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Simple Summary: Chemokine signaling is crucial for tumorigenesis, proliferation, angiogenesis,
tumor progression and metastasis in glioblastoma. Furthermore, chemokines have an impact on
the overall survival of GBM patients that, with a median survival of 15 months, still lack effective
treatment. Several chemokine signaling axes, for instance CXCR2/CXCL2/IL-8, CXCR4/CXCL12
and CCR2/CCL2, were investigated in detail and appear to be promising therapeutic targets. The
aim was to review novel approaches that target chemokines or chemokine receptors in glioblastoma.
Here, preclinical and clinical studies were used to clarify their significance for targeted treatments
alone and in combination with other therapeutic applications.

Abstract: With a median patient survival of 15 months, glioblastoma (GBM) is still one of the dead-
liest malign tumors. Despite immense efforts, therapeutic regimens fail to prolong GBM patient
overall survival due to various resistance mechanisms. Chemokine signaling as part of the tumor
microenvironment plays a key role in gliomagenesis, proliferation, neovascularization, metastasis
and tumor progression. In this review, we aimed to investigate novel therapeutic approaches tar-
geting various chemokine axes, including CXCR2/CXCL2/IL-8, CXCR3/CXCL4/CXCL9/CXCL10,
CXCR4/CXCR7/CXCL12, CXCR6/CXCL16, CCR2/CCL2, CCR5/CCL5 and CX3CR1/CX3CL1 in
preclinical and clinical studies of GBM. We reviewed targeted therapies as single therapies, in com-
bination with the standard of care, with antiangiogenic treatment as well as immunotherapy. We
found that there are many antagonist-, antibody-, cell- and vaccine-based therapeutic approaches
in preclinical and clinical studies. Furthermore, targeted therapies exerted their highest efficacy in
combination with other established therapeutic applications. The novel chemokine-targeting thera-
pies have mainly been examined in preclinical models. However, clinical applications are auspicious.
Thus, it is crucial to broadly investigate the recently developed preclinical approaches. Promising
preclinical applications should then be investigated in clinical studies to create new therapeutic
regimens and to overcome therapy resistance to GBM treatment.
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1. Introduction

Glioblastoma (GBM) is the most common malignant brain tumor in adults [1,2] and
belongs to the aggressive high-grade gliomas (grade IV). The incidence of GBM ranges
from 3.20 to 4.64 per 100,000 people [1,3]. Since 2016, a new WHO classification has been
applied [4]. There, GBMs were divided into three groups depending on the status of
the isocitrate dehydrogenase (IDH): IDHwt GBM, mutated IDH GBM and not otherwise
specified GBM (NOS, unevaluated status). IDHwt GBMs represent 90% of glioblastomas
and are mainly primary GBMs that develop de novo in elderly patients. Only 10% of GBM
patients exhibit an IDH mutation and correspond to secondary GBMs which originate from
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astrocytic tumors or oligodendrogliomas that occur in younger patients and have a better
prognosis. Furthermore, GBMs were described by various molecular biomarkers besides
IDH, including MGMT promoter methylation (O®-methylguanine DNA methyltransferase),
chromosome 1p/19q deletion, TERT (telomerase reverse transcriptase) promoter mutation,
TP53 (tumor protein P53) mutation, PTEN (phosphatase and tensin homolog) mutation,
EGFR (epidermal growth factor receptor) and PDGFRA (platelet-derived growth factor
receptor A) amplification. Especially, the MGMT promoter methylation is often used as
a prognostic marker in GBM. A higher MGMT promoter methylation leads to a lower
MGMT expression, supporting a better prognosis of the respective GBM patients [5]. The
MGMT enzyme repairs the DNA damage caused during temozolomide (TMZ) therapy and
therefore is responsible for drug resistance of glioblastoma cells to anticancer treatments [6].
Despite tremendous efforts in the past decades to improve treatment strategies and to
overcome the development of resistance, overall GBM patient survival (OS) does not exceed
15 months [7]. The difficulties of treating glioblastoma are based on its biology, exhibiting a
high level of vascularization, invasiveness and complex cell composition.

This highly vascularized tumor shows tremendous growth and depends on the for-
mation of new blood vessels [8-10]. Activation of numerous angiogenic receptors and
upregulation of their respective ligands promote angiogenesis in GBM and thus sustain
tumor progression [8,9]. Here, especially the VEGFR/VEGF pathway was extensively stud-
ied, leading to the development of several anti-VEGFR/VEGF drugs for GBM treatment,
although without significant improvement of survival [8,11,12].

A special feature of GBM is the high infiltration of myeloid cells consisting of resi-
dent microglia and peripheral macrophages [13] which make up to 30-50% of the total
glioma mass [14]. The number of these tumor-associated microglia/macrophages (TAMs)
in glioma was correlated with tumor malignancy [13]. Interestingly, their functions were
controversially discussed. Tumor-supportive, immunosuppressive properties (M2 status)
of TAMs were frequently determined [15,16], but antitumoral, proinflammatory effects (M1
status) were also described [17]. However, recent studies suggest that proinflammatory
as well as immunosuppressive molecules are expressed by TAMs in human and rodent
glioblastomas [18-20]. Besides TAMs, additionally, CD8" cytotoxic T lymphocytes (CTLs),
CD4" T helper cells (Th1), regulatory T cells (Treg) and natural killer (NK) cells infiltrate
glioma tissues [21]. Thus, immunotherapies for glioblastomas were established [22]. Nev-
ertheless, the development of such immunotherapies is challenging in GBM, due to the
lack of lymphatic involvement, the need to overcome the blood-brain barrier [23] and the
immunosuppressive tumor microenvironment [22,24].

Another cell population that occurs in glioblastoma tissues are glioma stem cells
(GSCs). GSCs have the capability for self-renewal and differentiation to form a tumor [25].
These GSCs develop by differentiation of tumor cells following radio- or chemotherapy [26]
and by malignant transformation of neural stem cells [27]. Importantly, GSCs are more
resistant to drug administration than other tumor cells elucidating their relevance for
development of resistance and GBM recurrence [28].

Consequently, despite new therapeutic approaches, including antiangiogenic treat-
ment, tumor treating fields (TTF) and immunotherapies, OS has only marginally improved
for GBM patients in recent years [11,12,29-33]. Therefore, further efforts were made to de-
velop novel strategies to fight glioblastoma, including targeting chemokines and chemokine
receptors based on their impact on GBM biology and progression.

Chemokines are small proteins known as the largest subfamily of cytokines [34]. The
name “cytokine” derives from the Greek “kinos” which translates to “movement”. Their
traditional role is to mediate the migration of many distinct cell types throughout the
body [35,36]. Depending on the position of the two cysteines (C) near the N-terminus,
chemokines can be divided into different subfamilies: CC, CXC, CX3C and XC [37-39].
Chemokine signaling is mediated through their cognate receptors, which are typically
G protein-coupled [37,39]. So far, more than 50 chemokines have been identified in hu-
mans [39,40]. A variety of cells including monocytes, TAMs [41,42], T lymphocytes, neu-
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trophils, fibroblasts, neural, endothelial [43—45], epithelial and tumor cells secrete these
molecules [46,47]. Chemokine receptors are preferentially expressed by immune cells
including TAMs, and also by brain endothelial cells and tumor cells [37,41,43,44,47-49].
It was demonstrated that various chemokines and their receptors are expressed by can-
cer entities including breast cancer, ovarian cancer, cervical cancer, prostate cancer and
glioma [34]. Recent studies have shown that chemokine receptors CXCR2, CXCR4, CXCRe,
CXCRY7, CCR5, CX3CRI1 as well as the chemokines CXCL2, IL-8, CCL2 and CX3CL1 are
highly expressed in GBM [49-60]. Therefore, over the past decade, many of these signaling
pathways have been investigated as potential targets in GBM treatment.

Within the tumor, chemokines support many tumor-sustaining processes such as cell
proliferation, tumor growth, angiogenesis and metastasis, and thus modify the tumor
microenvironment [34,39,40,49,55,61]. The different chemokine signaling pathways rele-
vant for glioblastoma were recently reviewed in detail by Groblewska et al. [39]. In brief,
especially CXCR2 and CXCR4 mediate tumor angiogenesis [39,62,63]. CXCR3 and CCR2
signaling leads to the recruitment of tumor-promoting immune cells, e.g., of TAMs, T cells
and myeloid-derived suppressor cells (MDSC) [34,37,39,64]. Furthermore, CCR2, CCR5
and CXCR6 signaling modulates TAM polarization [39,65,66]. The other main functions of
CCRS5 and CXCRé6 signaling include proliferation and invasion of glioma cells [39,65,66]
(Figure 1). Thus, these chemokine/chemokine receptors served as the basis for the devel-
opment of novel antiangiogenic and immunotherapeutic strategies in GBM treatment.
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Figure 1. The most important functions of various chemokine signaling pathways in GBM. Chemokine signaling axes
shape the tumor microenvironment by mediating many different processes. For instance, CXCR2 and CXCR4 signaling is
especially important for tumor angiogenesis, proliferation and the formation of vascular mimicry. CCR5 and CXCR6 mediate
invasion and migration in GBM. In addition, CCR5 and CXCR6 alongside CCR2 signaling influence TAM polarization.
Apart from CCR2 signaling, CX3CR1 is involved in the recruitment of TAMs. Other immune cells are mainly recruited to
the tumor by CXCR3 signaling. Chemokines are depicted as dots and color-coded matching the color of their corresponding
receptor. Created with BioRender.com.



Cancers 2021, 13, 2983

4 0f 25

In this study, we aimed to review preclinical and clinical studies regarding the
CXCR2/CXCL2/IL-8, CXCR4/CXCL12/CXCR7, CCR2/CCL2, as well as the less inves-
tigated CXCR3/CXCL4/CXCL9/CXCL10/CXCL11, CXCR6/CXCL16, CCR5/CCL5 and
CX3CR1/CX3CL1 signaling pathways. We demonstrated different therapeutic approaches as
targeted therapies, in combination with temozolomide (TMZ, the standard-of-care chemother-
apeutic agent) and radiotherapy, antiangiogenic agents as well as immunotherapies.

2. Chemokine Signaling Pathways as Therapeutic Targets in GBM
2.1. Targeted Therapies in Chemokine Signaling

Targeted therapies are an important step towards precision medicine and overcoming
therapy resistance. While one therapy might help one patient, it might not help another one.
The standard-of-care therapeutic regimens for GBM, established more than a decade ago,
evidently fail to prolong patient OS for more than a few months [2,4]. Therefore, targeting
chemokine signaling, a highly abundant network within the tumor microenvironment, is a
promising approach.

Enhanced expression of CXCR2 and its ligands is associated with malignancy and
recurrence in glioma [46,67]. IL8, CXCL2, CXCR1 and CXCR2 are expressed by vari-
ous GBM tumor cell lines as well as by tumor cells and endothelial cells in GBM pa-
tients [46,49,60,61,68,69]. Raychaudhuri and Vogelbaum showed that the signaling path-
way is involved in the aberrant activation of NF-«B [61]. Blocking IL-8 by a neutralizing
antibody as well as treatment with a small interfering RNA targeting IL-8 reduced GBM
cell invasiveness in vitro [61]. This was later confirmed in a 3D spheroid-based coculture
model of patient-derived GBM cells with brain endothelial cells [70]. There, the authors
also found that tumor cell invasion was additionally enhanced by endothelial cells which
stimulated cancer stem cells through IL-8 signaling. Blocking IL-8 resulted in reduced
spheroid formation in vitro and tumor formation in vivo in an orthotopic mouse model
using human GBM cells [70].

Mesenchymal stem cells (MSC) showed multipotent differentiation characteristics
in vitro and can be isolated from the bone marrow, adipose tissue and the umbilical cord
as described before [71]. Due to their unique capacity of self-renewal and multipotency,
they have been widely investigated in cell-based therapeutic approaches [72]. However,
there are conflicting data on the effect of MSCs in tumor treatment. While some studies
report protumoral effects [73-75], others demonstrate antitumoral efficacy of MSCs which
have been described in detail in multiple reviews [75-77]. Controversial findings regard-
ing MSCs and CXCR2 signaling were demonstrated by Bajetto et al. Interestingly, their
study found that cocultivation of glioma stem cells (GSCs) with MSCs resulted in reduced
proliferation. However, when treated with an MSC-conditioned medium, GSCs exhibited
increased proliferation due to several chemokines within the MSC-conditioned medium,
including IL-8, CXCL1 and CXCL5. These chemokines mediate their functions through
CXCR2. Proliferation and migration of GSCs in the cultured MSC-conditioned medium
was significantly reduced by blocking CXCR2 with SB225002, a highly specific CXCR2
antagonist [75]. Furthermore, Hasan et al. demonstrated the importance of CXCR2/IL-8
signaling in tumor growth and therapy resistance to temozolomide in a patient-derived
xenograft (PDX) GBM model [46]. IL-8 expression in GBM patients correlated with re-
duced progression-free survival (PFS) and was elevated in recurrent tumors. The authors
found that IL-8 /CXCR2 signaling supports the self-renewing capacity of GBM cells and
increased the expression of glioma-initiating cell markers [46]. Moreover, IL-8 knockdown
significantly enhanced OS in tumor-bearing mice and augmented the therapeutic efficacy
of TMZ [46].

Apart from blocking antibodies, antagonists and gene knockdown, Hiibner et al. tar-
geted a network of proinflammatory genes. In their innovative approach, using microRNA-
93 (miR-93) which directly regulates glioma cell gene expression of HIF-1ec and MAP3K2,
cytokines and chemokines like IL-8 and also indirectly targets CXCL5 and COX-2, they
showed various functions of this specific miRNA [78]. Interestingly, miR-93 is downreg-
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ulated in GBM tissue and GBM cells, compared to normal brain tissue. Furthermore,
re-expression of miR-93 decreased proliferation, migration and angiogenesis in vitro [78].

CXCRS3 signaling mediated by CXCL9, CXCL10, CXCL11 and CXCL4 plays a ma-
jor role in inflammation and immunopathology as well as in prohibiting angiogenesis
in gliomas [37,39,79]. CXCR3 is widely expressed by Thl cells, CD8" T cells and NK
cells [34,37], but also by tumor cells [80-84]. While little is known about CXCL4 expression
in GBM, CXCL9, CXCL10 and CXCL11 are expressed by tumor cells [83-85]. Additionally,
CXCL9 and CXCL10 are also expressed by M1-polarized TAMs [86] and CXCL11 can be
found on tumor vasculature [84]. Targeting this pathway as an immunotherapeutic ap-
proach is discussed further on in this review. However, downstream signaling via CXCR3
can also promote cell proliferation, survival and migration or inhibit these, depending on
the receptor isoforms [80-82,87]. CXCR3-A executes the previously described functions
while CXCR3-B executes the latter [80-82,87]. Both variants are expressed at low mRNA
levels in glioma cells [82]. Wang et al. showed that genetically engineered upregulation
of long non-coding RNA 135528 (Lnc135528) promotes tumor regression by upregulating
CXCL10 and the JAK/STAT signaling pathway in vivo [83]. However, a different study
has shown upregulation of CXCR3 and CXCL10 in GBM tumors on protein expression
levels, compared to diffuse astrocytoma tumor samples [85]. Nevertheless, it is possible
that gene and protein expression levels are differentially regulated.

The CXCR4/CXCR7/CXCL12 signaling pathway has been extensively studied in
recent years and is one of the best-evaluated chemokine signaling pathways in the glioblas-
toma microenvironment. Among its various functions, CXCR4 signaling is linked to glioma
cell invasion, proliferation, tumor progression and angiogenesis [88-92]. As many other
chemokine receptors, CXCR4 is overexpressed in glioma-initiating cells/GBM tissue and
associated with a reduced PFS and OS [53,93]. Furthermore, irradiation induces the local
expression of CXCL12 which promotes tumor recurrence [94,95]. Another mechanism
of tumor recurrence is the resistance to TMZ treatment which could be promoted by the
upregulation of FOXM1 mediated through CXCR4/CXCL12 [96]. Apart from tumor and
endothelial cells, CD4* T lymphocytes express CXCR4 [39,97,98].

AMD3100, also known as plerixafor, is an FDA-licensed CXCR4 antagonist which
inhibited migration of glioma cells in vitro under normoxic and hypoxic conditions [99,100].
Furthermore, it reduced chemotaxis, survival and proliferation of glioma cell lines and
neurospheres [101,102]. In a 3D vascular environment model as well as in transwell assays,
AMD3100 additionally inhibited invasion [91,103]. These positive effects of AMD3100 were
reproduced in several mouse models [99,101,104,105]. AMD3100 led to inhibition of tumor
growth [99,101], possibly by increasing apoptosis in orthotopic PDX mouse models [101].
Another study found that when treating a variety of GBM cells in vitro, the effective dose of
combined AMD3100 with 1,3-bis(2-chloroethyl)-1-nitrosourea (BCNU, a chemotherapeutic
agent) was dependent on CXCR4 protein expression [104]. Therefore, higher protein levels
also required higher treatment doses to achieve the same response [104]. In their study,
Redjal et al. then confirmed the in vitro findings in a PDX GBM mouse model. There,
combining AMD3100 with BCNU led to tumor regression by increasing apoptosis and
decreasing proliferation [104]. Cornelison et al. recently demonstrated that convective flow
forces within the tumor tissue may increase GBM invasion dependent on CXCR4 [105].
Hence, application of AMD3100 effectively inhibited convection-induced invasion [105].
In summary, these studies show that AMD3100 is able to successfully inhibit crucial tumor-
driving effector mechanisms of CXCR4/CXCL12 signaling in vitro and in vivo.

There is a vast number of additional CXCR4 inhibitors including CPZ1344, AMD3465
and Peptide R that reduced tumor growth [106-108] and inhibited migration and angio-
genesis of glioma cells [106]. CXCR?, an alternative receptor to CXCL12, is also highly
expressed in glioma cells, endothelial and microglial cells and mediates antiapoptotic
effects [56]. Additionally, high expression of CXCR? is independently correlated with poor
OS in GBM patients [109]. Among the CXCR7 antagonists are CCX771 and CCX733, of
which CCX771 inhibited glioma cell proliferation and invasion [110] and CCX733 reduced
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proliferation and antiapoptotic effects in vitro [56,111]. These results were underlined by
suppression of CXCR?7 through small interfering RNA (siRNA) which led to decreased
glioma cell proliferation, migration, and invasion as well [110]. Utilizing CXCR4 and
CXCL12 antibodies markedly inhibited glioblastoma cell proliferation and thus tumor
growth [112,113]. Overall, therapeutic approaches blocking the CXCR4/CXCR7/CXCL12
signaling pathway are highly effective independent of whether the ligand or the receptors
are being blocked.

Apart from pharmacological approaches, some researchers focused on different mi-
croRNAs and how to best exploit their antitumoral functions in GBM. The expression of
miR-9 directly targeted CXCR4 signaling in GBM; it functioned as a tumor suppressor by
inhibiting the migratory capacity of GBM cells in vitro [53]. Another miRNA, miR-663,
negatively regulated CXCR4 expression, thus compromising the proliferative and invasive
capacities of GBM cells in vitro [114]. Overexpression of miR-663 in combination with
AMD3100 reduced GBM growth in an orthotopic mouse model while simultaneously pro-
longing the survival of tumor-bearing mice [114]. CXCR4 signaling and its effect on tumor
cell stemness, self-renewal and infiltration can also be inhibited by the miR-302-367 cluster
which consists of five different microRNAs (miR-302a, miR-302b, miR-302¢c, miR-302d,
miR-367) [115]. In a later study, Fareh et al. found that this tumor suppressive cluster
miR-302-367 is transferred between cells via exosomes [116]. Furthermore, the expression
of the miR-302-367 cluster in glioma stem cells acted as a tumor suppressor in the paracrine
manner in an orthotopic PDX mouse model [116].

A different approach that utilizes CXCR4 overexpression in glioma cells without
directly interfering in the pathway was recently proposed by Gascon et al. [117]. The use of
nanoparticles as a delivery system for CXCL12 to GBM cells was established in vitro [117].
There, authors enclosed CXCL12 in nanoparticles which, upon delivery, released CXCL12
to GBM cells, without promoting proliferation but keeping its chemotactic capabilities [117].
The aim for the future is, to inject these CXCL12-carrying nanoparticles into a hydrogel
which could be used to fill up the cavity after tumor resection, thus attracting disseminated
tumor cells. These tumor cells would then be targeted by standard therapeutic approaches
while having the benefit of not affecting the surrounding healthy brain tissue [117].

Another pillar of novel therapeutic approaches is cell-based, specifically, stem cell-
based therapy. There are conflicting data on the advantages and disadvantages of this
specific therapeutic approach. Whereas some studies showed that migration of CXCR4-
overexpressing human adipose-derived stem cells and human mesenchymal stem cells to
the tumor resulted in reduced tumor volume and prolonged survival of tumor-bearing
mice [118,119], Pavon et al. showed that human umbilical cord blood MSC also exhibit
protumoral functions [120]. In their rodent model, MSCs promoted tumor growth after
infiltrating the tumor [120]. In summary, there is a variety of therapeutic approaches
targeting the CXCR4/CXCR7/CXCL12 axes including antagonists, blocking antibodies,
nanoparticles, stem cell-based therapies, which all showed remarkable effects in vitro and
in preclinical in vivo models.

Another important signaling pathway in GBM is mediated by CCR5 and CCL5. Key
functions of both the receptor and the ligand have been demonstrated. For instance,
high expression of CCR5 and CCL5 correlates with a survival disadvantage of GBM
patients [58]. Furthermore, CCR5/CCLS5 signaling is known to drive tumor heterogeneity,
the formation of cancer stem cells and therefore promotes cancer invasion and metastasis
in vitro [58,121]. CCR5 downregulation significantly reduced tumor growth in a glioma
xenograft mouse model [58]. However, in another study, CCR5 deletion had no effect
on the survival of tumor-bearing mice [122]. Blocking CCR5 on microglia in vitro with
maraviroc, an FDA-approved drug for HIV treatment, suppressed microglial migration and
reduced M2 phenotype-specific markers arginase 1 and interleukin 10 while inducing the
expression of M1 phenotype markers like nitric oxide and interleukin 13 [65]. In patient-
derived primary glioblastoma cells as well as in glioma stem cells, maraviroc strongly
inhibited CCR5-mediated invasion in vitro [57]. CCR5 is also constitutively expressed
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by T lymphocytes [97]. The immunosuppressive microenvironment in GBM will also be
discussed in this review. Nevertheless, GBM is only infiltrated by a low number of CD8*
T cells, however, a subset of activated CD8* T cells has been shown to be enriched with
CCRS5 and is associated with disease progression [123].

Glioma cells express both CX3CR1 and CX3CL1 at mRNA and protein levels [59,124].
Furthermore, CX3CL1 expression correlates with glioma grade and serves as a prognostic
marker for glioma patient OS [59]. Analysis based on The Cancer Genome Atlas (TCGA)
and the Chinese Glioma Genome Atlas (CGGA) databases showed that high levels of
CX3CL1 positively correlate with patient OS in glioma [125]. Sciume et al. demonstrated
that endogenous CX3CL1 negatively regulated the invasiveness of three individual glioma
cell lines in vitro [124]. In addition to that, blocking CX3CL1 with a monoclonal antibody
increased glioma cell invasion and reduced tumor cell aggregation [124]. Apart from
tumor cells, TAMs [126] and NK cells [125], which account for up to 50% of the cellular
components of GBM [14,127], express CX3CR1. They mediate important processes in-
cluding migration, accumulation of TAMs, adhesion and angiogenesis during malignant
transformation [125,126,128].

A variety of these promising therapeutic approaches has been evaluated in detail in pre-
clinical in vivo models and clinical phase I and II studies which will be discussed in the respec-
tive chapters. Firstly, we reviewed the combination with the standard-of-care therapy; secondly,
the combination with antiangiogenic agents; and lastly, immunotherapeutic approaches.

2.2. Combination of Targeting Chemokine Receptors/Chemokines with the Standard-of-Care Therapy

The current standard-of-care for GBM was established more than 15 years ago and is
known as the Stupp protocol, which includes maximal resection and radio-chemotherapy
followed by six cycles of temozolomide [1,2]. Grand total resection (>98%) has a significant
impact on patient OS [129-131]. As GBM is a highly infiltrative tumor, it is hardly pos-
sible to reach 100% resection; thus, radiochemotherapy is crucial to target the remaining
tumor cells. However, GBM prognosis, with the median OS of 15-18 months, remains
dismal [130,131].

The CXCR4/CXCR7/CXCL12 signaling pathway plays an important role in prolifera-
tion, differentiation, cell survival and chemotaxis in glioblastoma [40,89]. NOX-A12, also
known as olaptesed pegol, a CXCL12 inhibitor, has been evaluated in a GBM rat model after
irradiation [132]. There, Liu et al. demonstrated dose- and time-of-treatment-dependent
prolonged survival in rats treated with NOX-A12 [132]. Interestingly, targeting CXCL12
inhibited both signaling pathways through CXCR4 and CXCR?7 [132]. NOX-A12 alone after
irradiation exceeded the effect of NOX-A12 in combination with TMZ or TMZ alone after
whole-brain irradiation (WBIR) on rat OS [132], once more supporting the outstanding
effect of blocking CXCR4/CXCR7/CXCL12 signal transduction. Therefore, NOX-A12 is
currently being evaluated in a clinical phase I/1I study in combination with irradiation in
patients with newly diagnosed GBM with either unmethylated MGMT promotor status or
patients unsuitable for surgery.

These findings are emphasized by the effect of three alternative CXCR?7 inhibitors
CCX771, CCX662 and X7Ab which led to tumor regression [55,84], blocked tumor recur-
rence [84] and increased survival [55] in several mouse models. Furthermore, CXCR?7 plays
an important role in cancer stem cell activity in vitro [84]. The antitumoral functions are
likely explained by enhanced NK cell efficacy as well as increased phagocytic activity of
TAMs [55]. Moreover, combining X7Ab with temozolomide in two orthotopic GBM mouse
models had a significant effect on mouse survival compared to X7ab or TMZ alone and the
control group [55]. Adding to that, the combination therapy allowed for the TMZ dose to
be reduced while still showing significant tumor reduction [55]. If this could be reproduced
in clinical studies, it would ultimately lower adverse effects for GBM patients.

Due to the groundbreaking achievements in preclinical studies with AMD3100 block-
ing CXCR4/CXCL12 signaling, its efficacy in the first clinical studies is being investigated.
In 2013, a then 66-year-old male patient received AMD3100 as part of his first-line ther-
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apy [133]. The patient underwent gross total resection and radiochemotherapy, followed
by adjuvant temozolomide in combination with AMD3100 [133]. AMD3100 was admin-
istered subcutaneously at 0.24 mg/kg of body weight once a week [133]. Additionally,
lapatinib, a multikinase inhibitor, niacinamide and metformin were administered [133].
After 12 months of this combination therapy, temozolomide and lapatinib were discontin-
ued [133]. In 2016, 30 months after his initial diagnosis, the patient still showed no clinical or
radiological signs of recurrence while still on AMD3100, niacinamide and metformin [133].
The authors explained this ongoing remission by inhibition of the CXCR4-dependent
neovascularization after irradiation in GBM. Bone marrow-derived cells (BMDC), specifi-
cally, monocytes and endothelial cell progenitors, account for this neovascularization, and
their migration is mediated through CXCR4 signaling which will be elaborated on in the
following chapter [84,94,132,134]. A recent phase I/1I clinical study (NCT01977677) with
a total of 29 patients confirmed this hypothesis [135]. There, nine patients with newly
diagnosed GBM were included in their phase I study with the aim to evaluate the toxicity
profile of AMD3100, while the aim of the phase II study including 20 patients was to
assess the efficacy of AMD3100 on PFS and OS [135]. There, 200-400 ug/kg/day AMD3100
were administered intravenously after chemoirradiation for four weeks, followed by adju-
vant temozolomide therapy. AMD3100 exhibited no severe side effects [135]. The PFS of
14.5 months and OS of 21.3 months were significantly prolonged compared to the average
PES and OS in GBM patients receiving the standard Stupp protocol [2,4,135]. Interestingly,
vasculogenic parameters like the cerebral blood flow volume within the irradiation field
were significantly decreased after one (—18%) and six months (—31%) in the patients receiv-
ing AMD3100 compared to the patients receiving the standard-of-care regimen [135]. In the
patients who developed recurrence, a distinct pattern was observed. Interestingly, recur-
rence occurred outside of the irradiation field in almost half the cases which is recognizable
as usually fewer than 20% of patients treated with radiochemotherapy develop recurrence
outside of the irradiation field [135,136]. This underlines the efficacy of the combined
approach within the irradiation field in this study, and poses the question whether WBIR
would have a different effect in combination with AMD3100 and temozolomide. A clinical
phase II study (NCT03746080) currently investigates the efficacy of WBIR with standard
temozolomide and AMD3100 in patients with newly diagnosed glioblastoma. Apart from
PFS, OS and toxicity, one of the outcome measures is also to assess the out-of-field occur-
rence of recurrence. However, to finally assess treatment efficacy of combined treatment
with AMD3100, further studies with larger patient cohorts are warranted.

Other therapeutic approaches include unconventional therapies like omeprazole, a
proton-pump inhibitor. Omeprazole inhibits GBM cell invasion and migration through
acceleration of tumor-suppressive properties of the aryl hydrocarbon receptor (AhR) which
is expressed in GBM in vitro and in a subcutaneous PDX glioma mouse model [137]. AhR
suppresses gene expression of CXCL12 and CXCR4 which was enhanced by treatment with
omeprazole [137]. The effect of combining omeprazole with TMZ in vitro compared to
either treatment alone significantly suppressed migration and proliferation. However, the
combination therapy had no additional effect on glioma invasion [137].

Another very interesting approach of combining radiotherapy with CXCR4-targeted
therapy was recently introduced by Séhédic et al. Their novel model of a nanocarrier-loaded
combined lipophilic thiobenzoate complex of rhenium-188 in the core of a nanocapsule
(LNC'88Re) could potentially reach disseminated tumor cells which often escape thera-
peutic approaches [138]. In their study, they encapsulated Rh-188 and a CXCR4 blocking
antibody (12G5) in a lipophilic nanoparticle which, upon delivery to tumor cells, targets
CXCR4 and exposes it to radiotherapy [138] (Figure 2).
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Figure 2. Effects of targeting CXCR4 and CXCR?7 signaling in combination with the standard-of-care treatment in preclinical

in vivo models and in phase I and phase II studies. (A) Tumor growth is reduced by multiple drugs targeting CXCR4
(depicted in green), CXCR?7 (depicted in yellow) and CXCL12 (NOX-A12 + IR). The phagocytic activity of TAMs and efficacy
of NK cells is increased. (B) Angiogenesis is reduced by anti-CXCR4 treatment. (C) Combining the standard-of-care therapy

consisting of surgical removal of the tumor, radio- and chemotherapy with anti-CXCR4 or anti-CXCR? treatment hinders

the development of recurrence. TMZ = temozolomide; IR = irradiation. Created with BioRender.com.

2.3. Antiangiogenic Approaches Targeting Chemokine Receptors/Chemokines

There are many aspects to antiangiogenic treatment (AAT) in GBM. VEGF and its
receptors are abundantly expressed in GBM [139]. Angiogenesis is a complex process. In
brief, the formation of new blood vessels is guided by tip cells which form upon activation
of VEGFR?2 [140]. They are characterized by their position, filopodia and ability to guide
the following stalk cells into the new environment [140]. Stalk cells are highly prolifera-
tive and help form a new sprout [140]. AAT targeting the VEGF/VEGEFR pathway has
been evaluated in both preclinical and clinical studies [8,11,12]. However, the promising
preclinical effects were only partially reproduced in clinical trials, and patient OS was
not improved by targeting the VEGF/VEGEFR pathway [11,12,29,30]. Phase III clinical
studies combining anti-VEGF treatment, known as bevacizumab, with radiochemotherapy
or chemotherapy in newly diagnosed GBM failed to improve patient OS [29,30]. Current
clinical studies featuring anti-VEGF treatment investigate its efficacy in combination with
hypofractionated radiotherapy in patients with recurrent GBM (ClinicalTrials.gov identifier
NCT01730950). The preliminary results found improved PFS in the group receiving the
combination therapy, but the OS was not improved. Furthermore, a variety of resistance
mechanisms in tumor vascularization and the tumor microenvironment were observed,
thus underlining the urgency of developing new effective targeted therapies [50,141,142].
Apart from the classical VEGFR/VEGF signaling, chemokines are also involved in regu-
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lating angiogenesis [37,39,79]. Chemokines and their respective receptors can be divided
into proangiogenic and angiostatic subgroups. Among the proangiogenic chemokines are
CCL2, CXCL2, CXCL4, CXCL8, CXCL9, CXCL10 and CXCL12 [39,79]. However, CXCL9
and CXCL10 alongside CXCL4 can also hinder angiogenesis [39,79]. CXC chemokines
mainly mediate their proangiogenic activity through CXCR?2 [62,63] while the angiostatic
functions are mediated through CXCR3 [39,79].

CXCR2 and its ligands CXCL2 and IL-8 are overexpressed in GBM and associated with
a reduced OS [49,50,67]. Angara et al. found CXCR2" vessel-like structures, which account
for a process called vascular mimicry (VM), in GBM patients [50]. VM occurs when tumor
cells transdifferentiate and acquire an endothelial-like phenotype to form blood vessels
independent of endothelial cells [143,144]. In their study, Angara et al. demonstrated that
these VM structures were upregulated after AAT with VEGF pathway inhibitors in an
orthotopic mouse model [50]. It has been shown that VM structures are dependent on
CXCR2 expression in GBM patients [50,60], therefore, Angara et al. chose to combine AAT
with an CXCR2 antagonist to prevent the development of VM [50]. Blockage of CXCR2
signaling with SB225002, a CXCR2 antagonist, significantly reduced tumor growth and
CXCR2" VM structures in vivo [50].

Similar effects were observed in an immunocompetent mouse model where the appli-
cation of SB225002 led to reduced vessel density, inhibition of tumor growth, reduction
in the tumor volume by about 50% and decreased infiltration of TAMs in vivo [68]. Fur-
thermore, SB225002 reduced proliferation of glioma cells and murine endothelial cells
in vitro [68] as well as chemokinesis and angiogenesis in a 3D spheroid-based in vitro
model with primary human brain endothelial cells [49] (Figure 3).

CXCR4 and CXCR?7 alongside other proangiogenic molecules are overexpressed in
GBM [52,55,64]. CXCR4-mediated angiogenesis in GBM has been the subject of investiga-
tion for almost two decades. CXCL12 and CXCR4 are upregulated by VEGF in vitro [145].
However, CXCL12 and CXCR4 themselves upregulate VEGF expression [39,146], which
creates an ongoing loop in the VEGF and CXCR4 signaling cascades in GBM. Furthermore,
it has been shown that CXCR4 expression is enriched in tip cells [98]. Several studies have
also shown that antiangiogenic treatment with bevacizumab and B20, both VEGF inhibitors,
as well as with VEGEFR inhibitors leads to an elevation of CXCL12 and CXCR4 in vitro
and in vivo in a GBM rat model as well as in a PDX mouse model [64,147]. Additionally,
CXCR4/CXCL12 are responsible for the homing of endothelial progenitor cells to the tumor
bed and thus for initiating vasculogenesis [39].

In an in vitro study with U87 glioblastoma cells, another important crosstalk was
evaluated. There, the activation of CXCR4 by CXCL12 led to the protein expression of IL-
8 [148]. Nordy, a chiral compound of nordihydroguaiaretic acid and lipoxygenase inhibitor,
significantly reduced tumor cell proliferation in vitro and tumor growth in an orthotopic
GBM mouse model [148]. Furthermore, Nordy also reduced protein and gene expression
of VEGF and IL-8 in vitro, whereas CXCR4 was only decreased on protein level [148].

Apart from its combined effect with the standard-of-care, NOX-A12 targeting CXCL12
exhibited antiangiogenic properties in a rat model [64]. There, combined therapy with
a VEGF inhibitor, bevacizumab or B20, led to reduced TAM recruitment and enhanced
antitumoral efficacy [64].
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Figure 3. Therapeutic interventions targeting the CXCR2 signaling pathway. (A) CXCR2 signaling has been shown

to be relevant for glioma invasion which was inhibited by treatment with an IL-8 antibody in vitro. (B) Proliferation

and tumor growth are reduced by anti-CXCR?2 treatment alone and in combination with anti-VEGFR treatment in vivo.

(C) Anti-CXCR?2 treatment also reduces angiogenesis in vitro and in vivo. (D) CXCR2 signaling leads to vascular mimicry

which is also induced by antiangiogenic treatment and can be inhibited by anti-CXCR2 treatment alone and in combination
with anti-VEGER treatment in vivo. AAT = antiangiogenic treatment with VEGF/VEGEFR pathway inhibitors. Created with
BioRender.com.

As mentioned above, AMD3100, a well-known CXCR4 inhibitor, reduced vessel den-
sity and tumor growth in both rat and mouse glioma models [94,149,150]. The effect of
AMD3100 in comparison to VEGF pathway inhibitors has been extensively researched
in preclinical in vivo models [94,149,150]. These studies have found that AMD3100 ex-
ceeded the classical AAT regarding tumor growth rate reduction [94,149-151], blood vessel
density [149,151] and other vasculogenic parameters [94,150,151]. Kioi et al. found that ra-
diotherapy, one of the pillars of the GBM standard-of-care therapy, triggers the recruitment
of BMDCs into the tumors [94]. There, BMDCs restored the radiation-damaged vascula-
ture mediated through the CXCR4/CXCL12 axis by interaction with HIF-1 [94]. Blocking
CXCR4 hindered BMDCs from migrating to the tumor after a single dose or fractionated
doses of irradiation, thus leading to tumor volume reduction by inhibiting tumor vascular-
ization [94]. In a GBM PDX mouse model, AMD3100 did not only reduce the recruitment
of bone marrow-derived endothelial cells, but also of CD68" myeloid cells, compared to
vatalinib [152]. It is not surprising that the remarkable success of AMD3100 was acceler-
ated by the combination with anti-VEGF/VEGEFR agents [147]. Furthermore, combining
anti-VEGF/VEGER treatment with AMD3100 led to an increased survival of tumor-bearing
mice compared to both single strategies and the control group [147]. An additional effect
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was also observed when pretreating PDX rats with WBIR two weeks prior to tumor cell
implantation or pretreatment with AMD3100 followed by anti-VEGFR2 treatment with
vatalinib [151]. Vatalinib increased tumor growth and vascular parameters [150,151] which
could be significantly reduced by pretreatment with WBIR and AMD3100 [151]. How-
ever, the results from a pilot clinical study that mainly enrolled high-grade glioma (HGG)
patients who did not receive surgical debulking were not promising [153]. Although the
combination of bevacizumab with AMD3100 was well-tolerated, PFS and OS were not
significantly improved compared to sole bevacizumab therapy [153,154]. Nevertheless,
these results must be interpreted cautiously as the study cohort was very diverse and the
information on prior treatments was not provided.

Other CXCR4 antagonists, for instance, PRX177561 and POL5551, have not been exten-
sively studied in combination with AAT. However, their efficacy seems to be comparable to
AMD3100. PRX177561 reduced tumor cell proliferation and migration and induced apopto-
sis in vitro [155]. Furthermore, OS of tumor-bearing mice was prolonged by PRX177561 in
an orthotopic mouse model [155]. Gravina et al. then investigated the effect of PRX177561
in combination with sunitinib, a multikinase inhibitor, and bevacizumab. Combining
PRX177561 with bevacizumab limited tumor growth and prolonged disease-free survival
and OS in subcutaneous and orthotopic xenografts [156]. Moreover, combined therapy
with POL5551 and B20-4.1.1, a VEGF antagonist, reduced glioma invasiveness and vascular
density compared to sole treatment with B20-4.1.1 in two individual orthotopic glioma
mouse models [157].

The combination of VEGF/VEGEFR pathway inhibitors with CXCL12/CXCR4 in-
hibitors showed promising results, making this therapeutic concept an interesting approach
that could increase patient survival. However, CXCR4 expression is variable. Therefore, as
demonstrated by Dono et al., it is essential to stratify patients according to their CXCR4
expression, as only a subgroup of patients would benefit from anti-CXCR4 therapy [89].

A very different approach was presented by Egorova et al. These authors devel-
oped a modular peptide “L1” which was labelled with a CXCR4 ligand to target CXCR4-
expressing tumor and endothelial cells [158]. Therefore, L1 did not directly interfere in the
CXCR4/CXCL12 axis. However, the authors utilized CXCR4 expression within gliomas
to target VEGF mediated angiogenesis. In their study, L1 carried a small interfering RNA
(siRNA) silencing VEGFA gene expression [158]. With this delivery system, VEGF expres-
sion in human GBM cells and human endothelial cells significantly decreased in vitro [158].
Furthermore, protein expression of VEGF as well as migration of endothelial cells were
significantly decreased in vitro [158].

It is known that CCL2 attracts TAMs [159] which release important proangiogenic
factors such as VEGE, CXCL2 and IL-8 [41,42,160]. We recently demonstrated that the
infiltration of TAMs was reduced by 30% in an immunocompetent CCR2 knockout mouse
model [48]. Additionally, TAMSs from tumor-bearing CCR2 knockout mice expressed a
reduced amount of Vegf, and the tumor vasculature was less leaky and more mature,
underlining the importance of CCR2 signaling in GBM angiogenesis [48]. Using the
CCL2 inhibitor mNOX-E36 in combination with bevacizumab, Cho et al. confirmed these
results by showing a distinct reduction of CD68* monocytes, proliferation and vessel
density in a GBM rat model [160]. Although the tumor volume increased in all the groups
with time, a significant tumor volume ratio and tumor-doubling time reduction in the
group with combined mNOX-E36 and bevacizumab were observed, compared to sole
bevacizumab treatment [160]. Furthermore, a survival study in immunocompetent mice
showed enhanced long-term survival of mice receiving the combination therapy with
mNOX-E36 and bevacizumab compared to bevacizumab alone [160].

2.4. Immunotherapeutic Approaches Involving Chemokine Signaling

Inflammatory stimuli are broadly mediated by the chemokine network. Chemokines
are involved in autoimmunity, allergy, chronic inflammatory disease and cancer [37]. Apart
from their protumoral, proangiogenic and proliferative functions in GBM, they also at-
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tract a variety of immune cells including Th1 cells, CD8" T cells, NK cells, granulocytes
and TAMs [34,37,39,64]. Among the immunotherapeutic approaches in preclinical and
clinical studies in GBM are peptide vaccines, dendritic cell (DC)-based vaccines, adop-
tive T cell therapy, checkpoint inhibitors and oncolytic virotherapy [22,23,161,162]. As
chemokines are involved in the tracking and migration of immune cells [34,37,39,64], they
contribute to the efficacy of these immunotherapeutic approaches. Nevertheless, GBM
is characterized by its highly immunosuppressive nature which has been described in
detail elsewhere [163,164]. In short, multiple factors contribute to the immune-privileged
environment of GBM, namely, the blood-brain barrier, the absence of classical lymphatic
vessels, immunosuppressive cells within the tumor microenvironment, e.g., regulatory T
cells, protumoral TAMs and immunosuppressive factors released by glioma cells [164].

Fighting tumors with genetically engineered immune cells has been a challenging task
in cancer research. A promising approach in cell-based tumor therapy is the use of chimeric
antigen receptor (CAR) T cells which, upon migration to the tumor, fight it by activating
multiple immunological responses [165]. However, major pitfalls of CAR T therapy in GBM
are, the immunosuppressive tumor microenvironment and tumor heterogeneity, as well as
the lack of migration and persistence of these cells within the tumor [166]. IL-8 exerts its
functions through CXCR2, but also through CXCR1 [39]. As high levels of IL-8 are to be
expected within the GBM tumor microenvironment, Jin et al. designed CAR T cells with
both CXCR1 and CXCR2 receptors [166]. In their U87 glioma mouse model, CAR T cells
with both CXCR1 and CXCR2 showed enhanced migration to the tumor and decreased
tumor growth compared to the control groups [166]. Moreover, OS of tumor-bearing mice
was significantly improved under therapy with CAR T CXCR1 and CXCR2 [166].

CXCR3 is a pivotal receptor in neuroinflammatory and neurodegenerative
diseases [37,39,167]. Among its various functions are regulation and activation of in-
filtrating and resident immune cells in the brain [34,37,167,168]. The expression of CXCR3
ligands CXCL9/CXCL10/CXC11 and CXCL4 is induced by interferons. However, these
chemokines then recruit CXCR3-expressing Th1 cells and NK cells which, upon stimulation,
produce more interferons, specifically, interferon-y, thus creating an ongoing loop [39].
Blocking CXCR3 with NBI-74330 in tumor-bearing wildtype and Cxcr3ko mice prolonged
the median survival of both groups but had no impact on tumor-infiltrating microglia and
lymphocytes [169]. Standard anti-inflammatory drugs are mostly cyclooxygenase-2 (COX-
2) inhibitors that block the production of prostaglandin E2 (PGE2). As PGE2 induces the
expansion of myeloid-derived suppressor cells which promote gliomagenesis, Fujita et al.
hypothesized blocking COX-2 would suppress glioma development [170]. COX-2 inhibi-
tion resulted in CCL2 reduction and upregulation of CXCL10 [170,171]. Furthermore, the
tumors were infiltrated by a higher amount of antitumoral CD8* cytotoxic T lymphocytes,
while the number of tumor-promoting MDSCs was decreased [170]. Additional blocking
of CD40 further prolonged survival of tumor-bearing mice [171]. As described above,
GBM is characterized by its immunosuppressive microenvironment [163,164]. Further-
more, Chongsathidkiet et al. discovered a mechanism that hinders T cells from infiltrating
GBM tumors [172]. As CTLs exert many antitumoral functions, higher infiltration of these
specific T cells is anticipated [163]. In another study, utilizing a GSC-bearing malignant
glioma mouse model, Shono et al. demonstrated a dose-dependent antitumoral effect of
COX-2 inhibition that, in contrast to the results obtained by Fujita et al. and Kosaka et al.,
resulted in a reduction of CCL2, CXCL10 and CXCR3 [173]. Furthermore, COX-2 inhibition
led to NF-«B signaling-dependent downregulation of CCL2 and CXCR3, but not of CCR2 or
CXCL10 [173]. Moreover, viability of GSC was decreased following silencing of CCL2 [173].
These findings are somewhat controversial. All three studies analyzed CXCL10 expression
on gene expression levels; however, the used mouse models were different [170,171,173].
While all the studies used C57BL/6 mice, tumor induction or inoculation, respectively,
differed. Fujita et al. induced gliomas by DNA transfection of protooncogenes, while
Kosaka et al. inoculated GL261 cells and Shono et al. inoculated a GSC line into the mouse
brains [170,171,173]. Another important factor is that none of the studies differentiated
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between CXCR3-A- and CXCR-B-mediated processes, which are known to have opposite
functions in GBM [80-82,87].

Alternative approaches are cell-based therapies and vaccinations. Over a decade ago,
Fujita et al. demonstrated the relevance of CXCL10 for DC-based vaccines in GBM [174].
In their study, intramuscular application of DC vaccines loaded with a glioma-associated
antigen (GAA) suppressed intratumoral regulatory T cells and induced antigen-specific
antitumoral CTLs [174]. Suppression of intratumoral Tregs is beneficial as Tregs within
the GBM microenvironment often exert tumor-supporting functions and thus contribute
to GBM progression as described in detail by Wang et al. [163]. The DC vaccine led to
prolonged survival of glioma-bearing mice, which was further enhanced by intratumoral
injection of the vaccine [174]. However, the vaccine did not exert an antitumoral effect
using CXCL10ko DCs, thus underlining the importance of CXCL10 in vaccine efficacy [174].
In the same year, Jiang et al. combined glioma lysate-pulsed DCs with CXCL10 in a glioma
mouse model [175]. This combination was injected into the tumor, resulting in enhanced
antitumoral activity via upregulation of apoptotic tumor cells, decreased proliferation and
neovascularization as well as an increase in CTLs [175]. Therefore, it is not surprising that
numerous cell-based vaccines were developed in the past years. Comprehensive reviews
on dendritic cell vaccines in clinical phase I, I and III studies were recently published by
Srivastava et al. [176] and Yan et al. [177]. Another study using a recombinant parvovirus
vaccine to deliver CXCL10 and TNF-«, showed a synergic antitumoral effect of both
proinflammatory molecules in a GBM mouse model [168].

De Waele et al. proposed a combination of poly(Il:C), a synthetic analog of double-
stranded RNA and inducer of interferons, with PD-L1 blockade [178]. Anti-PD-L1/PD-1
treatment showed major treatment advances in several human tumors [179]. However,
phase III clinical studies of anti-PD-1 monotherapy failed to prolong OS of GBM pa-
tients [180] (CheckMate 498; ClinicalTrials.gov identifier NCT02617589). Treatment of
glioblastoma cells with poly(I:C) led to enhanced attraction of CTL and, to a lesser extent,
of Th cells via CXCR3 and CCRS5 signaling by inducing a proinflammatory secretome
in vitro [178]. Combined treatment with poly(I:C) and anti-PD-L1 reinforced immune
activation in primary GBM cells [178].

It has been demonstrated that NK cells infiltrate gliomas to a lesser extent than
other leukocytes under normal circumstances [181]. Miiller et al. developed genetically
engineered NK cells expressing a chimeric antigen receptor (CAR) targeting EGFRvIII*
glioblastoma cells. Infusion of these modified NK cells hindered tumor growth and
increased the median survival of subcutaneous tumor xenografts in mice [182]. Due to
the promising results, investigators added CXCR4 to the genetically engineered EGFRvIII-
specific NKs, thus aiming to target CXCL12-expressing cells. Upon administration of
EGFRVIII-CXCR4-specific NKs, tumor reduction and improved OS were achieved, which
significantly exceeded the effect of only EGFRvIII-specific NKs [182]. Other immune
cells are predominantly found in GBM, e.g., TAMs, which make up about half of the
cellular components in GBM [14,127]. Therefore, targeting myeloid cells with anti-CXCR4
treatment is a reasonable concept. The combination of anti-CXCR4 with anti-PD-1, a well-
known checkpoint inhibitor, showed promising results [183]. There, animals receiving
the combination therapy had a survival benefit compared to the monotherapy arms and,
additionally, had a lower number of immunosuppressive infiltrating leukocytes [183].
Furthermore, the combination of anti-CXCR4 and anti-PD-1 led to a significant decrease
in the CD4"/CD8" ratio and additionally increased levels of circulating inflammatory
antitumoral cytokines [183]. Both immunotherapeutic approaches seem to be promising
novel therapies that should be investigated in detail.

CCR2/CCL2 signaling is known for its proangiogenic and proinflammatory proper-
ties. CCL2 recruits regulatory T cells [184,185], NK cells [186] and monocytes, including
TAMs [159,187]. However, CCR2 splice variant A can also be found in the cytoplasm of
neoplastic cells [188]. Interestingly, Tregs isolated from GBM patients expressed higher
levels of CCL2 and its alternative receptor CCR4 than Tregs from healthy controls [184].
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CCR2/CCL2 signaling is responsible for the infiltration of both TAMs and Tregs, which of-
ten promote immunosuppressive functions facilitating tumor growth [185,189,190]. There-
fore, the CCR2/CCL2 axis serves as a viable target for immunotherapies in GBM treatment.
Vasco et al. showed that Tregs isolated from GBM patient blood samples migrate towards
the GBM cell-conditioned medium in vitro [191]. Compared to the standard medium,
Treg migration was significantly increased. Adding a CCL2 antibody to the conditioned
medium blocked the migration of Tregs. Later, Panek et al. confirmed the importance
of CCR2 signaling in Treg migration [185] and additionally showed that an autologous
platelet-rich fibrin patch (PRF-P) suppressed the recruitment of Tregs to tumor-bearing
mice [185]. This effect can be explained by increased secretion of the soluble CD40 ligand
(sCD40L) by thrombocytes, as blocking sCD40L led to unaltered migration of Tregs [185].
Blocking CCL2 in vitro potentiated the inhibitory effect of PRF-P on Tregs in coculture
with GL261 cells [185]. As demonstrated by our group, Ccr2 knockdown led to a decreased
number of TAMs in a GL261 mouse model [48]. Dexamethasone, commonly used to de-
crease the tumor-surrounding edema, has been shown to alter systemic immunity and
especially specific monocyte phenotypes in GBM patients [192]. In a retrospective study
of GBM patients accompanied by intravital imaging of tumor-bearing mice, Alieva et al.
showed that biopsy-like injuries induce migration and proliferation in GBM. This effect is
mediated through CCL2-dependent recruitment of macrophages and can be inhibited by
the administration of dexamethasone [193]. Furthermore, dexamethasone treatment prior
to biopsy hindered biopsy-induced tumor progression in GBM patients with multifocal
tumors [193]. A novel approach is the combination of CCR2 blockade with anti-PD-1
checkpoint inhibitors. As described above, MDSCs are known to manipulate the tumor
microenvironment and facilitate tumor growth. CCR2 signaling is believed to play an
important role in this process [194]. Combining CCR2 blockade (CCX872) with anti-PD-1
treatment significantly enhanced survival of tumor-bearing mice and reduced MDSCs
within the tumor while the fraction of functional T cells was increased [194] (Figure 4).

The less investigated CXCR6/CXCL16 signaling pathway has recently shown to be
a feasible target in GBM treatment. While CXCL16 is widely expressed by glioma and
glioma stromal cells in vitro and in situ, CXCR6 has been shown to likely be restricted to
highly proliferative glioma stem cells [54,195]. Via CXCR6, CXCL16 induced migration and
invasion of glial precursor cells in vitro [196]. Lepore et al. confirmed these findings and
showed that CXCR6 signaling, mediated by CXCL16, led to tumor cell growth, invasion
and migration in vitro and in vivo [66]. In their study, CXCL16, released by glioma cells,
drove TAMs towards an anti-inflammatory and thus protumoral phenotype in vitro [66].
However, Hattermann et al. showed that freshly isolated TAMs from GBM tissues express
both M1- and M2-specific markers [197]. In their orthotopic GBM mouse model, Lepore
et al. compared Cxcr6 knockout (Cxcr6ko) mice to wildtype mice and found that Cxcr6ko
mice had a distinct prolonged survival [66].
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Figure 4. Therapeutic interventions targeting the CCR2 signaling pathway. (A) Inhibition of CCR2 signaling alone and
in combination with other immunotherapies reduces the recruitment of immune cells to the tumor. (B) Polarization of
immune cells is dependent on CCR2 signaling. When CCR2 is blocked, TAMs exhibit an antitumoral (M1) phenotype,
and tumors are infiltrated by more functional T helper (Th) cells in vivo. (C) Proliferation and tumor growth decrease
after administration of anti-CCR2 treatment with bevacizumab or other immunotherapies. Dexamethasone also decreases
proliferation and tumor growth mediated by CCL2 in vivo. (D) Angiogenesis is hindered by combined treatment with a
CCR2 inhibitor and bevacizumab in vivo. Additionally, blocking CCR2 leads to reduced TAM infiltration within the tumor.

Ab = antibody; bev = bevacizumab; PRF-P = platelet-rich fibrin patch. Created with BioRender.com.

3. Conclusions

The chemokine network is a crucial part of the tumor microenvironment in GBM,

and chemokine signaling is involved in many tumor-promoting processes. Furthermore,
targeting chemokine signaling is a novel therapeutic approach that has shown promising
results in preclinical studies in vitro and in vivo. Nevertheless, to date, only agents target-
ing CXCR4/CXCR7/CXCL12 signaling have been evaluated in clinical studies, showing
encouraging results. Thus, based on the promising preclinical studies, new chemokine-
targeting therapies should be evaluated in clinical trials, assessing treatment efficacy, PFS
and patient OS. As we have learned from previous studies, combining targeted therapies
with the standard-of-care, established antiangiogenic treatment or immunotherapeutic
approaches should be considered as most effective. These combined therapies could help
improve patient OS and overcome therapy resistance in GBM treatment.



Cancers 2021, 13, 2983 17 of 25

Author Contributions: Conceptualization, R.M.U. and S.B.; writing—original draft preparation,
R.M.U.; writing—review and editing, S.B. and P.V,; visualization, R.M.U. and S.B. All authors have
read and agreed to the published version of the manuscript.

Funding: Ruth Maria Urbantat received a doctoral scholarship from Berliner Krebsgesellschaft (BKG).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge the support from the Open Access Publication Fund of
Charité—Universititsmedizin Berlin, funded by the German Research Foundation (DFG). We would
like to thank Rob Hodson for proofreading the manuscript.

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

References

1.

10.
11.

12.

13.

14.

15.
16.

17.

18.

19.

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]

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

Brodbelt, A.; Greenberg, D.; Winters, T.; Williams, M.; Vernon, S.; Collins, V.P.; National Cancer Information Network Brain
Tumour, G. Glioblastoma in England: 2007-2011. Eur. ]. Cancer 2015, 51, 533-542. [CrossRef]

Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, WK.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803-820. [CrossRef] [PubMed]

Binabaj, M.M.; Bahrami, A.; ShahidSales, S.; Joodi, M.; Joudi Mashhad, M.; Hassanian, S.M.; Anvari, K.; Avan, A. The prognostic
value of MGMT promoter methylation in glioblastoma: A meta-analysis of clinical trials. J. Cell. Physiol. 2018, 233, 378-386.
[CrossRef] [PubMed]

Fan, C.H.; Liu, W.L.; Cao, H.; Wen, C.; Chen, L; Jiang, G. O6-methylguanine DNA methyltransferase as a promising target for the
treatment of temozolomide-resistant gliomas. Cell Death Dis. 2013, 4, e876. [CrossRef] [PubMed]

Bohn, A.; Braley, A.; Rodriguez de la Vega, P.; Zevallos, ].C.; Barengo, N.C. The association between race and survival in
glioblastoma patients in the US: A retrospective cohort study. PLoS ONE 2018, 13, e0198581. [CrossRef] [PubMed]

Ahir, BK,; Engelhard, H.H.; Lakka, S.S. Tumor Development and Angiogenesis in Adult Brain Tumor: Glioblastoma. Mol.
Neurobiol. 2020, 57, 2461-2478. [CrossRef] [PubMed]

Takano, S.; Yamashita, T.; Ohneda, O. Molecular therapeutic targets for glioma angiogenesis. J. Oncol. 2010, 2010, 351908.
[CrossRef] [PubMed]

Wen, PY.; Kesari, S. Malignant gliomas in adults. N. Engl. ]. Med. 2008, 359, 492-507. [CrossRef] [PubMed]

Norden, A.D.; Drappatz, J.; Wen, P.Y. Antiangiogenic therapy in malignant gliomas. Curr. Opin. Oncol. 2008, 20, 652-661.
[CrossRef] [PubMed]

Shibuya, M. Vascular Endothelial Growth Factor (VEGF) and Its Receptor (VEGFR) Signaling in Angiogenesis: A Crucial Target
for Anti- and Pro-Angiogenic Therapies. Genes Cancer 2011, 2, 1097-1105. [CrossRef] [PubMed]

Roggendorf, W.; Strupp, S.; Paulus, W. Distribution and characterization of microglia/macrophages in human brain tumors. Acta
Neuropathol. 1996, 92, 288-293. [CrossRef]

Hambardzumyan, D.; Gutmann, D.H.; Kettenmann, H. The role of microglia and macrophages in glioma maintenance and
progression. Nat. Neurosci. 2016, 19, 20-27. [CrossRef] [PubMed]

Zhai, H.; Heppner, FL.; Tsirka, S.E. Microglia/macrophages promote glioma progression. Glia 2011, 59, 472-485. [CrossRef]
Ellert-Miklaszewska, A.; Dabrowski, M.; Lipko, M.; Sliwa, M.; Maleszewska, M.; Kaminska, B. Molecular definition of the
pro-tumorigenic phenotype of glioma-activated microglia. Glia 2013, 61, 1178-1190. [CrossRef] [PubMed]

Galarneau, H.; Villeneuve, J.; Gowing, G.; Julien, J.P; Vallieres, L. Increased glioma growth in mice depleted of macrophages.
Cancer Res. 2007, 67, 8874-8881. [CrossRef] [PubMed]

Szulzewsky, E; Arora, S.; de Witte, L.; Ulas, T.; Markovic, D.; Schultze, J.L.; Holland, E.C.; Synowitz, M.; Wolf, S.A.; Kettenmann,
H. Human glioblastoma-associated microglia/monocytes express a distinct RNA profile compared to human control and murine
samples. Glia 2016, 64, 1416-1436. [CrossRef]

Szulzewsky, E; Pelz, A.; Feng, X.; Synowitz, M.; Markovic, D.; Langmann, T.; Holtman, L.R.; Wang, X.; Eggen, B.].; Boddeke, HW.,;
et al. Glioma-associated microglia/macrophages display an expression profile different from M1 and M2 polarization and highly
express Gpnmb and Sppl. PLoS ONE 2015, 10, e0116644. [CrossRef]


http://doi.org/10.1093/neuonc/noz150
http://doi.org/10.1056/NEJMoa043330
http://doi.org/10.1016/j.ejca.2014.12.014
http://doi.org/10.1007/s00401-016-1545-1
http://www.ncbi.nlm.nih.gov/pubmed/27157931
http://doi.org/10.1002/jcp.25896
http://www.ncbi.nlm.nih.gov/pubmed/28266716
http://doi.org/10.1038/cddis.2013.388
http://www.ncbi.nlm.nih.gov/pubmed/24157870
http://doi.org/10.1371/journal.pone.0198581
http://www.ncbi.nlm.nih.gov/pubmed/29927955
http://doi.org/10.1007/s12035-020-01892-8
http://www.ncbi.nlm.nih.gov/pubmed/32152825
http://doi.org/10.1155/2010/351908
http://www.ncbi.nlm.nih.gov/pubmed/20414463
http://doi.org/10.1056/NEJMra0708126
http://www.ncbi.nlm.nih.gov/pubmed/18669428
http://doi.org/10.1097/CCO.0b013e32831186ba
http://www.ncbi.nlm.nih.gov/pubmed/18841047
http://doi.org/10.1177/1947601911423031
http://www.ncbi.nlm.nih.gov/pubmed/22866201
http://doi.org/10.1007/s004010050520
http://doi.org/10.1038/nn.4185
http://www.ncbi.nlm.nih.gov/pubmed/26713745
http://doi.org/10.1002/glia.21117
http://doi.org/10.1002/glia.22510
http://www.ncbi.nlm.nih.gov/pubmed/23650109
http://doi.org/10.1158/0008-5472.CAN-07-0177
http://www.ncbi.nlm.nih.gov/pubmed/17875729
http://doi.org/10.1002/glia.23014
http://doi.org/10.1371/journal.pone.0116644

Cancers 2021, 13, 2983 18 of 25

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

43.

44.

Brandenburg, S.; Turkowski, K.; Mueller, A.; Radev, Y.T.; Seidlitz, S.; Vajkoczy, P. Myeloid cells expressing high level of CD45 are
associated with a distinct activated phenotype in glioma. Immunol. Res. 2017, 65, 757-768. [CrossRef]

Fanelli, G.N.; Grassini, D.; Ortenzi, V.; Pasqualetti, F.; Montemurro, N.; Perrini, P.; Naccarato, A.G.; Scatena, C. Decipher the
Glioblastoma Microenvironment: The First Milestone for New Groundbreaking Therapeutic Strategies. Genes 2021, 12, 445.
[CrossRef]

Huang, B.; Li, X.; Li, Y;; Zhang, ].; Zong, Z.; Zhang, H. Current Inmunotherapies for Glioblastoma Multiforme. Front. Immunol.
2020, 11, 603911. [CrossRef]

Sampson, J.H.; Maus, M.V,; June, C.H. Immunotherapy for Brain Tumors. J. Clin. Oncol. 2017, 35, 2450-2456. [CrossRef]

Pombo Antunes, A.R.; Scheyltjens, I.; Duerinck, J.; Neyns, B.; Movahedi, K.; Van Ginderachter, J.A. Understanding the glioblas-
toma immune microenvironment as basis for the development of new immunotherapeutic strategies. Elife 2020, 9. [CrossRef]
Yi, Y.; Hsieh, 1.Y.; Huang, X.; Li, J.; Zhao, W. Glioblastoma Stem-Like Cells: Characteristics, Microenvironment, and Therapy.
Front. Pharmacol. 2016, 7, 477. [CrossRef]

Iwadate, Y. Plasticity in Glioma Stem Cell Phenotype and Its Therapeutic Implication. Neurol. Med. Chir. 2018, 58, 61-70.
[CrossRef]

Koso, H.; Takeda, H.; Yew, C.C.; Ward, ].M.; Nariai, N.; Ueno, K.; Nagasaki, M.; Watanabe, S.; Rust, A.G.; Adams, D.J.; et al.
Transposon mutagenesis identifies genes that transform neural stem cells into glioma-initiating cells. Proc. Natl. Acad. Sci. USA
2012, 109, E2998-E3007. [CrossRef] [PubMed]

Wang, Z.; Zhang, H.; Xu, S.; Liu, Z.; Cheng, Q. The adaptive transition of glioblastoma stem cells and its implications on
treatments. Signal Transduct. Target. Ther. 2021, 6, 124. [CrossRef] [PubMed]

Chinot, O.L.; Wick, W.; Mason, W.; Henriksson, R.; Saran, F; Nishikawa, R.; Carpentier, A.F,; Hoang-Xuan, K.; Kavan, P.; Cernea,
D.; et al. Bevacizumab plus radiotherapy-temozolomide for newly diagnosed glioblastoma. N. Engl. ]. Med. 2014, 370, 709-722.
[CrossRef] [PubMed]

Herrlinger, U.; Schafer, N.; Steinbach, ].P.; Weyerbrock, A.; Hau, P.; Goldbrunner, R.; Friedrich, F.; Rohde, V.; Ringel, E; Schlegel,
U.; et al. Bevacizumab Plus Irinotecan Versus Temozolomide in Newly Diagnosed O6-Methylguanine-DNA Methyltransferase
Nonmethylated Glioblastoma: The Randomized GLARIUS Trial. J. Clin. Oncol. 2016, 34, 1611-1619. [CrossRef]

Soffietti, R.; Trevisan, E.; Bertero, L.; Bosa, C.; Ruda, R. Anti-angiogenic approaches to malignant gliomas. Curr. Cancer Drug
Targets 2012, 12, 279-288. [CrossRef] [PubMed]

Stupp, R.; Taillibert, S.; Kanner, A.; Read, W.; Steinberg, D.; Lhermitte, B.; Toms, S.; Idbaih, A.; Ahluwalia, M.S.; Fink, K.; et al.
Effect of Tumor-Treating Fields Plus Maintenance Temozolomide vs Maintenance Temozolomide Alone on Survival in Patients
With Glioblastoma: A Randomized Clinical Trial. JAMA 2017, 318, 2306-2316. [CrossRef] [PubMed]

Cloughesy, T.F.; Mochizuki, A.Y.; Orpilla, J.R.; Hugo, W.; Lee, A.H.; Davidson, T.B.; Wang, A.C.; Ellingson, B.M.; Rytlewski,
J.A.; Sanders, C.M.; et al. Neoadjuvant anti-PD-1 immunotherapy promotes a survival benefit with intratumoral and systemic
immune responses in recurrent glioblastoma. Nat. Med. 2019, 25, 477-486. [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]

Zlotnik, A.; Yoshie, O.; Nomiyama, H. The chemokine and chemokine receptor superfamilies and their molecular evolution.
Genome Biol. 2006, 7, 243. [CrossRef] [PubMed]

Charo, I.E; Ransohoff, R.M. The many roles of chemokines and chemokine receptors in inflammation. N. Engl. . Med. 2006, 354,
610-621. [CrossRef]

Hughes, C.E.; Nibbs, R.J.B. A guide to chemokines and their receptors. FEBS ]. 2018, 285, 2944-2971. [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]

Groblewska, M.; Litman-Zawadzka, A.; Mroczko, B. The Role of Selected Chemokines and Their Receptors in the Development
of Gliomas. Int. |. Mol. Sci 2020, 21, 704. [CrossRef]

Huynh, C.; Dingemanse, J.; Meyer Zu Schwabedissen, H.E.; Sidharta, P.N. Relevance of the CXCR4/CXCR7-CXCL12 axis and its
effect in pathophysiological conditions. Pharmacol. Res. 2020, 161, 105092. [CrossRef]

Brandenburg, S.; Muller, A.; Turkowski, K.; Radev, Y.T.; Rot, S.; Schmidt, C.; Bungert, A.D.; Acker, G.; Schorr, A.; Hippe, A.; et al.
Resident microglia rather than peripheral macrophages promote vascularization in brain tumors and are source of alternative
pro-angiogenic factors. Acta Neuropathol. 2016, 131, 365-378. [CrossRef]

Blank, A.; Kremenetskaia, I.; Urbantat, R.M.; Acker, G.; Turkowski, K.; Radke, J.; Schneider, U.C.; Vajkoczy, P.; Brandenburg, S.
Microglia/macrophages express alternative proangiogenic factors depending on granulocyte content in human glioblastoma. J.
Pathol. 2020, 253, 160-173. [CrossRef] [PubMed]

Hillyer, P.; Mordelet, E.; Flynn, G.; Male, D. Chemokines, chemokine receptors and adhesion molecules on different human
endothelia: Discriminating the tissue-specific functions that affect leucocyte migration. Clin. Exp. Immunol. 2003, 134, 431-441.
[CrossRef] [PubMed]

Subileau, E.A.; Rezaie, P.; Davies, H.A.; Colyer, EM.; Greenwood, J.; Male, D.K.; Romero, I.A. Expression of chemokines and
their receptors by human brain endothelium: Implications for multiple sclerosis. J. Neuropathol. Exp. Neurol. 2009, 68, 227-240.
[CrossRef] [PubMed]


http://doi.org/10.1007/s12026-017-8915-1
http://doi.org/10.3390/genes12030445
http://doi.org/10.3389/fimmu.2020.603911
http://doi.org/10.1200/JCO.2017.72.8089
http://doi.org/10.7554/eLife.52176
http://doi.org/10.3389/fphar.2016.00477
http://doi.org/10.2176/nmc.ra.2017-0089
http://doi.org/10.1073/pnas.1215899109
http://www.ncbi.nlm.nih.gov/pubmed/23045694
http://doi.org/10.1038/s41392-021-00491-w
http://www.ncbi.nlm.nih.gov/pubmed/33753720
http://doi.org/10.1056/NEJMoa1308345
http://www.ncbi.nlm.nih.gov/pubmed/24552318
http://doi.org/10.1200/JCO.2015.63.4691
http://doi.org/10.2174/156800912799277584
http://www.ncbi.nlm.nih.gov/pubmed/22229250
http://doi.org/10.1001/jama.2017.18718
http://www.ncbi.nlm.nih.gov/pubmed/29260225
http://doi.org/10.1038/s41591-018-0337-7
http://www.ncbi.nlm.nih.gov/pubmed/30742122
http://doi.org/10.1038/nri.2017.49
http://doi.org/10.1186/gb-2006-7-12-243
http://www.ncbi.nlm.nih.gov/pubmed/17201934
http://doi.org/10.1056/NEJMra052723
http://doi.org/10.1111/febs.14466
http://doi.org/10.1146/annurev-immunol-032713-120145
http://doi.org/10.3390/ijms21103704
http://doi.org/10.1016/j.phrs.2020.105092
http://doi.org/10.1007/s00401-015-1529-6
http://doi.org/10.1002/path.5569
http://www.ncbi.nlm.nih.gov/pubmed/33044746
http://doi.org/10.1111/j.1365-2249.2003.02323.x
http://www.ncbi.nlm.nih.gov/pubmed/14632748
http://doi.org/10.1097/NEN.0b013e318197eca7
http://www.ncbi.nlm.nih.gov/pubmed/19225413

Cancers 2021, 13, 2983 19 of 25

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Sharma, L; Singh, A.; Siraj, E; Saxena, S. IL-8/CXCR1/2 signalling promotes tumor cell proliferation, invasion and vascular
mimicry in glioblastoma. J. Biomed. Sci. 2018, 25, 62. [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/CXCR2 signaling regulates therapy-induced plasticity and enhances tumorigenicity in glioblastoma. Cell Death Dis.
2019, 10, 292. [CrossRef]

Bruyere, C.; Mijatovic, T.; Lonez, C.; Spiegl-Kreinecker, S.; Berger, W.; Kast, R.E.; Ruysschaert, ].M.; Kiss, R.; Lefranc, F.
Temozolomide-induced modification of the CXC chemokine network in experimental gliomas. Int. ]. Oncol. 2011, 38, 1453-1464.
[CrossRef] [PubMed]

Felsenstein, M.; Blank, A.; Bungert, A.D.; Mueller, A.; Ghori, A.; Kremenetskaia, I.; Rung, O.; Broggini, T.; Turkowski, K.; Scherschinski,
L.; et al. CCR2 of Tumor Microenvironmental Cells Is a Relevant Modulator of Glioma Biology. Cancers 2020, 12, 1882. [CrossRef]
Urbantat, R.M.; Blank, A.; Kremenetskaia, I.; Vajkoczy, P.; Acker, G.; Brandenburg, S. The CXCL2/IL8/CXCR2 Pathway Is
Relevant for Brain Tumor Malignancy and Endothelial Cell Function. Int. . Mol. Sci. 2021, 22, 2634. [CrossRef]

Angara, K; Borin, TE; 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] [PubMed]

Pu, Y; Li, S.; Zhang, C.; Bao, Z.; Yang, Z.; Sun, L. High expression of CXCR3 is an independent prognostic factor in glioblastoma
patients that promotes an invasive phenotype. |. Neurooncol. 2015, 122, 43-51. [CrossRef] [PubMed]

Huizer, K.; Sacchetti, A.; Swagemakers, S.; van der Spek, PJ.; Dik, W.; Mustafa, D.A.; Kros, ] M. Circulating angiogenic cells
in glioblastoma: Toward defining crucial functional differences in CAC-induced neoplastic versus reactive neovascularization.
Neuro-Oncol. Adv. 2020, 2, vdaa040. [CrossRef] [PubMed]

Chien, Y.C; Chen, ].N.; Chen, Y.H.; Chou, R.H.; Lee, H.C.; Yu, Y.L. Epigenetic Silencing of miR-9 Promotes Migration and Invasion
by EZH2 in Glioblastoma Cells. Cancers 2020, 12, 1781. [CrossRef] [PubMed]

Hattermann, K.; Held-Feindt, J.; Ludwig, A.; Mentlein, R. The CXCL16-CXCR6 chemokine axis in glial tumors. J. Neuroimmunol.
2013, 260, 47-54. [CrossRef]

Salazar, N.; Carlson, ].C.; Huang, K.; Zheng, Y.; Oderup, C.; Gross, J.; Jang, A.D.; Burke, TM.; Lewen, 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]

Hattermann, K.; Held-Feindyt, J.; Lucius, R.; Muerkoster, S.S.; Penfold, M.E.; Schall, T.].; Mentlein, R. The chemokine receptor
CXCRY is highly expressed in human glioma cells and mediates antiapoptotic effects. Cancer Res. 2010, 70, 3299-3308. [CrossRef]
[PubMed]

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

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]

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. |.
Cancer 2010, 46, 3383-3392. [CrossRef]

Sharma, I; Singh, A.; Sharma, K.; Saxena, S. Gene Expression Profiling of Chemokines and Their Receptors in Low and High
Grade Astrocytoma. Asian Pac. |. Cancer Prev. 2017, 18, 1307-1313. [CrossRef]

Raychaudhuri, B.; Vogelbaum, M.A. IL-8 is a mediator of NF-kappaB induced invasion by gliomas. J. Neurooncol. 2011, 101,
227-235. [CrossRef] [PubMed]

Addison, C.L.; Daniel, T.O.; Burdick, M.D.; Liu, H.; Ehlert, J.E.; Xue, Y.Y.; Buechi, L.; Walz, A.; Richmond, A.; Strieter, R M. The
CXC chemokine receptor 2, CXCR2, is the putative receptor for ELR+ CXC chemokine-induced angiogenic activity. J. Immunol.
2000, 165, 5269-5277. [CrossRef]

Murdoch, C.; Monk, PN.; Finn, A. Cxc chemokine receptor expression on human endothelial cells. Cytokine 1999, 11, 704-712.
[CrossRef] [PubMed]

Deng, L.; Stafford, J.H.; Liu, S.C.; Chernikova, S.B.; Merchant, M.; Recht, L.; Martin Brown, ]. SDF-1 Blockade Enhances Anti-VEGF
Therapy of Glioblastoma and Can Be Monitored by MRI. Neoplasia 2017, 19, 1-7. [CrossRef]

Laudati, E.; Curro, D.; Navarra, P; Lisi, L. Blockade of CCR5 receptor prevents M2 microglia phenotype in a microglia-glioma
paradigm. Neurochem. Int. 2017, 108, 100-108. [CrossRef]

Lepore, F; D’Alessandro, G.; Antonangeli, F; Santoro, A.; Esposito, V.; Limatola, C.; Trettel, . CXCL16/CXCR6 Axis Drives
Microglia/Macrophages Phenotype in Physiological Conditions and Plays a Crucial Role in Glioma. Front. Immunol. 2018, 9, 2750.
[CrossRef] [PubMed]

Yang, L.; Liu, Z.; Wu, R.; Yao, Q.; Gu, Z.; Liu, M. 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]

Acker, G.; Zollfrank, J.; Jelgersma, C.; Nieminen-Kelha, M.; Kremenetskaia, I.; Mueller, S.; Ghori, A.; Vajkoczy, P.; Brandenburg, S.
The CXCR2/CXCL2 signalling pathway—An alternative therapeutic approach in high-grade glioma. Eur. ]. Cancer 2020, 126,
106-115. [CrossRef]


http://doi.org/10.1186/s12929-018-0464-y
http://doi.org/10.1038/s41419-019-1387-6
http://doi.org/10.3892/ijo.2011.964
http://www.ncbi.nlm.nih.gov/pubmed/21399866
http://doi.org/10.3390/cancers12071882
http://doi.org/10.3390/ijms22052634
http://doi.org/10.1016/j.neo.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30236892
http://doi.org/10.1007/s11060-014-1692-y
http://www.ncbi.nlm.nih.gov/pubmed/25527046
http://doi.org/10.1093/noajnl/vdaa040
http://www.ncbi.nlm.nih.gov/pubmed/32642695
http://doi.org/10.3390/cancers12071781
http://www.ncbi.nlm.nih.gov/pubmed/32635336
http://doi.org/10.1016/j.jneuroim.2013.04.006
http://doi.org/10.1016/j.ymthe.2018.02.030
http://doi.org/10.1158/0008-5472.CAN-09-3642
http://www.ncbi.nlm.nih.gov/pubmed/20388803
http://doi.org/10.3390/ijms21124199
http://doi.org/10.1093/abbs/gmv095
http://doi.org/10.1016/j.ejca.2010.07.022
http://doi.org/10.22034/apjcp.2017.18.5.1307
http://doi.org/10.1007/s11060-010-0261-2
http://www.ncbi.nlm.nih.gov/pubmed/20577780
http://doi.org/10.4049/jimmunol.165.9.5269
http://doi.org/10.1006/cyto.1998.0465
http://www.ncbi.nlm.nih.gov/pubmed/10479407
http://doi.org/10.1016/j.neo.2016.11.010
http://doi.org/10.1016/j.neuint.2017.03.002
http://doi.org/10.3389/fimmu.2018.02750
http://www.ncbi.nlm.nih.gov/pubmed/30542347
http://doi.org/10.2147/OTT.S91626
http://doi.org/10.1016/j.ejca.2019.12.005

Cancers 2021, 13, 2983 20 of 25

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Brat, D.J.; Bellail, A.C.; Van Meir, E.G. The role of interleukin-8 and its receptors in gliomagenesis and tumoral angiogenesis.
Neuro-Oncology 2005, 7, 122-133. [CrossRef] [PubMed]

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]
Ding, D.C.; Shyu, W.C,; Lin, S.Z. Mesenchymal stem cells. Cell Transplant. 2011, 20, 5-14. [CrossRef] [PubMed]

Markov, A.; Thangavelu, L.; Aravindhan, S.; Zekiy, A.O.; Jarahian, M.; Chartrand, M.S.; Pathak, Y.; Marofi, F.; Shamlou, S.;
Hassanzadeh, A. Mesenchymal stem/stromal cells as a valuable source for the treatment of immune-mediated disorders. Stem
Cell Res. Ther. 2021, 12, 192. [CrossRef]

Yagi, H.; Kitagawa, Y. The role of mesenchymal stem cells in cancer development. Front. Genet. 2013, 4, 261. [CrossRef]

Klopp, A.H.; Gupta, A.; Spaeth, E.; Andreeff, M.; Marini, F,, 3rd. Concise review: Dissecting a discrepancy in the literature: Do
mesenchymal stem cells support or suppress tumor growth? Stem Cells 2011, 29, 11-19. [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] [PubMed]

Rhee, K.J.; Lee, J.I; Eom, Y.W. Mesenchymal Stem Cell-Mediated Effects of Tumor Support or Suppression. Int. J. Mol. Sci. 2015,
16, 30015-30033. [CrossRef]

Zhang, C; Yang, S.J.; Wen, Q.; Zhong, ].E; Chen, X.L.; Stucky, A.; Press, M.E.; Zhang, X. Human-derived normal mesenchymal
stem/stromal cells in anticancer therapies. J. Cancer 2017, 8, 85-96. [CrossRef]

Hiibner, M.; Moellhoff, N.; Effinger, D.; Hinske, C.L.; Hirschberger, S.; Wu, T.; Miiller, M.B.; Strauf3, G.; Kreth, EW.; Kreth, S.
MicroRNA-93 acts as an “anti-inflammatory tumor suppressor” in glioblastoma. Neuro-Oncol. Adv. 2020, 2, vdaa047. [CrossRef]
Strieter, R.M.; Burdick, M.D.; Mestas, J.; Gomperts, B.; Keane, M.P.; Belperio, ].A. Cancer CXC chemokine networks and tumour
angiogenesis. Eur. |. Cancer 2006, 42, 768-778. [CrossRef] [PubMed]

Datta, D.; Banerjee, P.; Gasser, M.; Waaga-Gasser, A.M.; Pal, S. CXCR3-B can mediate growth-inhibitory signals in human renal
cancer cells by down-regulating the expression of heme oxygenase-1. J. Biol. Chem. 2010, 285, 36842-36848. [CrossRef]

Datta, D.; Flaxenburg, J.A.; Laxmanan, S.; Geehan, C.; Grimm, M.; Waaga-Gasser, A.M.; Briscoe, D.M.; Pal, S. Ras-induced
modulation of CXCL10 and its receptor splice variant CXCR3-B in MDA-MB-435 and MCF-7 cells: Relevance for the development
of human breast cancer. Cancer Res. 2006, 66, 9509-9518. [CrossRef]

Boye, K.; Pujol, N.; Alves, I.D.; Chen, Y.P; Daubon, T.; Lee, Y.Z.; Dedieu, S.; Constantin, M.; Bello, L.; Rossi, M.; et al. The role of
CXCR3/LRP1 cross-talk in the invasion of primary brain tumors. Nat. Commun. 2017, 8, 1571. [CrossRef]

Wang, P; Peng, X.; Zhang, ].; Wang, Z.; Meng, ].; Cen, B.; Ji, A.; He, S. LncRNA-135528 inhibits tumor progression by up-regulating
CXCL10 through the JAK/STAT pathway. Apoptosis 2018, 23, 651-666. [CrossRef]

Walters, M.].; Ebsworth, K.; Berahovich, R.D.; Penfold, M.E,; Liu, S.C.; Al Omran, R.; Kioi, M.; Chernikova, S.B.; Tseng, D.;
Mulkearns-Hubert, E.E.; et al. Inhibition of CXCR?7 extends survival following irradiation of brain tumours in mice and rats. Br. J.
Cancer 2014, 110, 1179-1188. [CrossRef] [PubMed]

Sharma, I; Siraj, F.; Sharma, K.C.; Singh, A. Immunohistochemical expression of chemokine receptor CXCR3 and its ligand
CXCL10 in low-grade astrocytomas and glioblastoma multiforme: A tissue microarray-based comparison. J. Cancer Res. Ther.
2016, 12, 793-797. [CrossRef]

Gjorgjevski, M.; Hannen, R.; Carl, B.; Li, Y.; Landmann, E.; Buchholz, M.; Bartsch, ].W.; Nimsky, C. Molecular profiling of the
tumor microenvironment in glioblastoma patients: Correlation of microglia/macrophage polarization state with metalloprotease
expression profiles and survival. Biosci. Rep. 2019, 39. [CrossRef]

Billottet, C.; Quemener, C.; Bikfalvi, A. CXCR3, a double-edged sword in tumor progression and angiogenesis. Biochim. Biophys.
Acta 2013, 1836, 287-295. [CrossRef]

Han, J.H.; Yoon, J.S.; Chang, D.Y.; Cho, K.G,; Lim, J.; Kim, S.S.; Suh-Kim, H. CXCR4-STAT3 Axis Plays a Role in Tumor Cell
Infiltration in an Orthotopic Mouse Glioblastoma Model. Mol. Cells 2020, 43, 539-550. [CrossRef] [PubMed]

Dono, A.; Zhu, P; Zorofchian, S.; Takayasu, T.; Quezado, M.M.; Rios, A.; Powers, A.; Esquenazi, Y.; Ballester, L.Y. Variable
expression of CXCR4 in molecular subtypes of infiltrating gliomas. Clin. Neuropathol. 2020. [CrossRef]

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

Truong, D.; Fiorelli, R.; Barrientos, E.S.; Melendez, E.L.; Sanai, N.; Mehta, S.; Nikkhah, M. A three-dimensional (3D) organotypic
microfluidic model for glioma stem cells—Vascular interactions. Biomaterials 2019, 198, 63-77. [CrossRef] [PubMed]

Zhang, J.; Sarkar, S.; Yong, V.W. The chemokine stromal cell derived factor-1 (CXCL12) promotes glioma invasiveness through
MT2-matrix metalloproteinase. Carcinogenesis 2005, 26, 2069—2077. [CrossRef] [PubMed]

Yi, L.; Zhou, X,; Li, T,; Liu, P; Hai, L.; Tong, L.; Ma, H.; Tao, Z.; Xie, Y.; Zhang, C.; et al. Notch1 signaling pathway promotes
invasion, self-renewal and growth of glioma initiating cells via modulating chemokine system CXCL12/CXCR4. J. Exp. Clin.
Cancer Res. 2019, 38, 339. [CrossRef] [PubMed]

Kioi, M.; Vogel, H.; Schultz, G.; Hoffman, R.M.; Harsh, G.R.; Brown, J.M. Inhibition of vasculogenesis, but not angiogenesis,
prevents the recurrence of glioblastoma after irradiation in mice. J. Clin. Investig. 2010, 120, 694-705. [CrossRef]


http://doi.org/10.1215/S1152851704001061
http://www.ncbi.nlm.nih.gov/pubmed/15831231
http://doi.org/10.1038/s41598-019-45535-y
http://doi.org/10.3727/096368910X
http://www.ncbi.nlm.nih.gov/pubmed/21396235
http://doi.org/10.1186/s13287-021-02265-1
http://doi.org/10.3389/fgene.2013.00261
http://doi.org/10.1002/stem.559
http://doi.org/10.3389/fncel.2017.00312
http://www.ncbi.nlm.nih.gov/pubmed/29081734
http://doi.org/10.3390/ijms161226215
http://doi.org/10.7150/jca.16792
http://doi.org/10.1093/noajnl/vdaa047
http://doi.org/10.1016/j.ejca.2006.01.006
http://www.ncbi.nlm.nih.gov/pubmed/16510280
http://doi.org/10.1074/jbc.M110.170324
http://doi.org/10.1158/0008-5472.CAN-05-4345
http://doi.org/10.1038/s41467-017-01686-y
http://doi.org/10.1007/s10495-018-1482-7
http://doi.org/10.1038/bjc.2013.830
http://www.ncbi.nlm.nih.gov/pubmed/24423923
http://doi.org/10.4103/0973-1482.153657
http://doi.org/10.1042/BSR20182361
http://doi.org/10.1016/j.bbcan.2013.08.002
http://doi.org/10.14348/molcells.2020.0098
http://www.ncbi.nlm.nih.gov/pubmed/32597394
http://doi.org/10.5414/np301287
http://doi.org/10.1093/neuonc/nou144
http://doi.org/10.1016/j.biomaterials.2018.07.048
http://www.ncbi.nlm.nih.gov/pubmed/30098794
http://doi.org/10.1093/carcin/bgi183
http://www.ncbi.nlm.nih.gov/pubmed/16033774
http://doi.org/10.1186/s13046-019-1319-4
http://www.ncbi.nlm.nih.gov/pubmed/31382985
http://doi.org/10.1172/JCI40283

Cancers 2021, 13, 2983 21 of 25

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Kozin, S.V,; Kamoun, W.S.; Huang, Y.; Dawson, M.R.; Jain, R K.; Duda, D.G. Recruitment of myeloid but not endothelial precursor
cells facilitates tumor regrowth after local irradiation. Cancer Res. 2010, 70, 5679-5685. [CrossRef]

Wang, S.; Chen, C.; Li, ].; Xu, X.; Chen, W,; Li, F. The CXCL12/CXCR4 axis confers temozolomide resistance to human glioblastoma
cells via up-regulation of FOXMI1. J. Neurol. Sci. 2020, 414, 116837. [CrossRef] [PubMed]

Contento, R.L.; Molon, B.; Boularan, C.; Pozzan, T.; Manes, S.; Marullo, S.; Viola, A. CXCR4-CCR5: A couple modulating T cell
functions. Proc. Natl. Acad. Sci. USA 2008, 105, 10101-10106. [CrossRef]

Strasser, G.A.; Kaminker, ].S.; Tessier-Lavigne, M. Microarray analysis of retinal endothelial tip cells identifies CXCR4 as a
mediator of tip cell morphology and branching. Blood 2010, 115, 5102-5110. [CrossRef]

Schulte, A.; Giinther, 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]

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. ].
Tech. Methods Pathol. 2006, 86, 1221-1232. [CrossRef] [PubMed]

Rubin, J.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
antagonist of CXCR4 inhibits intracranial growth of primary brain tumors. Proc. Natl. Acad. Sci. USA 2003, 100, 13513-13518.
[CrossRef]

Calinescu, A.A.; Yadav, V.N.; Carballo, E.; Kadiyala, P; Tran, D.; Zamler, D.B.; Doherty, R.; Srikanth, M.; Lowenstein, PR.;
Castro, M.G. Survival and Proliferation of Neural Progenitor-Derived Glioblastomas Under Hypoxic Stress is Controlled by a
CXCL12/CXCR4 Autocrine-Positive Feedback Mechanism. Clin. Cancer Res. 2017, 23, 1250-1262. [CrossRef]

Hira, V.V.; Verbovsek, U.; Breznik, B.; Srdi¢, M.; Novinec, M.; Kakar, H.; Wormer, J.; der Swaan, B.V.; Lenar¢i¢, B.; Juliano, L.; et al.
Cathepsin K cleavage of SDF-1« inhibits its chemotactic activity towards glioblastoma stem-like cells. Biochim. Biophys. Acta Mol.
Cell Res. 2017, 1864, 594-603. [CrossRef]

Redjal, N.; Chan, J.A.; Segal, R.A.; Kung, A.L. CXCR4 inhibition synergizes with cytotoxic chemotherapy in gliomas. Clin. Cancer
Res. Off. ]. Am. Assoc. Cancer Res. 2006, 12, 6765-6771. [CrossRef]

Cornelison, R.C.; Brennan, C.E.; Kingsmore, K.M.; Munson, ].M. Convective forces increase CXCR4-dependent glioblastoma cell
invasion in GL261 murine model. Sci. Rep. 2018, 8, 17057. [CrossRef]

Luo, Z.; Wang, B.; Chen, Y.; Liu, H.; Shi, L. Novel CXCR4 Inhibitor CPZ1344 Inhibits the Proliferation, Migration and Angiogenesis
of Glioblastoma. Pathol. Oncol. Res. 2020, 26, 2597-2604. [CrossRef]

Yang, L.; Jackson, E.; Woerner, B.M.; Perry, A.; Piwnica-Worms, D.; Rubin, J.B. Blocking CXCR4-mediated cyclic AMP suppression
inhibits brain tumor growth in vivo. Cancer Res. 2007, 67, 651-658. [CrossRef]

Mercurio, L.; Ajmone-Cat, M.A.; Cecchetti, S.; Ricci, A.; Bozzuto, G.; Molinari, A.; Manni, I; Pollo, B.; Scala, S.; Carpinelli, G.; et al.
Targeting CXCR4 by a selective peptide antagonist modulates tumor microenvironment and microglia reactivity in a human
glioblastoma model. J. Exp. Clin. Cancer Res. CR 2016, 35, 55. [CrossRef]

Deng, L.; Zheng, W.; Dong, X,; Liu, J.; Zhu, C.; Lu, D.; Zhang, ].; Song, L.; Wang, Y.; Deng, D. Chemokine receptor CXCR?7 is an
independent prognostic biomarker in glioblastoma. Cancer Biomark. 2017, 20, 1-6. [CrossRef]

Liu, Y.; Carson-Walter, E.; Walter, K.A. Targeting chemokine receptor CXCR7 inhibits glioma cell proliferation and mobility.
Anticancer Res. 2015, 35, 53-64.

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]

Sehgal, A.; Keener, C.; Boynton, A.L.; Warrick, J.; Murphy, G.P. CXCR-4, a chemokine receptor, is overexpressed in and required
for proliferation of glioblastoma tumor cells. J. Surg. Oncol. 1998, 69, 99-104. [CrossRef]

Barbero, S.; Bonavia, R.; Bajetto, A.; Porcile, C.; Pirani, P; Ravetti, ].L.; Zona, G.L.; Spaziante, R.; Florio, T.; Schettini, G. Stromal
cell-derived factor lalpha stimulates human glioblastoma cell growth through the activation of both extracellular signal-regulated
kinases 1/2 and Akt. Cancer Res. 2003, 63, 1969-1974.

Shi, Y,; Chen, C.; Yu, S.Z.; Liu, Q.; Rao, J.; Zhang, H.R.; Xiao, H.L.; Fu, TW.; Long, H.; He, Z.C.; et al. miR-663 Suppresses
Oncogenic Function of CXCR4 in Glioblastoma. Clin. Cancer Res. Off. ]. Am. Assoc. Cancer Res. 2015, 21, 4004-4013. [CrossRef]
Fareh, M.; Turchi, L.; Virolle, V.; Debruyne, D.; Almairac, F; de-la-Forest Divonne, S.; Paquis, P; Preynat-Seauve, O.; Krause, K.H.;
Chneiweiss, H.; et al. The miR 302-367 cluster drastically affects self-renewal and infiltration properties of glioma-initiating cells
through CXCR4 repression and consequent disruption of the SHH-GLI-NANOG network. Cell Death Differ. 2012, 19, 232-244.
[CrossRef]

Fareh, M.; Almairac, F; Turchi, L.; Burel-Vandenbos, F.; Paquis, P.; Fontaine, D.; Lacas-Gervais, S.; Junier, M.P.; Chneiweiss, H.;
Virolle, T. Cell-based therapy using miR-302-367 expressing cells represses glioblastoma growth. Cell Death Dis. 2017, 8, €2713.
[CrossRef] [PubMed]

Gascon, S.; Giraldo Solano, A.; El Kheir, W.; Therriault, H.; Berthelin, P.; Cattier, B.; Marcos, B.; Virgilio, N.; Paquette, B.; Faucheux,
N.; et al. Characterization and Mathematical Modeling of Alginate/Chitosan-Based Nanoparticles Releasing the Chemokine
CXCL12 to Attract Glioblastoma Cells. Pharmaceutics 2020, 12, 356. [CrossRef]

Jiang, X.; Wang, C.; Fitch, S.; Yang, F. Targeting Tumor Hypoxia Using Nanoparticle-engineered CXCR4-overexpressing Adipose-
derived Stem Cells. Theranostics 2018, 8, 1350-1360. [CrossRef]


http://doi.org/10.1158/0008-5472.CAN-09-4446
http://doi.org/10.1016/j.jns.2020.116837
http://www.ncbi.nlm.nih.gov/pubmed/32334273
http://doi.org/10.1073/pnas.0804286105
http://doi.org/10.1182/blood-2009-07-230284
http://doi.org/10.1002/glia.21127
http://doi.org/10.1038/labinvest.3700482
http://www.ncbi.nlm.nih.gov/pubmed/17075581
http://doi.org/10.1073/pnas.2235846100
http://doi.org/10.1158/1078-0432.CCR-15-2888
http://doi.org/10.1016/j.bbamcr.2016.12.021
http://doi.org/10.1158/1078-0432.CCR-06-1372
http://doi.org/10.1038/s41598-018-35141-9
http://doi.org/10.1007/s12253-020-00827-x
http://doi.org/10.1158/0008-5472.CAN-06-2762
http://doi.org/10.1186/s13046-016-0326-y
http://doi.org/10.3233/CBM-151430
http://doi.org/10.4161/cbt.11.2.13951
http://doi.org/10.1002/(SICI)1096-9098(199810)69:2&lt;99::AID-JSO10&gt;3.0.CO;2-M
http://doi.org/10.1158/1078-0432.CCR-14-2807
http://doi.org/10.1038/cdd.2011.89
http://doi.org/10.1038/cddis.2017.117
http://www.ncbi.nlm.nih.gov/pubmed/28358371
http://doi.org/10.3390/pharmaceutics12040356
http://doi.org/10.7150/thno.22736

Cancers 2021, 13, 2983 22 of 25

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Li, M.; Zeng, L.; Liu, S.; Dangelmajer, S.; Kahlert, U.D.; Huang, H.; Han, Y.; Chi, X.; Zhu, M.; Lei, T. Transforming Growth Factor-3
Promotes Homing and Therapeutic Efficacy of Human Mesenchymal Stem Cells to Glioblastoma. J. Neuropathol. Exp. Neurol.
2019, 78, 315-325. [CrossRef] [PubMed]

Pavon, L.E; Sibov, T.T.; de Souza, A.V.; da Cruz, E.E;; Malheiros, S.M.F.; Cabral, ER.; de Souza, ].G.; Boufleur, P; de Oliveira, D.M.;
de Toledo, S.R.C.; et al. Tropism of mesenchymal stem cell toward CD133(+) stem cell of glioblastoma in vitro and promote tumor
proliferation in vivo. Stem Cell Res. Ther. 2018, 9, 310. [CrossRef]

Kranjc, M.K.; Novak, M.; Pestell, R.G.; Lah, T.T. Cytokine CCL5 and receptor CCR5 axis in glioblastoma multiforme. Radiol.
Oncol. 2019, 53, 397-406. [CrossRef]

Pham, K.; Luo, D.; Liu, C.; Harrison, ]. K. CCL5, CCR1 and CCRS5 in murine glioblastoma: Immune cell infiltration and survival
rates are not dependent on individual expression of either CCR1 or CCRS. J. Neuroimmunol. 2012, 246, 10-17. [CrossRef] [PubMed]
Chen, PY;; Wu, C.Y,; Fang, ].H.; Chen, H.C.; Feng, L.Y.; Huang, C.Y.; Wei, K.C; Fang, ].Y.; Lin, C.Y. Functional Change of Effector
Tumor-Infiltrating CCR5(+)CD38(+)HLA-DR(+)CD8(+) T Cells in Glioma Microenvironment. Front. Immunol. 2019, 10, 2395.
[CrossRef] [PubMed]

Sciume, G.; Soriani, A.; Piccoli, M.; Frati, L.; Santoni, A.; Bernardini, G. CX3CR1/CX3CL1 axis negatively controls glioma cell
invasion and is modulated by transforming growth factor-betal. Neuro-Oncology 2010, 12, 701-710. [CrossRef] [PubMed]

Ren, E; Zhao, Q.; Huang, L.; Zheng, Y.; Li, L.; He, Q.; Zhang, C.; Li, E; 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] [PubMed]

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

Morisse, M.C.; Jouannet, S.; Dominguez-Villar, M.; Sanson, M.; Idbaih, A. Interactions between tumor-associated macrophages
and tumor cells in glioblastoma: Unraveling promising targeted therapies. Expert Rev. Neurother. 2018, 18, 729-737. [CrossRef]
[PubMed]

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]

Lacroix, M.; Abi-Said, D.; Fourney, D.R.; Gokaslan, Z.L.; Shi, W.; DeMonte, F; Lang, F.F.; McCutcheon, I.E.; Hassenbusch, S.J.;
Holland, E.; et al. A multivariate analysis of 416 patients with glioblastoma multiforme: Prognosis, extent of resection, and
survival. J. Neurosurg. 2001, 95, 190-198. [CrossRef]

Li, YM.; Suki, D.; Hess, K.; Sawaya, R. The influence of maximum safe resection of glioblastoma on survival in 1229 patients: Can
we do better than gross-total resection? |. Neurosurg. 2016, 124, 977-988. [CrossRef]

Sanai, N.; Polley, M.Y.; McDermott, M.W.; Parsa, A.T.; Berger, M.S. An extent of resection threshold for newly diagnosed
glioblastomas. J. Neurosurg. 2011, 115, 3-8. [CrossRef] [PubMed]

Liu, S.C.; Alomran, R.; Chernikova, S.B.; Lartey, F.; Stafford, J.; Jang, T.; Merchant, M.; Zboralski, D.; Zéllner, S.; Kruschinski, A.;
et al. Blockade of SDF-1 after irradiation inhibits tumor recurrences of autochthonous brain tumors in rats. Neuro-Oncology 2014,
16, 21-28. [CrossRef]

Rios, A.; Hsu, S.H.; Blanco, A.; Buryanek, J.; Day, A.L.; McGuire, M.E,; Brown, R.E. Durable response of glioblastoma to adjuvant
therapy consisting of temozolomide and a weekly dose of AMD3100 (plerixafor), a CXCR4 inhibitor, together with lapatinib,
metformin and niacinamide. Oncoscience 2016, 3, 156-163. [CrossRef]

Tseng, D.; Vasquez-Medrano, D.A.; Brown, ].M. Targeting SDF-1/CXCR4 to inhibit tumour vasculature for treatment of
glioblastomas. Br. J. Cancer 2011, 104, 1805-1809. [CrossRef]

Thomas, R.P.; Nagpal, S.; Iv, M.; Soltys, S.G.; Bertrand, S.; Pelpola, ].S.; Ball, R.; Yang, ].; Sundaram, V.; Lavezo, J.; et al. Macrophage
Exclusion after Radiation Therapy (MERT): A First in Human Phase I/1I Trial using a CXCR4 Inhibitor in Glioblastoma. Clin.
Cancer Res. 2019, 25, 6948-6957. [CrossRef]

Chamberlain, M.C. Radiographic patterns of relapse in glioblastoma. J. Neurooncol. 2011, 101, 319-323. [CrossRef]

Jin, U.H.; Michelhaugh, S.K; Polin, L.A.; Shrestha, R.; Mittal, S.; Safe, S. Omeprazole Inhibits Glioblastoma Cell Invasion and
Tumor Growth. Cancers 2020, 12, 2097. [CrossRef] [PubMed]

Séhédic, D.; Chourpa, I; Tétaud, C.; Griveau, A.; Loussouarn, C.; Avril, S.; Legendre, C.; Lepareur, N.; Wion, D.; Hindré, E; et al.
Locoregional Confinement and Major Clinical Benefit of (188)Re-Loaded CXCR4-Targeted Nanocarriers in an Orthotopic Human
to Mouse Model of Glioblastoma. Theranostics 2017, 7, 4517-4536. [CrossRef] [PubMed]

Chaudhry, LH.; O’'Donovan, D.G.; Brenchley, PE.; Reid, H.; Roberts, 1.S. Vascular endothelial growth factor expression correlates
with tumour grade and vascularity in gliomas. Histopathology 2001, 39, 409-415. [CrossRef]

Gerhardt, H.; Golding, M.; Fruttiger, M.; Ruhrberg, C.; Lundkvist, A.; Abramsson, A.; Jeltsch, M.; Mitchell, C.; Alitalo, K.; Shima,
D.; et al. VEGF guides angiogenic sprouting utilizing endothelial tip cell filopodia. J. Cell Biol. 2003, 161, 1163-1177. [CrossRef]
Piao, Y.; Liang, J.; Holmes, L.; Zurita, A.].; Henry, V.; Heymach, ].V.; de Groot, ].F. Glioblastoma resistance to anti-VEGF therapy
is associated with myeloid cell infiltration, stem cell accumulation, and a mesenchymal phenotype. Neuro-Oncology 2012, 14,
1379-1392. [CrossRef] [PubMed]

Soda, Y.; Myskiw, C.; Rommel, A.; Verma, LM. Mechanisms of neovascularization and resistance to anti-angiogenic therapies in
glioblastoma multiforme. J. Mol. Med. 2013, 91, 439-448. [CrossRef] [PubMed]


http://doi.org/10.1093/jnen/nlz016
http://www.ncbi.nlm.nih.gov/pubmed/30863846
http://doi.org/10.1186/s13287-018-1049-0
http://doi.org/10.2478/raon-2019-0057
http://doi.org/10.1016/j.jneuroim.2012.02.009
http://www.ncbi.nlm.nih.gov/pubmed/22425022
http://doi.org/10.3389/fimmu.2019.02395
http://www.ncbi.nlm.nih.gov/pubmed/31649684
http://doi.org/10.1093/neuonc/nop076
http://www.ncbi.nlm.nih.gov/pubmed/20511186
http://doi.org/10.1111/imcb.12225
http://www.ncbi.nlm.nih.gov/pubmed/30575118
http://doi.org/10.1016/j.yexcr.2010.02.018
http://www.ncbi.nlm.nih.gov/pubmed/20184883
http://doi.org/10.1080/14737175.2018.1510321
http://www.ncbi.nlm.nih.gov/pubmed/30099909
http://doi.org/10.1093/neuonc/noaa075
http://doi.org/10.3171/jns.2001.95.2.0190
http://doi.org/10.3171/2015.5.JNS142087
http://doi.org/10.3171/2011.2.JNS10998
http://www.ncbi.nlm.nih.gov/pubmed/21417701
http://doi.org/10.1093/neuonc/not149
http://doi.org/10.18632/oncoscience.311
http://doi.org/10.1038/bjc.2011.169
http://doi.org/10.1158/1078-0432.CCR-19-1421
http://doi.org/10.1007/s11060-010-0251-4
http://doi.org/10.3390/cancers12082097
http://www.ncbi.nlm.nih.gov/pubmed/32731514
http://doi.org/10.7150/thno.19403
http://www.ncbi.nlm.nih.gov/pubmed/29158842
http://doi.org/10.1046/j.1365-2559.2001.01230.x
http://doi.org/10.1083/jcb.200302047
http://doi.org/10.1093/neuonc/nos158
http://www.ncbi.nlm.nih.gov/pubmed/22965162
http://doi.org/10.1007/s00109-013-1019-z
http://www.ncbi.nlm.nih.gov/pubmed/23512266

Cancers 2021, 13, 2983 23 of 25

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Folberg, R.; Maniotis, A.]. Vasculogenic mimicry. APMIS 2004, 112, 508-525. [CrossRef]

Maniotis, A.J.; Folberg, R.; Hess, A.; Seftor, E.A.; Gardner, L.M.; Pe’er, |.; Trent, ]. M.; Meltzer, P.S.; Hendrix, M.]J. Vascular channel
formation by human melanoma cells in vivo and in vitro: Vasculogenic mimicry. Am. . Pathol. 1999, 155, 739-752. [CrossRef]
Hong, X,; Jiang, F,; Kalkanis, S.N.; Zhang, Z.G.; Zhang, X.P,; DeCarvalho, A.C.; Katakowski, M.; Bobbitt, K.; Mikkelsen, T.; Chopp,
M. SDF-1 and CXCR4 are up-regulated by VEGF and contribute to glioma cell invasion. Cancer Lett. 2006, 236, 39-45. [CrossRef]
[PubMed]

Ping, Y.F,; Yao, X.H; Jiang, ].Y.; Zhao, L.T.; Yu, S.C.; Jiang, T; Lin, M.C.; Chen, ].H.; Wang, B.; Zhang, R.; et al. The chemokine
CXCL12 and its receptor CXCR4 promote glioma stem cell-mediated VEGF production and tumour angiogenesis via PI3K/AKT
signalling. |. Pathol. 2011, 224, 344-354. [CrossRef]

Pham, K.; Luo, D.; Siemann, D.W.; Law, B.K.; Reynolds, B.A.; Hothi, P; Foltz, G.; Harrison, ].K. VEGFR inhibitors upregulate
CXCR4 in VEGF receptor-expressing glioblastoma in a TGF@R signaling-dependent manner. Cancer Lett. 2015, 360, 60-67.
[CrossRef]

Ping, Y.F; Yao, X.H.; Chen, ].H; Liu, H.; Chen, D.L.; Zhou, X.D.; Wang, ] M.; Bian, X.W. The anti-cancer compound Nordy inhibits
CXCR4-mediated production of IL-8 and VEGF by malignant human glioma cells. J. Neurooncol. 2007, 84, 21-29. [CrossRef]
Ricard, C.; Stanchi, F; Rodriguez, T.; Amoureux, M.C.; Rougon, G.; Debarbieux, F. Dynamic quantitative intravital imaging of
glioblastoma progression reveals a lack of correlation between tumor growth and blood vessel density. PLoS ONE 2013, 8, €72655.
[CrossRef]

Ali, M.M.; Kumar, S.; Shankar, A.; Varma, N.R.; Iskander, A.S.; Janic, B.; Chwang, W.B.; Jain, R.; Babajeni-Feremi, A.; Borin, T.F;
et al. Effects of tyrosine kinase inhibitors and CXCR4 antagonist on tumor growth and angiogenesis in rat glioma model: MRI
and protein analysis study. Transl. Oncol. 2013, 6, 660-669. [CrossRef]

Shaaban, S.; Alsulami, M.; Arbab, S.A.; Ara, R.; Shankar, A.; Iskander, A.; Angara, K,; Jain, M.; Bagher-Ebadian, H.; Achyut, B.R,;
et al. Targeting Bone Marrow to Potentiate the Anti-Tumor Effect of Tyrosine Kinase Inhibitor in Preclinical Rat Model of Human
Glioblastoma. Int. J. Cancer Res. 2016, 12, 69-81. [CrossRef]

Achyut, B.R.; Shankar, A.; Iskander, A.S.; Ara, R.; Knight, R.A.; Scicli, A.G.; Arbab, A.S. Chimeric Mouse model to track the
migration of bone marrow derived cells in glioblastoma following anti-angiogenic treatments. Cancer Biol. Ther. 2016, 17, 280-290.
[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]

Wick, W.; Gorlia, T.; Bendszus, M.; Taphoorn, M.; Sahm, F.; Harting, I.; Brandes, A.A.; Taal, W.; Domont, J.; Idbaih, A.; et al.
Lomustine and Bevacizumab in Progressive Glioblastoma. N. Engl. |. Med. 2017, 377, 1954-1963. [CrossRef]

Gravina, G.L.; Mancini, A.; Colapietro, A.; Vitale, F; Vetuschi, A.; Pompili, S.; Rossi, G.; Marampon, F,; Richardson, PJ.; Patient, L.;
et al. The novel CXCR4 antagonist, PRX177561, reduces tumor cell proliferation and accelerates cancer stem cell differentiation in
glioblastoma preclinical models. Tumour Biol. ]. Int. Soc. Oncodev. Biol. Med. 2017, 39. [CrossRef] [PubMed]

Gravina, G.L.; Mancini, A.; Marampon, E; Colapietro, A.; Delle Monache, S.; Sferra, R.; Vitale, F.; Richardson, PJ.; Patient, L.;
Burbidge, S.; et al. The brain-penetrating CXCR4 antagonist, PRX177561, increases the antitumor effects of bevacizumab and
sunitinib in preclinical models of human glioblastoma. J. Hematol. Oncol. 2017, 10, 5. [CrossRef] [PubMed]

Gagpner, ].P; Sarfraz, Y.; Ortenzi, V.; Alotaibi, EM.; Chiriboga, L.A ; Tayyib, A.T.; Douglas, G.J.; Chevalier, E.; Romagnoli, B.; Tuffin,
G.; et al. Multifaceted C-X-C Chemokine Receptor 4 (CXCR4) Inhibition Interferes with Anti-Vascular Endothelial Growth Factor
Therapy-Induced Glioma Dissemination. Am. J. Pathol. 2017, 187, 2080-2094. [CrossRef] [PubMed]

Egorova, A.; Shubina, A.; Sokolov, D.; Selkov, S.; Baranov, V.; Kiselev, A. CXCR4-targeted modular peptide carriers for efficient
anti-VEGF siRNA delivery. Int. ]. Pharm. 2016, 515, 431-440. [CrossRef]

da Fonseca, A.C.; Badie, B. Microglia and macrophages in malignant gliomas: Recent discoveries and implications for promising
therapies. Clin. Dev. Immunol. 2013, 2013, 264124. [CrossRef]

Cho, H.R.; Kumari, N.; Thi Vu, H.; Kim, H.; Park, C.K,; Choi, S.H. Increased Antiangiogenic Effect by Blocking CCL2-dependent
Macrophages in a Rodent Glioblastoma Model: Correlation Study with Dynamic Susceptibility Contrast Perfusion MRI. Sci. Rep.
2019, 9, 11085. [CrossRef]

Chan, H.Y.; Choi, ].; Jackson, C.; Lim, M. Combination immunotherapy strategies for glioblastoma. J. Neurooncol. 2021, 151,
375-391. [CrossRef] [PubMed]

Medikonda, R.; Dunn, G.; Rahman, M.; Fecci, P.; Lim, M. A review of glioblastoma immunotherapy. J. Neurooncol. 2021, 151,
41-53. [CrossRef] [PubMed]

Wang, H.; Zhou, H; Xu, J.; Ly, Y.; Ji, X.; Yao, Y.; Chao, H.; Zhang, J.; Zhang, X.; Yao, S.; et al. Different T-cell subsets in glioblastoma
multiforme and targeted immunotherapy. Cancer Lett. 2021, 496, 134-143. [CrossRef] [PubMed]

Mangani, D.; Weller, M.; Roth, P. The network of immunosuppressive pathways in glioblastoma. Biochem. Pharmacol. 2017, 130,
1-9. [CrossRef]

Larson, R.C.; Maus, M.V. Recent advances and discoveries in the mechanisms and functions of CAR T cells. Nat. Rev. Cancer 2021,
21,145-161. [CrossRef]

Jin, L,; Tao, H.; Karachi, A.; Long, Y.; Hou, A.Y.; Na, M.; Dyson, K.A.; Grippin, A ].; Deleyrolle, L.P.; Zhang, W.; et al. CXCR1- or
CXCR2-modified CAR T cells co-opt IL-8 for maximal antitumor efficacy in solid tumors. Nat. Commun. 2019, 10, 4016. [CrossRef]


http://doi.org/10.1111/j.1600-0463.2004.apm11207-0810.x
http://doi.org/10.1016/S0002-9440(10)65173-5
http://doi.org/10.1016/j.canlet.2005.05.011
http://www.ncbi.nlm.nih.gov/pubmed/15967572
http://doi.org/10.1002/path.2908
http://doi.org/10.1016/j.canlet.2015.02.005
http://doi.org/10.1007/s11060-007-9349-8
http://doi.org/10.1371/journal.pone.0072655
http://doi.org/10.1593/tlo.13559
http://doi.org/10.3923/ijcr.2016.69.81
http://doi.org/10.1080/15384047.2016.1139243
http://doi.org/10.1158/1078-0432.CCR-18-1025
http://doi.org/10.1056/NEJMoa1707358
http://doi.org/10.1177/1010428317695528
http://www.ncbi.nlm.nih.gov/pubmed/28639900
http://doi.org/10.1186/s13045-016-0377-8
http://www.ncbi.nlm.nih.gov/pubmed/28057017
http://doi.org/10.1016/j.ajpath.2017.04.020
http://www.ncbi.nlm.nih.gov/pubmed/28734730
http://doi.org/10.1016/j.ijpharm.2016.10.049
http://doi.org/10.1155/2013/264124
http://doi.org/10.1038/s41598-019-47438-4
http://doi.org/10.1007/s11060-020-03481-0
http://www.ncbi.nlm.nih.gov/pubmed/33611705
http://doi.org/10.1007/s11060-020-03448-1
http://www.ncbi.nlm.nih.gov/pubmed/32253714
http://doi.org/10.1016/j.canlet.2020.09.028
http://www.ncbi.nlm.nih.gov/pubmed/33022290
http://doi.org/10.1016/j.bcp.2016.12.011
http://doi.org/10.1038/s41568-020-00323-z
http://doi.org/10.1038/s41467-019-11869-4

Cancers 2021, 13, 2983 24 of 25

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Zhou, Y.Q.; Liu, D.Q.; Chen, S.P; Sun, J.; Zhou, X.R.; Xing, C.; Ye, D.W.; Tian, Y.K. The Role of CXCR3 in Neurological Diseases.
Curr. Neuropharmacol. 2019, 17, 142-150. [CrossRef] [PubMed]

Enderlin, M.; Kleinmann, E.V,; Struyf, S.; Buracchi, C.; Vecchi, A ; Kinscherf, R; Kiessling, F.; Paschek, S.; Sozzani, S.; Rommelaere,
J.; et al. TNF-alpha and the IFN-gamma-inducible protein 10 (IP-10/CXCL-10) delivered by parvoviral vectors act in synergy to
induce antitumor effects in mouse glioblastoma. Cancer Gene Ther. 2009, 16, 149-160. [CrossRef]

Liu, C,; Luo, D.; Reynolds, B.A.; Meher, G.; Katritzky, A.R.; Lu, B.; Gerard, C.J.; Bhadha, C.P,; Harrison, J].K. Chemokine receptor
CXCR3 promotes growth of glioma. Carcinogenesis 2011, 32, 129-137. [CrossRef]

Fujita, M.; Kohanbash, G.; Fellows-Mayle, W.; Hamilton, R.L.; Komohara, Y.; Decker, S.A.; Ohlfest, ].R.; Okada, H. COX-2
blockade suppresses gliomagenesis by inhibiting myeloid-derived suppressor cells. Cancer Res. 2011, 71, 2664-2674. [CrossRef]
[PubMed]

Kosaka, A.; Ohkuri, T.; Okada, H. Combination of an agonistic anti-CD40 monoclonal antibody and the COX-2 inhibitor celecoxib
induces anti-glioma effects by promotion of type-1 immunity in myeloid cells and T-cells. Cancer Immunol. Immunother. 2014, 63,
847-857. [CrossRef]

Chongsathidkiet, P; Jackson, C.; Koyama, S.; Loebel, E; Cui, X.; Farber, S.H.; Woroniecka, K.; Elsamadicy, A.A.; Dechant, C.A;
Kemeny, H.R,; et al. Sequestration of T cells in bone marrow in the setting of glioblastoma and other intracranial tumors. Nat.
Med. 2018, 24, 1459-1468. [CrossRef] [PubMed]

Shono, K.; Yamaguchi, I.; Mizobuchi, Y.; Kagusa, H.; Sumi, A.; Fujihara, T.; Nakajima, K.; Kitazato, K.T.; Matsuzaki, K.; Saya,
H.; et al. Downregulation of the CCL2/CCR2 and CXCL10/CXCR3 axes contributes to antitumor effects in a mouse model of
malignant glioma. Sci. Rep. 2020, 10, 15286. [CrossRef] [PubMed]

Fyjita, 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]

Jiang, X.B.; Lu, X.L.; Hu, P; Liu, R.E. Improved therapeutic efficacy using vaccination with glioma lysate-pulsed dendritic cells
combined with IP-10 in murine glioma. Vaccine 2009, 27, 6210-6216. [CrossRef]

Srivastava, S.; Jackson, C.; Kim, T.; Choi, J.; Lim, M. A Characterization of Dendritic Cells and Their Role in Immunotherapy in
Glioblastoma: From Preclinical Studies to Clinical Trials. Cancers 2019, 11, 537. [CrossRef] [PubMed]

Yan, Y; Zeng, S.; Gong, Z.; Xu, Z. Clinical implication of cellular vaccine in glioma: Current advances and future prospects. J. Exp.
Clin. Cancer Res. 2020, 39, 257. [CrossRef]

De Waele, J.; Marcq, E.; Van Audenaerde, ].R.; Van Loenhout, J.; Deben, C.; Zwaenepoel, K.; Van de Kelft, E.; Van der Planken, D.;
Menovsky, T.; Van den Bergh, ].M.; et al. Poly(I:C) primes primary human glioblastoma cells for an immune response invigorated
by PD-L1 blockade. Oncoimmunology 2018, 7, €1407899. [CrossRef]

Ai, L,; Xu, A,; Xu, ]J. Roles of PD-1/PD-L1 Pathway: Signaling, Cancer, and Beyond. Adv. Exp. Med. Biol. 2020, 1248, 33-59.
[CrossRef]

Reardon, D.A ; Brandes, A.A.; Omuro, A.; Mulholland, P.; Lim, M.; Wick, A.; Baehring, J.; Ahluwalia, M.S.; Roth, P.; Bahr, O.; et al.
Effect of Nivolumab vs Bevacizumab in Patients With Recurrent Glioblastoma: The CheckMate 143 Phase 3 Randomized Clinical
Trial. JAMA Oncol. 2020, 6, 1003-1010. [CrossRef]

Kmiecik, J.; Zimmer, J.; Chekenya, M. Natural killer cells in intracranial neoplasms: Presence and therapeutic efficacy against
brain tumours. J. Neurooncol. 2014, 116, 1-9. [CrossRef]

Miiller, N.; Michen, S.; Tietze, S.; Topfer, K.; Schulte, A.; Lamszus, K.; Schmitz, M.; Schackert, G.; Pastan, I.; Temme, A. Engineering
NK Cells Modified With an EGFRvIII-specific Chimeric Antigen Receptor to Overexpress CXCR4 Improves Immunotherapy of
CXCL12/SDF-1a-secreting Glioblastoma. J. Immunother. 2015, 38, 197-210. [CrossRef]

Wu, A.; Maxwell, R;; Xia, Y.; Cardarelli, P.; Oyasu, M.; Belcaid, Z.; Kim, E.; Hung, A.; Luksik, A.S.; Garzon-Muvdi, T,;
et al. Combination anti-CXCR4 and anti-PD-1 immunotherapy provides survival benefit in glioblastoma through immune cell
modulation of tumor microenvironment. J. Neurooncol. 2019, 143, 241-249. [CrossRef]

Jordan, ].T.; Sun, W.; Hussain, S.F.; DeAngulo, G.; Prabhu, S.S.; Heimberger, A.B. Preferential migration of regulatory T cells
mediated by glioma-secreted chemokines can be blocked with chemotherapy. Cancer Immunol. Immunother. 2008, 57, 123-131.
[CrossRef]

Panek, WK.; Pituch, K.C.; Miska, J.; Kim, ].W.; Rashidi, A.; Kanojia, D.; Lopez-Rosas, A.; Han, Y.; Yu, D.; Chang, C.L.; et al. Local
Application of Autologous Platelet-Rich Fibrin Patch (PRF-P) Suppresses Regulatory T Cell Recruitment in a Murine Glioma
Model. Mol. Neurobiol. 2019, 56, 5032-5040. [CrossRef]

Kim, C.H.; Johnston, B.; Butcher, E.C. Trafficking machinery of NKT cells: Shared and differential chemokine receptor expression
among V alpha 24(+)V beta 11(+) NKT cell subsets with distinct cytokine-producing capacity. Blood 2002, 100, 11-16. [CrossRef]
Chen, Z.; Feng, X.; Herting, C.J.; Garcia, V.A.; Nie, K.; Pong, W.W.; Rasmussen, R.; Dwivedi, B.; Seby, S.; Wolf, S.A; et al. Cellular
and Molecular Identity of Tumor-Associated Macrophages in Glioblastoma. Cancer Res. 2017, 77, 2266-2278. [CrossRef]

Liang, Y.; Bollen, A.W.; Gupta, N. CC chemokine receptor-2A is frequently overexpressed in glioblastoma. J. Neurooncol. 2008, 86,
153-163. [CrossRef]

Ye, X.Z.; Xu, S.L.; Xin, YH.; Yu, S.C.; Ping, Y.F; Chen, L.; Xiao, H.L.; Wang, B.; Yi, L.; Wang, Q.L.; et al. Tumor-associated
microglia/macrophages enhance the invasion of glioma stem-like cells via TGF-betal signaling pathway. J. Immunol. 2012, 189,
444-453. [CrossRef]


http://doi.org/10.2174/1570159X15666171109161140
http://www.ncbi.nlm.nih.gov/pubmed/29119926
http://doi.org/10.1038/cgt.2008.62
http://doi.org/10.1093/carcin/bgq224
http://doi.org/10.1158/0008-5472.CAN-10-3055
http://www.ncbi.nlm.nih.gov/pubmed/21324923
http://doi.org/10.1007/s00262-014-1561-8
http://doi.org/10.1038/s41591-018-0135-2
http://www.ncbi.nlm.nih.gov/pubmed/30104766
http://doi.org/10.1038/s41598-020-71857-3
http://www.ncbi.nlm.nih.gov/pubmed/32943658
http://doi.org/10.1158/0008-5472.CAN-08-2915
http://doi.org/10.1016/j.vaccine.2009.08.002
http://doi.org/10.3390/cancers11040537
http://www.ncbi.nlm.nih.gov/pubmed/30991681
http://doi.org/10.1186/s13046-020-01778-6
http://doi.org/10.1080/2162402X.2017.1407899
http://doi.org/10.1007/978-981-15-3266-5_3
http://doi.org/10.1001/jamaoncol.2020.1024
http://doi.org/10.1007/s11060-013-1265-5
http://doi.org/10.1097/CJI.0000000000000082
http://doi.org/10.1007/s11060-019-03172-5
http://doi.org/10.1007/s00262-007-0336-x
http://doi.org/10.1007/s12035-018-1430-0
http://doi.org/10.1182/blood-2001-12-0196
http://doi.org/10.1158/0008-5472.CAN-16-2310
http://doi.org/10.1007/s11060-007-9463-7
http://doi.org/10.4049/jimmunol.1103248

Cancers 2021, 13, 2983 25 of 25

190.

191.

192.

193.

194.

195.

196.

197.

Crane, C.A.; Ahn, B.J.; Han, SJ.; Parsa, A.T. Soluble factors secreted by glioblastoma cell lines facilitate recruitment, survival, and
expansion of regulatory T cells: Implications for immunotherapy. Neuro-Oncology 2012, 14, 584-595. [CrossRef] [PubMed]
Vasco, C.; Canazza, A.; Rizzo, A.; Mossa, A.; Corsini, E.; Silvani, A.; Fariselli, L.; Salmaggi, A.; Ciusani, E. Circulating T regulatory
cells migration and phenotype in glioblastoma patients: An in vitro study. J. Neurooncol. 2013, 115, 353-363. [CrossRef]
Gustafson, M.P; Lin, Y.; New, K.C,; Bulur, P.A.; O'Neill, B.P; Gastineau, D.A.; Dietz, A.B. Systemic immune suppression in
glioblastoma: The interplay between CD14+HLA-DRlo/neg monocytes, tumor factors, and dexamethasone. Neuro-Oncology
2010, 12, 631-644. [CrossRef]

Alieva, M.; Margarido, A.S.; Wieles, T.; Abels, E.R.; Colak, B.; Boquetale, C.; Jan Noordmans, H.; Snijders, T.J.; Broekman, M.L.;
van Rheenen, J. Preventing inflammation inhibits biopsy-mediated changes in tumor cell behavior. Sci. Rep. 2017, 7, 7529.
[CrossRef]

Flores-Toro, J.A.; Luo, D.; Gopinath, A.; Sarkisian, M.R.; Campbell, ].J.; Charo, LE; Singh, R.; Schall, T.]J.; Datta, M.; Jain, RK.; et al.
CCR2 inhibition reduces tumor myeloid cells and unmasks a checkpoint inhibitor effect to slow progression of resistant murine
gliomas. Proc. Natl. Acad. Sci. USA 2020, 117, 1129-1138. [CrossRef]

Hattermann, K.; Bartsch, K.; Gebhardt, H.H.; Mehdorn, H.M.; Synowitz, M.; Schmitt, A.D.; Mentlein, R.; Held-Feindt, J. “Inverse
signaling” of the transmembrane chemokine CXCL16 contributes to proliferative and anti-apoptotic effects in cultured human
meningioma cells. Cell Commun. Signal 2016, 14, 26. [CrossRef]

Hattermann, K.; Ludwig, A.; Gieselmann, V.; Held-Feindt, J.; Mentlein, R. The chemokine CXCL16 induces migration and
invasion of glial precursor cells via its receptor CXCR6. Mol. Cell Neurosci. 2008, 39, 133-141. [CrossRef]

Hattermann, K.; Sebens, S.; Helm, O.; Schmitt, A.D.; Mentlein, R.; Mehdorn, H.M.; Held-Feindt, J. Chemokine expression profile
of freshly isolated human glioblastoma-associated macrophages/microglia. Oncol. Rep. 2014, 32, 270-276. [CrossRef] [PubMed]


http://doi.org/10.1093/neuonc/nos014
http://www.ncbi.nlm.nih.gov/pubmed/22406925
http://doi.org/10.1007/s11060-013-1236-x
http://doi.org/10.1093/neuonc/noq001
http://doi.org/10.1038/s41598-017-07660-4
http://doi.org/10.1073/pnas.1910856117
http://doi.org/10.1186/s12964-016-0149-7
http://doi.org/10.1016/j.mcn.2008.03.009
http://doi.org/10.3892/or.2014.3214
http://www.ncbi.nlm.nih.gov/pubmed/24859792

	Introduction 
	Chemokine Signaling Pathways as Therapeutic Targets in GBM 
	Targeted Therapies in Chemokine Signaling 
	Combination of Targeting Chemokine Receptors/Chemokines with the Standard-of-Care Therapy 
	Antiangiogenic Approaches Targeting Chemokine Receptors/Chemokines 
	Immunotherapeutic Approaches Involving Chemokine Signaling 

	Conclusions 
	References

