd.4401872
http://doi.org/10.1038/s41419-019-1387-6
http://doi.org/10.1038/s41422-021-00528-3
http://doi.org/10.1186/s13059-017-1362-4
http://doi.org/10.1038/s41467-020-17186-5
http://doi.org/10.1016/j.ccell.2017.02.009
http://www.ncbi.nlm.nih.gov/pubmed/28292436
http://doi.org/10.1186/s40478-021-01156-z
http://www.ncbi.nlm.nih.gov/pubmed/33766119

Cancers 2022, 14, 130 16 of 17

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Held-Feindt, J.; Hattermann, K.; Miierkoster, S.S.; Wedderkopp, H.; Knerlich-Lukoschus, E.; Ungefroren, H.; Mehdorn, HM.;
Mentlein, R. CX3CR1 promotes recruitment of human glioma-infiltrating microglia/macrophages (GIMs). Exp. Cell Res. 2010,
316, 1553-1566. [CrossRef] [PubMed]

Yu, K;; Hu, Y.; Wu, E; Guo, Q.; Qian, Z.; Hu, W,; Chen, J.; Wang, K; Fan, X.; Wu, X,; et al. Surveying brain tumor heterogeneity by
single-cell RNA-sequencing of multi-sector biopsies. Natl. Sci. Rev. 2020, 7, 1306-1318. [CrossRef]

Antunes, A.R.P; Scheyltjens, I.; Duerinck, J.; Neyns, B.; Movahedi, K.; Van Ginderachter, ].A. Understanding the glioblastoma
immune microenvironment as basis for the development of new immunotherapeutic strategies. eLife 2020, 9, €52176. [CrossRef]
Berghoff, A.S.; Kiesel, B.; Widhalm, G.; Wilhelm, D.; Rajky, O.; Kurscheid, S.; Kresl, P.; Wohrer, A.; Marosi, C.; Hegi, M.E.; et al.
Correlation of immune phenotype with IDH mutation in diffuse glioma. Neuro-Oncology 2017, 19, 1460-1468. [CrossRef]
Dejaegher, ].; Solie, L.; Hunin, Z.; Sciot, R.; Capper, D.; Siewert, C.; Van Cauter, S.; Wilms, G.; van Loon, ].; Ectors, N.; et al. DNA
methylation based glioblastoma subclassification is related to tumoral T-cell infiltration and patient survival. Neuro. Oncol. 2021,
23, 240-250. [CrossRef]

Lu, L-N.; Dobersalske, C.; Rauschenbach, L.; Teuber-Hanselmann, S.; Steinbach, A.; Ullrich, V.; Prasad, S.; Blau, T.; Kebir, S.;
Siveke, J.T.; et al. Tumor-associated hematopoietic stem and progenitor cells positively linked to glioblastoma progression. Nat.
Commun. 2021, 12, 3895. [CrossRef] [PubMed]

Alban, TJ.; Bayik, D.; Otvos, B.; Rabljenovic, A.; Leng, L.; Jia-Shiun, L.; Roversi, G.; Lauko, A.; Momin, A.A,;
Mohammadi, A.M.; et al. Glioblastoma Myeloid-Derived Suppressor Cell Subsets Express Differential Macrophage Mi-
gration Inhibitory Factor Receptor Profiles That Can Be Targeted to Reduce Immune Suppression. Front. Immunol. 2020, 11,
1191. [CrossRef]

Han, S.; Liu, Y,; Li, Q.; Li, Z.; Hou, H.; Wu, A. Pre-treatment neutrophil-to-lymphocyte ratio is associated with neutrophil and
T-cell infiltration and predicts clinical outcome in patients with glioblastoma. BMC Cancer 2015, 15, 617. [CrossRef] [PubMed]
Liang, J.; Piao, Y.; Holmes, L.; Fuller, G.; Henry, V.; Tiao, N.; De Groot, J.F. Neutrophils Promote the Malignant Glioma Phenotype
through S100A4. Clin. Cancer Res. 2013, 20, 187-198. [CrossRef]

Xie, Y.; He, L.; Lugano, R.; Zhang, Y.; Cao, H.; He, Q.; Chao, M.; Liu, B.; Cao, Q.; Wang, J.; et al. Key molecular alter-
ations in endothelial cells in human glioblastoma uncovered through single-cell RNA sequencing. JCI Insight 2021, 6, e150861.
[CrossRef] [PubMed]

D’Arvanitis, C.; Ferraro, G.B.; Jain, R.K. The blood-brain barrier and blood-tumour barrier in brain tumours and metastases. Nat.
Rev. Cancer 2021, 20, 26—41. [CrossRef] [PubMed]

Virgintino, D.; Errede, M.; Rizzi, M.; Girolamo, F; Strippoli, M.; Walchli, T.; Robertson, D.; Frei, K.; Roncali, L. The
CXCL12/CXCR4/CXCR? ligand-receptor system regulates neuro-glio-vascular interactions and vessel growth during human
brain development. J. Inherit. Metab. Dis. 2013, 36, 455—466. [CrossRef]

Liu, K.K.Y.; Dorovini-Zis, K. Regulation of CXCL12 and CXCR4 expression by human brain endothelial cells and their role in
CD4+ and CD8+ T cell adhesion and transendothelial migration. J. Neuroimmunol. 2009, 215, 49-64. [CrossRef]

Ehrlich, A.T.; Semache, M.; Couvineau, P.; Wojcik, S.; Kobayashi, H.; Thelen, M.; Gross, E; Hogue, M.; Le Gouill, C.; Darcq, E.; et al.
Ackr3-Venus knock-in mouse lights up brain vasculature. Mol. Brain 2021, 14, 151. [CrossRef]

Cheng, L.; Huang, Z.; Zhou, W.; Wu, Q.; Donnola, S.; Liu, ].K.; Fang, X.; Sloan, A.E.; Mao, Y.; Lathia, ].D.; et al. Glioblastoma Stem
Cells Generate Vascular Pericytes to Support Vessel Function and Tumor Growth. Cell 2013, 153, 139-152. [CrossRef] [PubMed]
Kremer, D.; Cui, Q.-L.; Géttle, P.; Kuhlmann, T.; Hartung, H.-P,; Antel, J.; Kiiry, P. CXCR?7 Is Involved in Human Oligodendroglial
Precursor Cell Maturation. PLoS ONE 2016, 11, e0146503. [CrossRef] [PubMed]

Meyrath, M.; Szpakowska, M.; Zeiner, ].; Massotte, L.; Merz, M.P; Benkel, T.; Simon, K.; Ohnmacht, J.; Turner, ].D.; Kriiger, R ; et al.
The atypical chemokine receptor ACKR3/CXCR? is a broad-spectrum scavenger for opioid peptides. Nat. Commun. 2020, 11,
3033. [CrossRef] [PubMed]

Abe, P; Mueller, W.; Schiitz, D.; Mackay, E; Thelen, M.; Zhang, P.; Stumm, R. CXCR7 prevents excessive CXCL12-mediated
downregulation of CXCR4 in migrating cortical interneurons. Development 2014, 141, 1857-1863. [CrossRef]

Sanchez-Alcaniz, J.A.; Haege, S.; Mueller, W,; Pla, R.; Mackay, F,; Schulz, S.; Lépez-Bendito, G.; Stumm, R.; Marin, O. Cxcr7
Controls Neuronal Migration by Regulating Chemokine Responsiveness. Neuron 2011, 69, 77-90. [CrossRef] [PubMed]

Liu, S.-C.; Alomran, R.; Chernikova, S.B.; Lartey, F; Stafford, J.; Jang, T., Merchant, M.; Zboralski, D.; Zollner, S.;
Kruschinski, A.; et al. Blockade of SDF-1 after irradiation inhibits tumor recurrences of autochthonous brain tumors in
rats. Neuro-Oncology 2013, 16, 21-28. [CrossRef]

Salazar, N.; Carlson, J.C.; Huang, K.; Zheng, Y.; Oderup, C.; Gross, J.; Jang, A.D.; Burke, T.M.; Lewén, S.; Scholz, A ; etal. A
Chimeric Antibody against ACKR3/CXCR? in Combination with TMZ Activates Inmune Responses and Extends Survival in
Mouse GBM Models. Mol. Ther. 2018, 26, 1354-1365. [CrossRef]

Szpakowska, M.; Decker, A.M.; Meyrath, M.; Palmer, C.B.; Blough, B.E.; Namjoshi, O.A.; Chevigné, A. The natural analgesic
conolidine targets the newly identified opioid scavenger ACKR3/CXCR?. Signal Transduct. Target. Ther. 2021, 6, 209.

Van Senten, J.R.; Bebelman, M.P; Fan, T.S.; Heukers, R.; Bergkamp, N.D.; Van Gasselt, P.; Langemeijer, E.V.; Slinger, E.;
Lagerweij, T.; Rahbar, A ; et al. The human cytomegalovirus-encoded G protein-coupled receptor UL33 exhibits oncomodulatory
properties. J. Biol. Chem. 2019, 294, 16297-16308. [CrossRef]


http://doi.org/10.1016/j.yexcr.2010.02.018
http://www.ncbi.nlm.nih.gov/pubmed/20184883
http://doi.org/10.1093/nsr/nwaa099
http://doi.org/10.7554/eLife.52176
http://doi.org/10.1093/neuonc/nox054
http://doi.org/10.1093/neuonc/noaa247
http://doi.org/10.1038/s41467-021-23995-z
http://www.ncbi.nlm.nih.gov/pubmed/34162860
http://doi.org/10.3389/fimmu.2020.01191
http://doi.org/10.1186/s12885-015-1629-7
http://www.ncbi.nlm.nih.gov/pubmed/26341881
http://doi.org/10.1158/1078-0432.CCR-13-1279
http://doi.org/10.1172/jci.insight.150861
http://www.ncbi.nlm.nih.gov/pubmed/34228647
http://doi.org/10.1038/s41568-019-0205-x
http://www.ncbi.nlm.nih.gov/pubmed/31601988
http://doi.org/10.1007/s10545-012-9574-y
http://doi.org/10.1016/j.jneuroim.2009.08.003
http://doi.org/10.1186/s13041-021-00862-y
http://doi.org/10.1016/j.cell.2013.02.021
http://www.ncbi.nlm.nih.gov/pubmed/23540695
http://doi.org/10.1371/journal.pone.0146503
http://www.ncbi.nlm.nih.gov/pubmed/26741980
http://doi.org/10.1038/s41467-020-16664-0
http://www.ncbi.nlm.nih.gov/pubmed/32561830
http://doi.org/10.1242/dev.104224
http://doi.org/10.1016/j.neuron.2010.12.006
http://www.ncbi.nlm.nih.gov/pubmed/21220100
http://doi.org/10.1093/neuonc/not149
http://doi.org/10.1016/j.ymthe.2018.02.030
http://doi.org/10.1074/jbc.RA119.007796

Cancers 2022, 14, 130 17 of 17

111.

112.

Heukers, R.; Fan, T.S.; De Wit, R H.; van Senten, J.R.; De Groof, T.; Bebelman, M.; Lagerweij, T.; Vieira, J.; De Munnik, S.M.;
Vries, L.S.-D.; et al. The constitutive activity of the virally encoded chemokine receptor US28 accelerates glioblastoma growth.
Oncogene 2018, 37, 4110-4121. [CrossRef] [PubMed]

de Wit, RH.; Muyji¢-Deli¢, A.; van Senten, J.R.; Fraile-Ramos, A.; Siderius, M.; Smit, M.]. Human cytomegalovirus en-
coded chemokine receptor US28 activates the HIF-1a/PKM2 axis in glioblastoma cells. Oncotarget 2016, 7, 67966-67985.
[CrossRef] [PubMed]


http://doi.org/10.1038/s41388-018-0255-7
http://www.ncbi.nlm.nih.gov/pubmed/29706656
http://doi.org/10.18632/oncotarget.11817
http://www.ncbi.nlm.nih.gov/pubmed/27602585

	Introduction 
	Methods 
	Chemokine Receptor Expression in Gliomas 
	Chemokine Receptors in Glioma Malignant Processes 
	Angiogenesis 
	GBM Cell Migration and Invasion 
	GBM “Stem” Cell Properties and Resistance to Treatment 

	Chemokine Receptors in Diverse GBM Cell Subtypes 
	Tumor-Associated Macrophages (TAMs) 
	Tumor-Infiltrating Lymphocytes (TILs) and Other Immune Cell Types 
	Vascular Cells 
	Non-Malignant Glial Cells and Neurons 

	Conclusions 
	References

