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ABSTRACT

Glioblastoma (GBM) is the most common and aggressive primary malignant brain
tumor of the Central Nervous System (CNS), and it accounts for approximately 55% of
glioma in adults. Despite the standard care of therapy associating maximal safe
surgery and concomitant radio-chemotherapy with temozolomide, the median survival
after diagnosis is about 16 months. Moreover, the progression of the disease is
characterized by systematic relapses explained by the huge infiltrating nature through
surrounding tissue, both intra-tumoral and inter-patient heterogeneity and GBM cells
plasticity.

Chemokines constitute a subpopulation of chemotactic proteins secreted by various
types of cells in different tissues. They are important regulator of development, immune
responses, and tissue repair. In normal tissues, chemokines and chemokines
receptors are expressed a wide range of cell subtypes. In GBM, they are described to
play diverse roles such as angiogenesis or tumor progression and abilities to resist to
treatment. Our previous reports demonstrate that a population of GBM stem cells can
migrate and invade the ventricles via the CXCR4/CXCL12 chemokine signaling
pathway. Furthermore, we demonstrated that these SVZ-nested cells are
radioresistant.

ACKRS, the atypical chemokine receptor 3, is the second receptor for the chemokine
CXCL12, binding it with a 10-fold higher affinity than CXCR4, the first described
receptor for CXCL12. ACKR3 is expressed in various immune cells, neurons and
endothelial cells and plays a crucial role in cardiovascular and neuronal development
as well as in the migration and homing of hematopoietic progenitor cells. Unlike
CXCR4, which signals via G protein, ACKRS activity relies on p-arrestin recruitment.

The main goal of this study was to investigate the role of ACKR3 in GBM, focusing on
its expression pattern. We demonstrate that unlike to CXCR4, ACKR3 expression is
low in patient-derived GBM stem-like cells but distributed in diverse cell types within
GBM patient tissues. We showed also that overexpression of ACKR3 did not change
GBM cell proliferation or invasion, suggesting its minor role(s) in GBM cells.

Aside of the experimental work, we implemented in silico analyses of chemokines and
receptor expression in patient-derived tissue data, that globally converge to our
preliminary conclusions. Since the ACKR3 receptor is observed in different cells of the
GBM microenvironment, we consider imperative to study the function of this receptor
in a complete immunocompetent tumor microenvironment, by considering not only the
tumor cells but also the cells surrounding them.

The second objective of this thesis was to develop a nhew method to detect and track
specifically SVZ-GBM nested cells in a xenograft model. This approach is based on



color conversion mediated by an AAV injected intracerebroventricularly. We designed
a model consisting of the implantation of patient-derived GBM stem cells, initially red,
turning green when they invade the SVZ, where they are transduced by an AAV. These
cells were genetically modified to contain floxed dsRED/STOP cassette upstream of
eGFP gene. After intracerebroventricular injection of a recombinant AAV expressing
CRE recombinase, the floxed cassette is excised allowing the cells to express eGFP.
These results confirm the effectiveness of this method and open the way to new
research on the role of the SVZ in GBM biology.
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INTRODUCTION

PART 1: INTRODUCTION

1. Gliomas - general overview

Tumors of the central nervous system (CNS) constitute the fifth most prevalent cancer
type, and gliomas are the most common primary CNS tumors'. The overall annual
incidence rate of brain/CNS tumors in the United States between 2016 and 2020 stood
at 24.83 per 100,000, with gliomas representing 26.3% of cases'. These tumors share
histological characteristics with normal glial cells and are typically named based on
these similarities?. Gliomas can vary widely in their aggressiveness, with grades
ranging from low-grade (WHO grade 1-2) to high-grade (WHO grade 3-4). In adult,
most gliomas occur in the supratentorial brain structures (frontal, temporal, parietal and

occipital lobes combined)’.

1.1. Histomolecular classification of gliomas

The glioma classification system has dramatically changed over the past decade.
Historically, neuropathologists relied on histopathology as the "gold standard" for the
diagnosis and classification of gliomas3. Tumors were classified from WHO grade 1 to
4, following a decision tree based on characteristics of increasing malignancy,
including degree of cellular atypia, mitotic index, and for certain specific tumor types
(e.g. GBM), necrosis and microvascular proliferation3*. Astrocytomas present
hypercellularity and nuclear atypia (enlarged, irregularly/elongated shaped and
hyperchromatic) (Fig. 1a). Oligodendrogliomas are characterized by different size of
round cells, uniform nuclei, coarse chromatin, and few cytoplasm (Fig. 1b). And
glioblastomas (WHO grade 1V) exhibit microvascular proliferation (Fig. 1c) and/or

necrosis (Fig. 1d).

Recent advances in molecular biology have supported a deeper understanding of
molecular alterations in gliomas, which led to the revision of diagnostic criteria, the
identification of prognostic biomarkers and the implementation of targeted therapies®®.

This progress is notably reflected in the versions of the 2016 and 2021 WHO
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INTRODUCTION

classification of CNS tumors, which integrate evolving molecular knowledge, allowing
better precision for the diagnosis and management of gliomas®-2. The most important

molecular alterations are listed below (Fig. 2).

Figure 1: a) Astrocytoma showing nuclear atypia (enlarged, irregularly/elongated
shaped and hyperchromatic). b) Oligodendroglioma with round regular nuclei, coarse
chromatin, few cytoplasm, and clear perinuclear halos. Glioblastomas with typical
features, such as (c) microvascular proliferation and (d) pseudopalisading necrosis
(Adapted from Ferris et al. 2017) (Created with BioRender.com)

Histology Diffuse astrocytic or oligodendroglial glioma
IDH
ATRX
1p/19q
S ¥ = \‘ .
comane === AN
v
TERT, EGFR Necrosis Necrosis TERT-mutant, EGFR
and/or +7/-10 ormutant |_and/orMvP and/orMVP | amplified and/or +7/-10
1
v v v 4 v
Imegmted Oligodendroglioms, Astrocytoma, Astrocytoma, Glioblastoma,
diagnosis 1;',’:';::&":&“& IDH-mutant, IDH-mutant, IDH-wild type,
WHO gradeZorSi' WHO grade 2 or 3 WHO grade 4 WHO grade 4
methylation

Figure 2 : WHO CNS5 2016/2021 classification-based decision tree for glioma diagnosis, illustrating the integration of
molecular crtieria. (Adapted from Weller et al. 2021) (Created with BioRender.com)
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¢ Isocitrate dehydrogenase 1 and 2 (IDH 1/2)
The isocitrate dehydrogenase (/DH) mutation status represents a key feature allowing
the categorization of gliomas®, essentially separating IDH-mutant (IDH-mut) tumors,
such as oligodendrogliomas and astrocytomas, from IDH-wild type (IDH-WT)
glioblastoma (Fig. 2). In 2008, Parsons' team performed mutational analysis of the
glioblastoma DNA samples which led to the identification of somatic mutations in the
IDH1 gene'®. The most frequent mutation affects IDH1, with a change of the arginine
to a histidine at the position 132 (R132H). Rarer mutations in /DHZ2 rather affect the
position 172 with a substitution of arginine to a lysine''. The IDH enzyme is an
oxidoreductase that catalyzes oxidative decarboxylation of isocitrate to produce a-
ketoglutarate (o-KG) and the reduction of NAD+ to NADH + H*'213, The mutations lead
to a deficient catalytic activity and the production of an oncometabolite, 2-
hydroxyglutarate (2-HG)'2'4, 2-HG inhibits crucial histone demethylases, leading to
DNA methylation and repression of multiple genes'?13. Moreover, the IDH1 mutation
cause CpG island methylator (CIMP) phenotype by remodeling the epigenome
(modifying methylation patterns, changing transcriptional programs and altering the

differentiation state)?s.

¢ Alpha-thalassemia/mental retardation X-linked (ATRX)
o-thalassemia/mental retardation X-linked (ATRX) is a chromatin remodeling protein
involved in maintenaining genomic stability, DNA repair processes and telomere
preservation'®. The loss of ATRX is a second-level molecular marker for glioma
classification (Fig. 2). Functionally, ATRX loss impairs DNA repair by non-homologous
end joining (NHEJ) and promotes alternative lengthening of telomeres (ALT) activity,

leading to genetic instability'”:'8.

e 1p/19q co deletion
The deletion of the short arm of chromosome 1 and the long arm of chromosome 19
(1p/19q codel) distinguishes oligodendrogliomas from astrocytomas, which are 1p/19q
intact'® (Fig. 2). Several studies have highlighted the fact that 1p/19q codeletion was

associated with increased sensitivity to chemotherapy, favoring a better prognosis?®-
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22, This could be explained by the crucial role of 1p/19q codel in the regulation of

immune cell infiltration and expression of multiple immune checkpoint genes?3.

¢ Cyclin-dependent inhibitor 2A and B (CDKN2A/B)
The cyclin-dependent kinase inhibitor 2A and B (CDKN2A/B) genes encode the p14,
p16, and p15 proteins, respectively. Under physiological conditions, these proteins
play a crucial role in regulating the cell cycle and angiogenesis®*. Homozygous
deletion of CDKN2A/B (CDKN2A/B HG) leads to a direct oncogenic effect through the
loss of cell cycle control and angiogenesis and, characterizes astrocytomas of higher

grades (Fig. 2).

e Telomerase reverse transcriptase (TERT)
Another key genomic alteration involves the TERT promoter?®. Cancer cells divide
endlessly, and telomerase reverse transcriptase is an essential enzyme that allows
this escape from senescence®. Mutations in the TERT promoter induce the TERT
protein overexpression, resulting in telomere elongation?6. These mutations are found
in IDH WT glioblastomas, as well as in IDH-mut, 1p/19q codeleted

oligodendrogliomas?27 (Fig. 2).

o Epithelial growth factor receptor (EGFR)

The consideration of molecular alterations targeting epithelial growth factor receptor
(EGFR) are also an important biomarker for the diagnosis of gliomas?é. IDH WT
Glioblastoma is often associated with EGFR amplification (EGFRamp) or mutation. A
common mutant of EGFR is known as variant Il (EGFRvIII)2°. Currently, experimental
therapeutic approaches aimed at targeting EGFRuvIIl are under validation, including
CAR-T cell therapy, therapeutic vaccines, antibodies, and bispecific T cell engagement
strategies?®-33. The combination of EGFRamp and/or EGFRUVIIl with other alterations
is highly specific of WHO grade 4 IDH WT glioblastoma (Fig. 2)28:34.
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e Copy number variation on chromosomes 7 and 10
The gain on chromosome 7 combined with loss on chromosome 10 (+7/-10) is
considered as a key molecular signature for WHO grade 4, IDH WT glioblastomas??:35
(Fig. 2).

In GBM, gains of genetic material are slightly more frequent than losses. The most
common gains occur on chromosome 7, which involve the amplification of EGFR gene,
a critical oncogene. EGFR amplification drives tumor progression by enhancing cell
proliferation, migration and resistance to therapies. On the other hand, the most
frequent loss occurs on chromosome 10, leading to the deletion of PTEN, a key tumor

suppressor gene®6,

2. WHO grade 4, IDH WT glioblastoma

2.1. Epidemiology

Glioblastoma (GBM) is the most aggressive form (grade 4) of gliomas and represents
the most common primary tumor of the CNS, constituting 14.2% of all brain tumors
and 50.9% of malignant tumors (Fig. 3). GBM is mostly diagnosed in adults, with a
median age of 66 years. In the United States, between 2016 and 2020, the incidence
of glioblastoma was higher in men (4.09 per 100,000 inhabitants) than in women (2.55
per 100.000 inhabitants). GBM has the lowest median survival of only 8 months from
diagnosis! (Fig. 4). In contrast, the median survival for patients with oligodendroglioma
reaches 205 months. 'In Belgium, a recent study demonstrated that between 2017 and
2019, the median overall survival of GBM was 9.3 months, significantly shorter

compared to astrocytoma (25.9 months)?’.
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Figure 3: Distribution of malignant primary brain Figure 4 : Kaplan-Meier survival curves between 2016-2020
and other CNS tumors (between 2016-2020) in the United States, for the five most common pathologies
(Adapted from Ostrom et al. 2023). within 40+ years group. (Adapted from Ostrom et al. 2023).

2.2. Etiology

GBM is considered as a sporadic disease, and most patients do not present any risk
factors for tumor development at the time of diagnosis®8. Even so, the head exposure
to ionizing radiation constitutes the most significant environmental risk factor for
GBM?3-#1, Some familial cancer syndromes (e.g., Lynch syndrome, Li-Fraumeni
syndrome, tuberous sclerosis and Neurofibromatosis type 1) are also associated with
an increasing risk of GBM“*2. Notably, a history of allergies or atopic diseases is
associated with a reduced risk of developing GBM#3. Respiratory allergies appear to
lower the risk of GBM by 30%, and eczema was associated with a 30%-reduced risk
of developing glioma overall*344. Another study shows that regular aspirin use was
associated with a reduced risk of GBM45. Aside from these considerations, there is
currently no proven evidence that GBM is related to environmental factors including,
smoking, mobile phone use, exposure to low frequency electromagnetic fields,

hormones, dietary factors, height and body mass index and others?®.

2.3. Clinical aspects — symptoms and diagnosis

The clinical signs of GBM are generally linked to the function of the brain area that is

affected*”. At diagnosis, GBM patients present different symptoms including,
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neurological symptoms, with headache, motor dysfunction and, aphasia being the
most common4748, However, other symptoms may include intracranial hypertension,

and some patients even develop epileptic seizures?.

The appearance of abnormal neurological symptoms suggestive of a brain tumor is
usually monitored using magnetic resonance imaging (MRI)*°. Classically, the MRI of
GBM patients is characterized by (1) an infilirative lesion showing contrast
enhancement at the margins on T1-weighted images, due to disruption of the blood-
brain barrier (BBB), (2) a hypo-signal in the center of the lesion on T2-weighted images
which marks necrosis, and (3) hyper-signal on T2-weighted fluid-attenuated inversion

recovery (FLAIR) images, highlighting peritumoral edema®® (Fig. 5).
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Figure 5 : Axial MRI head scan with (A) gadolinium enhanced T1-weighted, (B) T2-weighted, and (C) FLAIR
sequences demonstrating a right parietal glioblastoma (Adapted from Mckinnon et al. 2021).).

Following the diagnosis of GBM, histological analysis is typically performed on
tissue obtained from a tumor biopsy or resection®'. GBM is characterized by high
cell density and significant variability, comprising astrocytic cells with pronounced
nuclear abnormalities®2. There is observable strong cell division activity, and the
presence of necrosis and/or microvascular proliferation is common®2.
Immunostainings reveals that the tumor is positive for glial fibrillary acidic protein
(GFAP) and OLIG2, with high mitotic activity indicated by Ki67 positivity 49:50,

As mentioned above, certain molecular markers are routinely used to refine GBM
diagnosis®. GBM is characterized by IDH WT status (indicating the absence of IDHmut

in immunostaining), retention of nuclear ATRX staining, and often exhibits nuclear
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accumulation of the p53 protein®2. Additionally, key molecular alterations include
mutations in genes that regulate receptor tyrosine kinases (RTKs) and downstream
signaling pathways (RAS/PI3K), as well as TP53 and RB signaling pathways®2. Finally,
mutations in the TERT promoter, as well as alterations in the EGFR gene (EGFRamp
and EGFRuvIIl), along with specific chromosomal losses/gains (+7/-10), are common

parameters that help guide GBM diagnosis®?.

2.4. Therapeutic aspects — Standard-of-care

The standard treatment for GBM involves maximal safe surgical resection to eliminate
as many cancer cells as possible, followed by concomitant radiotherapy and TMZ

chemotherapy®'.

Resection surgery facilitates the macroscopic removal of the tumor, allowing for
biopsies that aid in genetic and histological analyses, thereby confirming and refining
the diagnosis 53 54.The primary objective of this procedure is to maximize cytoreduction
while preserving the patient's neurological functions. Despite technical advances, such
as the neuronavigation and the judicious use of fluorescence techniques (e.g., 5-
aminolevulinic acid), which allow more extensive and secure resection, tumor cells

infiltrating the brain parenchyma nevertheless persist53.

The introduction of tumor cell fluorescence derived from 5-aminolevulinic acid (5-ALA)
has improved contrast enhancement, leading to more “complete” tumor resections®®.
Metabolically active tumor cells convert 5-ALA into protoporphyrin, which fluoresces
red/violet when exposed to blue light®¢(Fig. 6). Following the clinical trials conducted
by Stummer et al. in 2006, 5-ALA was approved by the Food and Drug Administration
(FDA) as an intraoperative imaging agent in suspected cases of high-grade glioma®’.
By enhancing the rate of macroscopic complete tumor resection, 5-ALA significantly

improves both progression-free survival and overall survival for patients57-59,
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Figure 6 : 5-ALA derived fluorescence-guided GBM surgery (A) surgical resection cavity visualization with white
light (B) surgical resection cavity under blue light (635nm) with red and violet fluorescence representing tumor cells,
compared to normal brain appearing in blue. (Adapted from Hadjipanayis CG et al. 2021).

Since 2005, the debulking resection is followed by adjuvant radiotherapy and
chemotherapy, as the standard of care. At the time, Roger Stupp’s team indeed
highlighted the benefit of combining temozolomide (TMZ) with radiotherapy, which
significantly improved prognosis for GBM patients. In their study, the median survival
for patients treated with radiotherapy plus TMZ was 14.6 months, compared for those

receiving radiotherapy alone®® (Fig. 7).
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Figure 7 : Kaplan—Meier curves of overall survival (A) and progression-free survival (B) among patients treated with
radiotherapy plus temozolomide (blue) compared with patients treated with radiotherapy alone (red) (Adapted from
Stupp et al. 2005).

TMZ is an alkylating agent that adds methyl groups to purine bases, mainly on OS-
guanines, generating O8-methylguanine (O6-MeG). This modification disrupts proper
DNA replication, leading to double-strand breaks and ultimately cell death®'. The DNA
repair enzyme O6-methylguanine-DNA methyltransferase (MGMT) can remove O6-
MeG induced by alkylating chemotherapy, thereby suppressing cytotoxicity and

resulting in chemoresistance. Methylation of the MGMT promoter at CpG sites leads
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to protein silencing and a responsiveness to TMZ®2, In 2009, the group of Roger Stupp
indeed showed that MGMT methylation status identifies patients most likely to respond
to TMZ%3,

In addition to standard treatment, supportive medications are prescribed to improve
the quality of life for GBM patients*”. Corticosteroids (e.g. dexamethasone) are used
to reduce peritumoral edema and help to relieve headaches, nausea and vomiting
associated with intracranial hypertension4’. Antiepileptics medications, such as

levetiracetam, may also prescribed for patients experiencing seizurest.

2.5. Therapeutic aspects — Second-line treatments

Tumor treatment fields (TTFs) are a novel therapeutic modality involving low-intensity
alternating electric fields applied directly at the tumor site, through electrodes placed
on the skin. These electric fields disrupt cell division in rapidly dividing cells (tumor
cells), leading to cellular death by apoptosis®®. In 2012, patients with recurrent GBM
were treated with the NovoTTF-100A device; however, no improvement in overall
survival was observed®. In 2015, the same team conducted a new clinical study to
evaluate the effectiveness and safety of TTFs combined with TMZ in GBM patients.
They showed that the addition of TTFs to TMZ chemotherapy significantly prolonged
progression-free survival and overall survival 87. Antiangiogenic treatments can also
be used for GBM patients. Two different clinical studies evaluated the effect of the
bevacizumab, a monoclonal antibody against vascular endothelial growth factor A
(VEGFA), in combination to standard therapy in GBM patients. While the quality of life
and health-related performance status were improved in the bevacizumab group, there
were no significant differences in overall survival®®8°, The addition of bevacizumab to
TMZ/radiotherapy also led to more significant adverse effects in patients. Furthermore,
advances in the molecular deciphering of GBM have opened the door to targeted
therapies as potential adjunct treatments’. For instance, vemurafenib is a BRAF
inhibitor, has demonstrated clinical efficacy in patients with brain metastases from
BRAF V600E mutant melanoma and has been tested in patients with diffuse malignant
glioma harboring the same mutation?°. In this trial, only one patient exhibited a partial

response, while others achieved disease stabilization, sometimes lasting over a year”'.
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2.6. GBM recurrence and underlying mechanisms

Despite these standard treatments, the aggressive and invasive nature of GBM leads
to disease progression, making relapses inevitable for most patients’2. The majority of
tumor recurrences occur within 2 cm of the initial tumor site, although some may arise
at greater distances’?>74. Recurrent tumors tend to be more aggressive than primary
tumors, and are generally less responsive to treatment”. A recent study investigated
the molecular determinant of GBM evolution by comparing paired primary and
recurrent longitudinal samples, and show that genetic alterations, tumor cell

heterogeneity and malignant phenotype change over time and upon treatment’.

2.6.1. GBM cell invasiveness and interactions with host brain cells

GBM cells are highly invasive, making them a significant obstacle to treatment as they
can evade surgical intervention”8. Although GBM rarely metastasizes outside the brain,
local invasion occurs along blood vessels, white matter tracts, and the subarachnoid
space’’. GBM cells have the ability to remodel their cytoskeleton and the extracellular
matrix, facilitating their invasion into surrounding tissues””. Recently, Venkataramani
et al. showed that GBM cells receive synaptic input from neurons, contributing to brain
invasion and disease progression. Their findings indicate that GBM cell invasion is
similar to neuronal progenitor migration, characterized by synaptic communication
between neurons and migrating tumor cells. In that line, it has been demonstrated in
the GLASS consortium study revealed that, at recurrence, IDH-WT GBM tumors

exhibit increased expression of “neuronal signaling” programs?s.

2.6.2. The blood-brain-barrier (BBB): a barrier to effective drug penetration

The blood-brain-barrier (BBB) serves as a protective brain barrier that
compartmentalizes the brain from the blood, regulating ionic composition, nutrients and
oxygen supply, while preventing the entry of macromolecules and potentially
neurotoxic substances typically found in the blood”. Although the BBB integrity may

be compromised in certain tumor regions®®-82, the poor prognosis of GBM is, at least
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in part, due to the challenge of effective drug delivery across this barrier 8, In the last
decades, several studies have focused on developing new strategies to improve the
delivery of therapeutic agents. In 2023, Roger Stupp's team proposed a novel
approach involving low-intensity pulsed ultrasound combined with intravenous
microbubbles (LIPU-MB) to open the BBB and enhance paclitaxel delivery to the
peritumoral brain in patients with recurrent GBM?84. The objective of this phase | clinical
trial was to determine the maximum tolerated dose during the first cycle of sonication
associated with paclitaxel chemotherapy, with an assessment of safety in treated
patients. In 2024, a phase |l study was conducted to evaluate the BBB opening via
MRI and assess therapeutic efficacy. Results indicated that among the 12 patients who
received carboplatin immediately before sonication, the progression-free survival was
3.1 months, with a one-year overall survival rate of 58%, and a median survival of 14

months following surgerys®.

2.6.3. GBM stem cells

In line with the concept of cancer stem cells, which emerged and developed throughout
the 20 century, GBM stem cells (GSC) were defined in the early 2000’s as pluripotent
cells capable of self-renew, exhibiting a high rate of proliferation and multilineage
differentiation capacity. Upon secondary transplantation, GSC initiate a new tumor that
recapitulates the cellular heterogeneity of the parental tumor (Fig. 8)887. In situ, GSC
predominantly reside in hypoxic niches of the brain, where they display resistance to
conventional treatment88-90_ The identification of GSC often relies on the expression of
various ‘stem cell’ membrane markers such as CD133, CD15, CD44 or intracellular
markers such as Sox2 and Nestin®', although these markers are not entirely specific.
Finally, several studies have demonstrated that GSC are the primary drivers of tumor

development and play a pivotal role in establishing intra-tumoral heterogeneity®2-4.
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Figure 8 : Schematic criteria of GSCs. GSCs are defined by various functional characteristics including self-
renewal, high proliferation rate, and tumor initiation upon secondary transplantation. GSCs share also common
characteristics including frequency within a tumor, stem cell marker expression, and potential for differentiation.
(Adapted from Lathia et al. 2015).

2.6.4. Heterogeneity and plasticity

The identification of “stem-like” cells in GBM tumors has raised the idea that not all
cells in a tumor are identical and have further led to the detailed investigation of intra-
and intertumoral heterogeneity, that has increasingly been considered as a major
factor contributing to treatment failure. In 2008, the pioneering study of the Cancer
Genome Atlas (TCGA) project analyzed the genomic profile of hundreds of GBM
patients and revealed a significant genetic and epigenetic inter-tumor heterogeneity,
across tumors®. This study allowed the identification of frequently mutated genes
(TP53, EGFR, NF1 and PTEN). Three critical signaling pathways have also been
highlighted as being frequently altered in GBM (p53, Rb and RTK/RAS/PI3K)%. Two
years later, a study made it possible to classify GBM into different molecular subtypes
based on genomic and transcriptomic profiles®®. Verhaak et al. addressed
transcriptomic heterogeneity and defined four GBM subtypes, namely proneural,

neural, classic and mesenchymal®. Their study demonstrated that the effectiveness
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of standard treatment varied accross subtypes, as it drastically reduced mortality in the
classical and mesenchymal subtypes, but moderately in the neural subtypes while no
change was associated with the proneural subtypes®. Along with the rise of single-cell
RNA sequencing technologies, Patel et al. were the first to shed light on the intra-tumor
heterogeneity, showing the coexistence of different cell types within GBM, at the
individual level. They demonstrated that GBM was composed of various cell subtypes
with particular transcriptional signatures, and several cells with intermediate/mixed
signatures. They showed that tumor cells were either in a stem-like or a differentiated
state, exhibit variable proliferation capacities, and express differing levels of
quiescence marker®”. Then, in 2019, Neftel et al. demonstrated cellular state
transitions based on four single-cell transcriptomic signatures: astrocyte-like (AC),
neural progenitor cell-like (NPC), oligodendrocyte progenitor cell-like (OPC) and
mesenchymal-like (MES)%. Importantly, multiple cellular states coexist within each
GBM tumor. Altogether, GBM is characterized by extensive cellular heterogeneity and
plasticity, which means that GBM cells are in a constant dynamic process, undergo
changes in cell states and adapt depending on the disease development and

microenvironmental signals®1%0.

2.6.5. The tumor microenvironment (TME) in glioblastoma

The GBM tumor microenvironment (TME) is a complex network that not only includes
tumoral cells (under various states) but also other non-malignant cells such as,
microglia, tumor-associated macrophages (TAMs), tumor-infiltrating lymphocytes
(TILs), myeloid suppressor cells (MDSC), astrocytes, endothelial cells, pericytes and
fioroblasts'®' (Fig. 9). The TME is a dynamic system where permanent
communications and interactions take place between these cell populations to ensure
growth, invasion and immune escape leading to therapeutic resistance. The
communication of GBM cells with their environment is especially mediated by secreted
factors (e.g. chemokines and growth factors), via the transfer of extracellular vesicles,

or using interconnecting microtubes'0".
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The extracellular matrix (ECM) is a key component of TME. It includes proteins like
collagen, fibronectin and laminins that provide a physical and biochemical support for
surrounding cells'02. Alterations in ECM composition and stiffness, often mediated by
matrix metalloproteinases (MMPs), promote GBM cell invasion through surround
tissue and contribute to tumor progression'03.194, Cancer-associated fibroblasts (CAFs)
actively participate to this ECM remodeling the ECM, further supporting GBM

progression05:106,

The GBM TME is globally characterized by an immunosuppressive activity that
promotes the survival and proliferation of tumor cells by decreasing the immune
response. This is reinforced by the major abundance in immunosuppressive
macrophages, MDSC and regulatory T lymphocytes (Treg)'9”-1%. TAMs (especially
M2-like) represent the major component of the GBM TME. Blood-derived TAMs
significantly infiltrate gliomas, upregulate immunosuppressive cytokines and exhibit a
different metabolism compared to microglial TAMs'0, In contrast, TILs represent a
small proportion in the GBM environment '''. Typically, GBM TME is considered as
“cold” environment with a weak adaptative immune response, in which glioma cells
express different immune checkpoint molecules that impede immune cell activation''2.
In addition to their low abundance, many factors (PD-1 and CTLA-4) contribute to the
depletion or exhaustion of TILs present in the TME making them nonfunctional®3. Of

note, CAFs also appear to play role in GBM immune suppression'96,

Adding up on the aforementioned GBM malignant cell heterogeneity, Martinez-Large
et al. have shown that GBM immune infiltrate is also very different across patients and
within individual tumors over time''*. In the same line, White et al. presents a
multicenter study exploring TME subtypes in GBM and their potential role in predicting
immunotherapy response. They revealed three distinct subtypes (TMEMigh, TMEMed
and TME¥) based on immune and endothelial cell abundance. The study shows that
TME¥ patients, with low immune infiltration, may benefit from a combination therapy
targeting EGFR inhibition. In contrast TMEMed and TMENM9" subtypes, with higher
immune cell density, suggest potential responses to immunomodulatory therapies'’s.

Finally, many reports showed that increased T cells infiltration in GBM TME was
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associated with prolonged survival’'®. However, unlike in other solid tumors, no
surprising and major advances have been observed in terms of immunotherapy for
GBM'"7.118_The idea of countering glioma-associated immunosuppression has been
extensively studied in clinical trials with the aim of generating anti-tumor responses.
Many clinical trials have been conducted, testing vaccines''®-'24 CAR-T cell
therapies'25-129, and treatments with immune checkpoint inhibitors for GBM?'30-133 but

all these studies have so far failed at the step of clinical translation.

Moreover, the GBM TME is also characterized by different regional particularities,
including for instance acidic and hypoxic regions, adding an additional layer of
complexity and challenge to therapeutic strategies'34'35. The hypoxic niche in GBM is
a key feature that provides malignant cell aggressiveness and promotes cancer
progression, as well as treatment resistance 34135, Hypoxia is associated with poor
prognosis in patients because it activates various signaling pathways involved in
apoptosis, autophagy, and DNA damage, thereby contributing to therapeutic

resistance136,
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Figure 9 : Representation of GBM TME. GBM cells influence the immune landscape within the tumor
microenvironment, leading to an immunosuppressive phenotype. They achieve this by secreting various factors
that suppress the activation of T cells. Additionally, GBM cells promote the polarization of macrophages toward
the anti-inflammatory MZ2-like phenotype and facilitate the recruitment of myeloid-derived suppressor cell
(MDSCS) and T regulatory cells (Tregs) further enhancing the immunosuppressive environment. (Adapted from
Mahajan et al. 2023)
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2.6.6. The role of the subventricular zone

The subventricular zone (SVZ) is a 3-5 mm region of the adut brain which extends
along the lateral walls of the lateral ventricles'3” (Fig.10). SVZ hosts a large population
of neural stem cells capable of self-renewal and giving rise to neurons and glial cells38.
The structure of the SVZ as well at the mechanisms underlying adult neurogenesis
have been and are yet under extensive characterization in murine models. In parallel,
the study of post-mortem human brains also revealed the particular structure of the
human SVZ, and the presence of stem-like neural cells that indicate the occurrence of

neurogenic events's9,

In a subset of GBM patients, tumors develop in close proximity to the SVZ. Given the
functional specificity of this area, several clinical studies have been carried out to
determine whether the involvement of the SVZ had an impact on GBM patient survival.
One study demonstrated that patients with SVZ-positive GBM had a higher risk of
multifocal disease or distant progression'#. It was later revealed that the progression-
free survival of patients with SVZ-positive tumor was lower compared to patients
whose lesion was not in contact with the SVZ (Fig.11)'4'. Moreover, patients with GBM
involving the SVZ had reduced overall survival'#!. Another study showed that contact
with the SVZ but not with the corpus callosum or subgranular zone was associated
with early recurrence and decreased survival'#2. Finally, it was shown that ionizing
radiation directed to the SVZ was associated with an improvement in progression-free

survival and overall survival in patients with GBM43,
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Human SVZ

Figure 10 : Architecture of human subventricular zone (SVZ). A) Coronal
section of human brain at the level of lateral ventricles. B) Enlarged images of
human SVZ stained with hematoxylin and eosin. The human SVZ consisting of
four layer (I to IV) from the lateral ventricle lumen to the parenchyma. C)
Schematic representation of the cellular composition of human SVZ. The SVZ
is composed of different layers: Layer | is a monolayer of ependymal cells
responsible for the production and secretion of cerebrospinal fluid, layer Il is
known as hypocellular space as it poorly populated with cellular processes,
layer Il is a cellular ribbon of GFAP-expressing cells and neuroblasts and layer
IV, the outermost layer, is a transition zone of myelinated axons and
oligodendrocytes (Adapted from Lombard et al. 2021)
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Figure 11 : Kaplan-Meier Curve of progression free-survival in patient presenting a tumor in contact with SVZ (SVZ
+) or not (SVZ-) (Adapted from Jafri et al. 2013).
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2.6.7. Background of the host lab

For several years, researchers in the laboratory have studied the cellular and
molecular mechanisms underlying GBM recurrence. The main goal of was to
understand the role of GBM stem-like cells (GSC) in disease development and mostly,
in recurrence. Kroonen et al. demonstrated a particular interaction between GSC and
the subventricular zone. They demonstrated that GBM cells injected into the right
striatum of immunodeficient nude mice could migrate along the corpus callosum to
reach and nest in the SVZ and from there, towards the olfactory bulbs (Fig. 12)144.
GBM cells isolated ex vivo from these two areas display huge tumorigenicity by forming
a new tumor after second injection, suggesting that this tumoral cell population is
enriched in GSCs'#4. A fine characterization allowed them to demonstrate that these
GBM cells express stem cell markers, such as Nestin and Sox2'44. Then, they noticed
that GSCs expressed an important level of CXCR4 receptor at the surface’5. In
parallel, they demonstrated that endothelial cells overlaying the SVZ secrete a high
amount of CXCL12, the chemokine that binds to the CXCR4 receptor'45. These results
allow them to suggest that CXCR4/CXCL12 signaling could play a significant role in
the specific invasion of GSCs into the SVZ'45. To confirm this hypothesis, they treated
GBM cells with an inhibitor of CXCR4 (AMD3100), which resulted in a disruption of
GSC chemotactic attraction'#5. These results were confirmed in an in vivo model where
CXCR4-depleted GBM cells were grafted, and the invasion phenotype was

abolished45,
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Figure 12: Immunodeficient mice injected with
human U87 cells develop tumor mass in the right
striatum at 3 weeks postinjection and invade the
ipsilateral SVZ. Human mitochondrial (H.M.)
marker was used to identify U87 cells. (Adapted
from Kroonen et al. 2011)

Subventricular Zone
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The SVZ is considered as niche in which the local cellular and molecular environment
support the maintenance and the proliferation of normal neural stem cells 3. The
specific tropism of GSCs to this SVZ could thus be understood as if this would provide
adequate local influences for their maintenance the survival. The SVZ could therefore
constitute a reservoir for GSCs, putatively having a role in GBM recurrence. In this line,
our host lab demonstrated that when these GBM cells reach SVZ, they became
protected from ionizing radiation46. In vivo xenograft experiments showed indeed that
whole brain irradiation does not affect cells that have migrated into the SVZ to the
same extend as cells present in the tumor mass '#6. Moreover, disrupting the
CXCL12/CXCR4 signaling axis sensitized these cells to IR 146. GSCs show enhanced
resistance to double-stranded DNA damage. This could explain their ability to repair
DNA damage to survive when in this favorable environment. They also observed that
CXCL12 accelerates the repair of IR-induced double-stranded DNA damage in GSCs

of the SVZ, increasing their survival 48,
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They further investigated the phosphoproteome of CXCL12-treated GBM cells and
identified the serine/threonine Aurora A (AurA) mitotic kinase as activated by
CXCL12'47. AurA was overexpressed in GBM tissue compared to non-tumoral
tissues'#’. Further investigation demonstrated that in GBM cells, CXCL12 activates
AurA through CXCR4 and ERK1/2 proteins'¥’. They identified various biological
activities of AurA in GBM including cell survival, radio-resistance, self-renewal,
proliferation, and migration'#”. Finally, they showed that inhibition of AurA with alisertib

decreases the number of GSCs invading the SVZ in mice model™#.

Additionally, they identified the nuclear MAP kinase phosphatase 1 (MKP1) which is
another protein which phosphorylation is modulated by CXCL12'48, They found that
MKP1 is increased in GBM and CXCL12 treatment GBM cells induced an increase in
phosphorylation of MKP1148, Our laboratory demonstrated that posphorylated-MKP1
increases GBM cells radioresistance™8. In addition, MKP1 facilitates DNA repair
through recruitment and stabilization of the DNA repair protein RAD51 at DNA double-

stranded break sites'48.
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3. Chemokines and chemokine receptors

CXCL12 and CXCR4 belong to a superfamily that is composed of many ligands and
receptors. They constitute a complex interaction network where most chemokines bind
to several chemokine receptors, and the majority of chemokine receptors have multiple

chemokine type ligands (Fig. 13)'4°.

—— confirmed ligand =~ seeees proposed ligand == dimeric ligand

Figure 13 Interaction network of chemokines and chemokines receptors. Most chemokines can bind to
multiple receptors, and most receptors have multiple ligands. Receptors and chemokines are represented
as spheres, while non-chemokine ligands are represented as rectangles. The 19 classic chemokine
receptors are shown in light gray (on the periphery of the schema), while the 5 atypical chemokine receptors
are shown in color: ACKR1 (light blue), ACKR2 (black), ACKR3 (yellow), ACKR4 (red) and ACKR5 (light
gray) and represented in the center of the schema. The colored chemokines and non-chemokine ligands
represent interactions that have recently been identified and dotted lines indicate proposed ligands. (Adapted
from Szpakowska et al. 2023)
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3.1. Chemokines

Chemokines represent a subgroup of small chemotactic cytokine (8 to 12 kDa) that are
secreted by numerous cell types in different tissues and are highly conserved'®.
Chemokines act by interacting with G protein-coupled receptors (GPCRs) present on
the cell surface, and participate in various biological processes such as development,
immune response, and tissue repair. 43 chemokines have been described in the
human genome and classified into four subfamilies (C, CC, CXC, and CX3C) based
on the arrangement of cysteine residues in N-terminal position (Fig.17)'%°. These
cysteine residues are highly conserved and are crucial in maintaining the structural
integrity, allowing a proper binding to their GPCRs'4%. The C chemokine subfamily is
the only one to contain a single cysteine residue in the N-terminal position. The CC,
CXC and C3XC chemokines are made up of two cysteine residues which are adjacent
(CC), separated by one amino acid (CXC) or by three amino acids (C3XC) (Fig.17)14.
In addition to their structural characteristics, chemokines can be classified based on
their function as inflammatory or homeostatic chemokines'®. “Inflammatory
chemokines” are highly regulated and mainly involved in immune cell recruitment
during the inflammatory process, while “homeostatic chemokines” rather ensure the
cellular trafficking under normal conditions. Some chemokines have mixed

functions150-152,

3.2. Chemokine receptors

Chemokine receptors are seven-transmembrane domain receptors that belong to the
rhodopsin-like family of GPCRs, and are coupled to Gai proteins. The binding of the
ligands induces a conformational change in the GPCR, leading to the activation of the
G protein'3.The subunit o of the trimeric G protein complex exchanges guanosine
diphosphate (GDP) into guanosine triphosphate (GTP). Subsequently, a-GTP
dissociates from the By subunit of the G protein complex, allowing both subunits, a and
By, to interact with downstream effectors to propagate signals within the cell. The
regulation of GPCR signaling is a complex and essential process for maintaining

cellular homeostasis'53-155, A crucial part of this process is desensitization, in which
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prolonged stimulation of GPCRs results in a decrease in their responsiveness. This
phenomenon is facilitated by the phosphorylation of the GPCR by G protein-coupled
kinases (GRKs), and their interaction with arrestins, which inhibit G protein
activation'%6-1%8_ Simultaneously, the internalization of receptors into intracellular
compartments constitutes another regulatory mechanism, reducing their bioavailability
for ligands. In addition, GPCRs undergo recycling and degradation, contributing to the
termination of signaling processes. There are four subfamilies of receptors based on
the chemokine subfamilies to which they bind. To date, 19 classical chemokine
receptors are shown to exhibit standard Gai-dependent chemokine activity, while 5
atypical chemokine receptors (scavenging or recycling receptors) not dependent on a

G protein for signalization'53.159,

3.2.1. CXCR4, the classical receptor for CXCL12

As mentioned, classical chemokine receptors translate signals via Gai proteins and 3-
arrestins to induce cell migration, adhesion, and other biological responses't0.
Currently, 19 classical receptors have been described, and are named according to
the types of chemokines they bind (CCR, CXCR, CX3R and XCR) (Fig. 13)'0.
However, the interaction network is complex, meaning that many chemokines bind to
several receptors and in turn, receptors could interact with several ligands (Fig. 13).
These receptors can exist as homodimers but can also form heterodimers with other

receptors'€0,

The chemokine receptor 4 (CXCR4) is a classical receptor that binds the chemokine
CXCL12. It was first described for its important role in leukocyte trafficking and its ability
to act as a co-receptor for the human immunodeficiency virus (HIV)'6'. Under
physiological conditions, CXCR4 plays an important role in vascularization,
angiogenesis, neurogenesis and the homing of immune cells in the bone marrow'62-
165 Numerous studies have proved the crucial role of CXCR4/CXCL12 signaling in the
progression of a wide range of cancers, including ovarian, breast, lung, and colon

cancer, as well as GBM166-172,
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3.2.2. ACKRS3, the atypical receptor for CXCL12

The family of atypical chemokine receptors (ACKRs) consists of five receptors:
ACKR1, ACKR2, ACKR3, ACKR4 and ACKR5. As classical receptors, they can bind
several chemokine or non-chemokine type ligands (Fig. 13) 73. Structurally, ACKRs
are related to classical receptors, but they are functionally different. ACKRs are indeed
unable to recruit G proteins to transduce signals leading to chemotactic and other
cellular responses '73. This appears to be due to their lack of or alterations in the
canonical DRYLAIV motif known to be required for most G proteins interaction,
activation and signaling '73. These receptors are thus considered as silent/decoy or
“scavenger” receptors, that use various strategies to regulate extracellular ligands
responses by scavenging, internalization, and/or degradation. With this scavenger
function, they appear more and more important regulators of immune and inflammatory

responses, infectious diseases, and cancer 73,

In 1998, Heesen et al. discovered an orphan receptor (RDC1)'74, composed of seven
transmembrane domains and was later considered as a chemokine receptor, renamed
CXCR7'75(Fig. 14). Then this receptor was renamed atypical chemokine receptor 3
(ACKRB3) due its incapacity to induce typical chemokine responses in cells by activating
G protein dependent signaling?”3. ACKR3 binds the chemokine CXCL12, ligand of the
CXCR4 receptor, and CXCL11, one of the ligands of the CXCR3 receptor!73.175.176,
ACKRS presents a different activation mechanism, as some structural motifs required
for CXCR3 and CXCR4 activation seem dispensable for ACKR3'77. ACKR3 can also
bind the virus-encoded CC chemokine, vCCL2, and other non-chemokines ligands,
including adrenomedullin (AM), macrophage migration inhibitory factor (MIF) and
opioid peptides'’8-181. The main function of ACKR3 receptor seems to rely in a
scavenger activity for CXCL11, CXCL12 and AM, inducing internalization and
degradation'7®.182, Ray et al. showed that the deletion of ACKR3 C-terminus part

prevents the internalization of the receptor and thereby impairs its rolees.
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Figure 14 : A) Snake diagram of ACKR3 receptor highlighting post-translational modifications in the N-terminal and
extracellular loops. Three disulfide bridges are identified: one within the N terminus (C21-C26, in red), another
linking the N terminus to the top of the transmembrane domain 7 (C34-C287, in blue) and a third connecting
transmembrane domain 3 to extracellular loop 2 (C117-C196, in green). Potential N-glycosylation sites (¥) and a
sulfotyrosine modification (SO3-) are marked in dark gray. B) Representation in top view of the extracellular disulfide
bridges in ACKR3 receptor. The seven transmembrane segments are represented as white circles. C) ACKR3
architecture showing the position of different disulfide bridges on top of major (green) and minor ligand binding
pockets. (Adapted from Szpakowska et al. 2018)

3.2.2.1. ACKRS3 activation via CXCL12 and CXCL11

In 2005, ACKR3 was described as the second receptor of CXCL12'75, It has been
demonstrated that ACKRS3 interacts with CXCL12 (Kb of ~ 0.4 nM) with a 10-fold higher
affinity than CXCR4175.184.185  After ligand binding, ACKR3 is however unable to
activate Gai proteins pathways'76. CXCL12/ACKR3 interaction activates B-arrestin
recruitment in a ligand-dependent manner, rather than Ga-protein signaling and
promotes CXCL12 internalization and degradation in endosome compartment
(Fig.18)186.187 |t has been shown that ACKR3 act as scavenger to generate a gradient
of CXCL12, modulating its bioavailability for the CXCR4 receptor'8.189, ACKRS is also
described as a major regulator of chemokine signaling by forming heterodimers with
CXCR4 and modulating its activity (Fig.15)%°. After binding its ligand, ACKR3 is rapidly
recycled back to the cell membrane, a process that is necessary for continued

activation. This recycling is further improved in the presence of CXCL1282,

First discovered as a CXCRS3 ligand, the CXCL11 chemokine (previously named ITAC)
also binds ACKRS, though with a lower affinity than CXCL12 (Kb of ~ 4 nM)176.185,257,
CXCL11 binding to ACKR3 promotes different conformational changes in the receptor
compared to CXCL1219". CXCL11 binding induces a faster ACKRS internalization than
CXCL12, and leads to a slower and delayed ACKR3 recycling, resulting in a prolong
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intracellular presence of the receptor. This could be explained by a differential

mechanism of endocytosis and transport®’.
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Figure 15: ACKR3 signaling. CXCL12 ligand binds to CXCR4 and activates classical signaling events including,
cell proliferation, chemotaxis and calcium influx. ACKR3 can form a heterodimer with CXCR4, causing
conformational rearrangements in G protein complexes and leading to a preference for B-arrestin over classical
GPCR signaling in response to CXCL12 binding. This heterodimer effect is reduced by CXCL11. ACKR3 can also
sequester the ligands CXCL12, CXCL11, adrenomedullin, adrenal opioid proenkephalin A, and vCCL2, leading to
ligand internalization and degradation in lysosome via recruitment of B-arrestin. (Adapted from Quinn et al. 2018)

3.2.2.2. ACKRS3 activation by non-chemokine ligands

ACKR3 was shown to bind adrenomedullin (AM) with a Kd of ~ 0.2 nM'92, Like CXCL11
and CXCL12, AM does not induce canonical signaling after ACKR3 binding'®3. Meyrath
et al. confirmed that AM acts as a direct agonist of the ACKR3 receptor Of note,
ACKR3 mice results in postnatal lethality due to a defect in cardiac development94.195
(see below). Wetzel-Strong et al. have shown that overexpression of AM in mice model
results in cardiac hypertrophy, which exhibit similar results observed in ACKR3"
mice'®. They have shown that the expression of ACKR3 on lymphatic vessels is
important for scavenging and regulating AM concentration during cardiac
development, since ACKR3 deletion promotes AM-mediated lymphatic vessels

hyperplasia'”®.
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vCCL2 (also called VMIP-II) is a viral CC chemokine encoded by HHV-8 (Human
Herpesvirus 8), known also as the Kaposi’s sarcoma associated virus'®’. vCCL2
interact with ACKR3 with an IC50 of 53.6 nM and can also bind to a broad spectrum
of chemokines receptors. vCCL2 is an agonist for ACKR3 and CCRS3 receptors and an
antagonist for CXCR4, CCR1 and XCR1 receptors'®8178 In esponse to vCCL2,
ACKR3-expressing GBM cell lines are unable to trigger intracellular calcium
mobilization or cAMP modulation, indicating that the chemokine does not activate G
protein signaling pathways. However, like CXCL11, CXCL12 and AM, vCCL2
engenders B-arrestin recruitment upon ACKRS3 binding, and change ACKR3 levels in

a concentration-dependent manner78.

Intermediate opioid peptides such as BAM22 and peptide E produced by the adrenal
gland have been described as ligands for ACKR3 '°. Ligand interaction can activate
B-arrestin recruitment and induce anxiolytic effects by enhancing circadian oscillation
of glucocorticoid levels in adrenal glands'®®. More recently, Meyrath et al. have shown
that ACKRS can be activated by a large range of opioid peptides from different families,
including enkephalin, dynorphin and nociception'®'. Once again, in response to
endogenous opioid peptides, ACKR3 is unable to activate canonical G protein
signaling but similarly to its role in chemokine gradient modulation, ACKRS recruits (8-
arrestin and acts as a scavenger for regulating availability of opioid peptides for

classical opioid receptors'®!.

3.2.2.3. The debate surrounding ACKR3: Scavenger or signaling receptor?

ACKR3 is described as an atypical receptor primarily acting as a scavenger by
internalizing its ligands for degradation, preventing their interaction with classical
receptors'82.187.190 However, its “signaling” properties remain debated, and whether
ACKRS3 directly or indirectly modulates key signaling pathways is still under
investigation. Some studies suggest that ACKR3 can activate the MAP kinase
pathway, specifically ERK1/2, independently of G proteins. In 2009, Levoye et al.
demonstrated that when co-expressed with CXCR4, ACKR3 attenuates CXCR4-
induced G protein signaling, either by regulating CXCR4 activity through
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heterodimerization or by signaling independently via B-arrestin. This leads to reduced
ERK pathway activation, as well as decreased immune cell migration and tumor
progression'®, Décaillot et al. showed that when ACKRS3 is co-expressed with CXCR4,
CXCL12 modulates B-arrestin recruitment, which enhances ERK1/2 and MAPK
pathways activation, promoting cell growth and migration, again independent of G
proteins20,

Meyrath et al. support the hypothesis that ACKRS3 functions as a scavenger receptor,
binding ligands without inducing intracellular signaling. Indeed, their work has
demonstrated that PAMP-12, an AM derivative, binds to ACKR3 without triggering G
protein recruitment or ERK phosphorylation, confirming that ACKR3 regulates ligand
availability without initiating signaling response?0!. Similarly, Szpakowska et al.
showed that the ligand vCCL2, by binding to ACKR3, causes B-arrestin recruitment
and receptor internalization. However, this interaction does not trigger classical G
protein-dependent signaling, reinforcing the role of ACKR3 as a non-signaling
scavenger receptor???, Finally, Meyrath et al. demonstrated that ACKR3 does not
activate the MAPK pathway in response to opioid peptides, supporting the idea that
this receptor regulatas classical signaling without directly participating in intracellular
signaling events?®. Finally, the two hypotheses ‘scavenger’ versus ‘signaling’ are not
necessarily mutually exclusive, as ACKR3 activity probably depends on the cellular

context, presenting a significant challenge in determining its precise function.

3.3. The ACKRS3 receptor - roles in physiopathology

3.3.1. ACKR3 function during embryonic development

ACKRS3 plays important roles in cardiac and cerebral physiology. Most ACKR3-
deficient mice die perinatally or in utero in late development stage, due to
cardiovascular and cerebral defects?94195204-206  Considering these lethal defects,
many studies have been focusing on ACKR3 functions in heart and brain development.
For the heart modifications observed in ACKR3-deficient mice, two studies have
highlighted a problem linked to cell proliferation. In 2008, Gerrith et al. observed

cardiac hyperplasia among the 25% of ACKR3- surviving mice'®. In 2011, Yu et al.
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showed that ACKR3-/- mice are characterized by an increased cell proliferation which
prevented heart-valve development and, conducted to a lethal phenotype2%8.
Sanchez-Alcaniz et al. demonstrated that ACKR3 is expressed in the developing
cortex, and is required for chemotaxis of interneurons in response to CXCL12. They
proved that the ACKRS3 deficiency led to an increase of CXCL12 levels, a failure in
CXCL12 gradient and an accumulation of abnormal positioning interneurons in the
cortex297, Recently, Trousse et al. showed that ACKR3 is required for the proper
localization of Cajal-Retzius cells in the developing cortex. Cajal-Retzius cells play
important function in laminar arrangement of cortical neurons after their radial
migration. Indeed, they control the radial migration and position of pyramidal neuron
by secreting Reelin protein204,

In addition, others ACKRS3 roles have been described as in kidney development.
Various studies have reported the role of CXCR4/CXCL12 axis in the proper
development of renal vasculature and kidney morphogenesis?6208, Subsequently,
Haege et al. focused on ACKR3 in kidney development, and they founded ACKR3
depletion causes a decrease of CXCR4 immunoreactivity in nephrogenic zone and
glomerular endothelium and leads to a malformation of the glomerular capillaries2%.
ACKRB3 receptor was predominantly expressed in the heart, kidney, lung, spleen and
brain194.210-216 \where it is expressed in resident brain cells (glial cells and neurons), in

the vascular system (smooth muscle and endothelial cells) and in the immune system
y Y
(B’ T Ce||s)175,180,194,195,205,210,215—217_

3.3.2. ACKRS3 role in cancer

ACKRS is expressed in a wide range of tumors, both by tumor cells and tumor-
associated vascular cells. Generally, the activity of this receptor appears to promote
tumor growth and has therefore been put forward as a potential therapeutic

target21 8,219_

42



INTRODUCTION

3.3.2.1. ACKR3 in breast cancer

Many studies reported that ACKR3 plays a pivotal role in breast cancer progression
and development of metastasis. Some reports demonstrated that ACKR3 expression
was higher in human breast cancer samples compared to adjacent non tumoral
samples and particularly found in tumor associated vasculature?2%-22!, ACKR3
participates to tumor growth and metastasis, as well as plays important role in vascular
formation and angiogenesis?2%-223, Furthermore, overexpression of ACKR3 in tumors
was associated with worse prognosis in term of overall survival and a high chance to
develop lymph node metastasis??'.224. In experimental models, genetic silencing or
pharmacological inhibition of the receptor resulted in a reduction of tumor growth and
metastasis??1225. Another study showed that the ACKR3 knockdown reduced the
expression of various stem cell markers (ALDH1, Oct4 and Nanog), and decreased
the clonogenicity and proliferation capacities of breast cancer stem cells226,

Aiming at addressing ACKR3 mechanism of action, Salazar et al. indicated that
ACKRS receptor is expressed in estrogen receptor-positive breast cancer cells (MCF-
7) and colocalizes with EGFR. They showed that the depletion of ACKR3 in MCF-7
cells reduced EGFR level and ERK1/2 phosphorylation, and decreased cell
proliferation®?”. Hattermann et al. show that ACKR3 and CXCR4 are highly expressed
together and interact closely in MCF-7 breast cancer cell line. After exposure to
CXCL11 or CXCL12, the receptors were quickly internalized, either individually or near
each other. Stimulation with antagonists for CXCR4 (AMD3100) or ACKR3 (CCX733)
led to not only the individual internalization of the receptors but also, in some cases,
their co-internalization. Additionally, both ligands reduced staurosporine-induced
apoptosis and caspase-3/7 activation, although the selective inhibitors only partially
blocked these biological effects??®. Recently, Neves et al. analyzed the interaction
between the CXCL12/CXCR4/ACKR3 axis and the signaling cascades induced by
EGFR in different subtypes of breast cancer. They demonstrated that in MDA-MB-361
cells (luminal B subtype of breast cancer overexpressing Her2), there is a crosstalk
between the ACKR3/CXCR4 receptors and EGFR, allowing to integrate signals from

the TME and promote growth and tumor progression. This phenomenon was not

43



INTRODUCTION

observed in MCF7 cells (luminal A subtype breast cancer) or MDA-MB-231 cells (triple

negative breast cancer)??°.

3.3.2.2. ACKR3 in lung cancer

Some studies suggest that ACKR3 may also play a role in different subtypes of lung
cancer. Burns et al. showed that ACKR3 was highly expressed in lung carcinoma
biopsies compared to healthy human lung samples'’®. Additionally, Miao et al.
confirmed these previous results and claimed that ACKR3 was found in tumor-
associated vessels in lung carcinoma samples?. They highlighted that ACKR3
promotes lung tumor growth and enhances the formation of lung metastasis in vivo?2°.
ACKR3 was shown upregulated in lung tumoral tissue whereas CXCR4 expression
was similar in normal or tumoral tissue?®0. Moreover, it has been shown that
overexpression of ACKR3 enhanced cell migration in vitro in lung cancer cell lines and
promotes tumor growth and metastasis in vivo?3°. Pharmacological inhibition of ACKR3
by CCX754 displayed a reduction of the tumor growth'76, Furthermore, Iwakiri et al.
demonstrated that ACKR3 is expressed in non-small cell lung cancer (NSCLC) and
that recurrent metastatic samples express it to a greater extent than those without
recurrence. In addition, patients with high expression of ACKR3 have a poor prognosis
and a lower rate in disease-free survival®'. The study of Franco et al. underlines a
high expression of ACKR3 in adenocarcinoma?®2. Then it has been shown that the
upregulation of ACKR3 is modulated by Transforming Growth Factor -1 (TGFB-1).
Depletion of ACKR3 leads to a reduction in migration, invasion, and epithelial
mesenchymal transition (EMT) that are normally induced by TGFB-1. In patients, the
combination of overexpression of TGFB-1 and ACKR3 is associated with an advanced

stage of pulmonary adenocarcinoma and especially with a worse survival rate233,
3.3.2.3. ACKRS3 and large B cell lymphoma

Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoma and

involvement of extra-nodal sites (bone marrow and CNS) is associated with an

extremely bad prognosis. In an in vivo subcutaneous lymphoma model, ACKR3 was
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shown to play a key role in DLBCL cells (VAL cells) lymph node, bone marrow and
brain invasion234. A recent study consolidated previous findings by demonstrating that
interfering with ACKRS3 receptor significantly alters the migration of lymphoma cells
towards CXCL12. To investigate the underlying mechanism, Antonello and his team
developed ACKR3-knockout (VAL-KO) cells. Interestingly, deletion of ACKR3 does not
affect CXCR4 expression. This study highlights that the migration of DLBCL cells
towards CXCL12, mediated by CXCR4, requires the presence of ACKRS in vitro and
in vivo. Notably, cells which express ACKRS3 on their surface can facilitate the migration
of neighboring cells that do not express ACKR3. This mechanism is supported by the
release of leukotriene B4 (LTB4) which acts synergistically with CXCL12 and CXCR4,

thereby enhancing the overall migratory response of VAL cells35.

3.4. ACKRS3 in glioblastoma — State of the art

Multivariate analyses helped to determine the prognostic significance of ACKR3 in
GBM. This study showed that high expression of ACKR3 in GBM was strongly
correlated with poor prognosis with poor overall survival?®®. Another study analyzed
ACKRS3 receptor expression in a cohort of matched primary and recurrent GBM
samples. These results showed that ACKR3 and CXCL12 are expressed in high
quantities, and that the receptor was downregulated in the matched recurrent
samples?¥,

At the experimental level, Hattermann et al. revealed that there was a significant
increase of ACKRS3 transcript in high-grade glioma, compared to normal brain tissue.
They demonstrated that in normal brain, ACKRS3 is mainly express in endothelial cells.
In GBM, a moderate expression was founded in tumor vessels and more abundant
expression was observed in glial cells (GFAP+), proliferative cells (Ki67+) and
microglial/macrophage cells (Ibal+). ACKRS3 is also expressed in different glioma
cultures at both transcriptomic and protein levels. In addition, they showed that after
treatment with camptothecin (an inhibitor of topoisomerase) or TMZ, ACKR3 inhibits
glioma cell apoptosis while simultaneous treatment with a specific receptor antagonist
(CCX733) restores the apoptotic process?3. Another study showed that ACKR3 and

CXCR4 are expressed in a comparable manner in malignant cells, higher than that in
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tumor blood vessels. When analyzing the role of CXCR4 and ACKRS in glioma cell
proliferation, they demonstrated that an ACKR3 antagonist (CCX733) had a greater
effect than CXCR4 antagonist (AMD3100) in reducing cell viability?3®. In three
orthotopic models of GBM, the pharmacological inhibition of ACKR3 combined with
irradiation led to tumor regression, blocked recurrence formation, and prolonged
survival. The expression level of ACKR3 on tumor cells and associated vascular cells
correlated with the neurosphere formation of human GBM cells after xenograft
dissociation ex vivo. This correlation was abolished upon treatment with an ACKR3
inhibitor, suggesting that these events may be involved in vasculogenesis and/or
proliferation of GBM tumor cells?#0. Salazar et al. demonstrated that targeting ACKR3
with monoclonal antibodies in combination with standard therapies could be effective
in the treatment of GBM. They designed a single-chain chimeric antibody, X7Ab, to
target the ACKRS3 receptor in human and murine GBM cells. These results show that
X7Ab alone or in combination with TMZ induces significant tumor reduction and
prolongs overall survival. X7Ab kills GBM cells but also vascular endothelial cells that
express ACKR3 via the activation of NK cell cytotoxic activity, and macrophage
phagocytosis. In addition, X7Ab enhances the activation of M1-like macrophages in
vivo to generate an anti-tumor immune response?*!. A couple of additional studies
have been conducted, to investigate ACKR3 function in GBM by using interfering RNA
(siRNA) technology. Among other observations, the inactivation of ACKR3 has been
associated to a decreased phosphorylation of the ERK1/2 signaling pathway in
response to CXCL12, and a strongly reduced GBM cell proliferation, invasion and
migration (mimicked by the ACKR3 antagonist, CCX771)342. Another report highlighted
that GBM cell lines expressed the ACKR3 receptor, and that hypoxia positively
regulates this expression. Migration assays also showed that GBM cells expressing
ACKRS3 migrate towards CXCL12 under hypoxic conditions. In addition, they also show
that when the receptor is inhibited, the phosphorylation of ERK1/2 and Akt decreases
in response to CXCL12243,
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PART 2: OBJECTIVES

Previous works from our laboratory have highlighted the critical importance of
CXCL12/CXCR4 signaling axis in GBM. We demonstrated indeed that this signaling
pathway plays a significant role in the invasion of GBM stem-like cells towards the SVZ
of the brain and stimulates the DNA double-strands break repair induced by irradiation.
These two observations suggest thus that the CXCL12/CXCR4 signaling pathway
could play a significative role of the establishment of SVZ as a reservoir for GBM stem-
like cells, easing the tumor relapse after the Stupp’s therapeutic protocol. However,
CXCL12 signaling is not limited to the sole CXCR4 receptor activation. Recently,
atypical chemokine receptor 3 (ACKR3), previously known as RDC-1 and CXCR7, was

identified as the second receptor for CXCL12.

Given the high binding affinity of ACKR3 for CXCL12, and the growing evidence for its
involvement in many oncological processes, we hypothesized that ACKR3 could play
a complementary role to CXCR4 in GBM cell biology. Exploring the exact ACKR3
expression and function was therefore crucial for a more precise understanding of the
mechanisms underlying GBM stem-like cell invasion and proliferation, which was the
main objective of this thesis. To answer these questions, we conducted two distinct in
silico analyzes which bring together transcriptomic data on the expression of several
chemokine and chemokine receptors. Aside of assessing the relevance of
CXCL12/CXCR4/ACKR3, these studies stratified the importance of the chemokine
signaling pathways in GBM and summarize up-to-date, patient-oriented information
about these axes in GBM. In parallel, experimental studies were carried out to study
its expression within GBM stem-like cell cultures and tissues derived from GBM

patients.

As previously mentioned, previous work in the laboratory has suggested the
subventricular zone (SVZ) as an important niche harboring GBM stem-like cells and
favorable for their resistance to radiotherapy. An important question remains whether
these GBM cells in the SVZ effectively contribute to GBM recurrence. The second

objective of this thesis was therefore to develop a strategy for labelling and tracking
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SVZ-nested GBM cells. We evaluated the effectiveness of an adeno-associated viral
(AAV) vector injected intraventricularly into the mouse brain to specifically target cells
that invade the SVZ. This project aims to provide an innovative tool to better
understand cellular dynamics within the SVZ, in the context of GBM. This approach
should make it possible not only to follow cell migration but also to understand the

interactions between the SVZ and GBM cells.
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PART 3: IN SILICO ANALYSIS OF CHEMOKINES AND CHEMOKINE
RECEPTOR EXPRESSION IN GLIOMA

l. Patient-Oriented Perspective on Chemokine Receptor Expression and

Function in Glioma (Isci et al. 2021)

1. Overview

The objective of this study was to refine our current understanding of the role of
chemokine receptors in glioma, taking a step back from the cell line-based literature
and focusing on a patient-centered perspective. We analyzed publicly available
transcriptomic databases to identify a specific group of receptors that, based on their
expression, appear to play a significant role in GBM patient samples. Considering the
huge intra-tumor and inter-tumor diversity that characterizes gliomas, particularly
GBM, we studied the expression of these receptors (1) regarding the severity of
gliomas, (2) in specific histological niches in the tumors and (3) within different
subtypes of cells that constitute the TME. It's important to note that bulk RNA
sequencing (RNA-seq) and single-cell RNA sequencing (scRNA-seq) datasets are
processed differently, which allows us to compare the broader tumor landscape with
specific cellular contexts effectively. Additionally, we synthesize and re-discuss the
most recent patient-oriented information from the literature based on these selected
receptors. In conclusion, our study provides a clinically relevant and patient-centered
overview summarizing the expression patterns and complex roles of chemokine
receptors in gliomas. Additionally, this study highlights the importance of patient
samples for the precise development and improvement of therapies that could target

these receptors.

1.1. The Cancer Genome Atlas (TCGA) and Gliovis Platform

The Cancer Genome Atlas (TCGA) is a research project that has mapped the genetic,
epigenetic, and proteomic alterations of tumors from different cancer types. The TCGA

collects and shares complete genome sequencing data from thousands of cancer
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patients and clinical data associated with these human samples. These massive data
have been made publicly accessible to the scientific community to promote a deeper
knowledge in cancer biology and to foster the development of new therapeutic
approaches. The first TCGA study cohorts have helped to shed light on the tumor
heterogeneity that poses such a major challenge in the treatment of GBM. In 2008,
GBM was the first cancer studied by the TCGA, which provided significant progress by
highlighting tumor complexity and genetic diversity. This study revealed the numerous
genomic alterations and distinct molecular subtypes within GBM tumors, paving the
way for more targeted and personalized treatment strategies®®. By using
multidimensional analysis, this study reported analysis of DNA copy number, gene
expression, DNA methylation aberrations and cataloged the most genome alterations
encountered in a large cohort of human GBM (206 GBM samples)?. Subsequently, all
TCGA data were deposited in the DATA coordination center to allow public access.
The results of this study highlighted mutations in the TP53, PTEN and EGFR, deletions
of the CDKN2A/B genes as well as amplifications of MDM2 and CDK4. Furthermore,
this study discovered the existence of a disruption in three specific signaling axes: (i)
the RTK/RAS/PI3K signaling pathway; (ii) the p53 signaling pathway and (iii) the RB

signalization axis®®.

In 2016, Ceccarelli et al. extended the study to lower-grade gliomas (LGG) and
comprehensively profiled 1122 diffuse gliomas newly selected by TCGA using
molecular sequencing approaches. They identified new subgroups of diffuse gliomas
with distinct molecular and clinical characteristics that allowed a classification of the
different subtypes of gliomas. First, this study highlighted the IDH1/2 mutation status
as the main factor that allowed the separation of the sample cohort into /IDH1/2 mutant
and IDH1/2 wild-type groups, respectively enriched in LGG and GBM samples. The
IDH1/2 mutant tumors could be further segregated based on 1p/19q co-deletion. Then,
this study identified the glioma-CPG island methylator phenotype (G-CIMP) phenotype
as associated with IDHmut gliomas. Finally, DNA methylation signatures allow gliomas

classification into 6 different subtypes (LGm1-6) with prognostic value 244.
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Gliovis portal is a powerful web platform that integrates genomic datasets from multiple
sources, such as TCGA, Chinese Genome Atlas (CGGA) and others, currently
containing 6500 tumor samples corresponding to adult and pediatric brain tumors. This
intuitive tool helps researchers and clinicians to generate different types of data (Fig.
16)245,
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Figure 16 : example of data visualization by using Gliovis portal. Scatter dot
plot of EGFR gene mutation expression in GBM subtypes; Correlation plot
between EGFR and SOCS2 genes; Kaplan-Meier curve analyzing survival in
EGFR high and EGFR low patient and heat map of EGFR differential
expression. (Adapted from Browman et al. 2017).

1.2. lvy Glioblastoma Atlas Project (IvyGAP project)

Years before the era of spatial transcriptomics, the study of Puchalski et al. (2018)
significantly enriched our understanding of GBM spatial heterogeneity. This initiative
used advanced technologies such as laser microdissection, RNA sequencing and in
situ hybridization to obtain detailed transcriptional mapping of patient GBM samples,
covering five different regions of the tumor to illustrate intra- and inter-tumoral
heterogeneity. The laser microdissection allowed to precisely collect cells from

different tumor regions, then RNA sequencing was used to determine gene expression
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profiles from microdissected areas, whereas in situ hybridization allowed to
visualization of gene expression in their anatomical context. The results highlighted the
existence of distinct genetic profiles within the same tumor, which could potentially
influence the response to treatments. Ultimately, this study generated a publicly
available transcriptional atlas, The Ivy Glioblastoma Atlas Project (lvyGAP), providing
a valuable resource for scientists wishing to further explore the molecular
characteristics within five distinct GBM regions: Leading edge (LE), Infiltrating Tumor
(IT), Cellular Tumor (CT), Microvascular Proliferation (MVP) and Pseudopalisading
cells Around Necrosis (PAN). Each zone presents a specific different transcriptional
profile (Fig. 17)246.
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Figure 17 : Expression of SNAP25, UHRF1, TREM1, ELTD1 and KLF6 genes in five anatomical
regions of human GBM samples. Data are represented by RNA sequencing (RNA-seq), in situ
hybridization (ISH), annotation and by hematoxylin & eosin (H&E) staining. (Adapted from
Puchalski et al. 2018).
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1.3. Single-cell RNAseq data from Darmanis et al. (2017 Cell Reports)

The study of Darmanis et al. provided significant insights into cellular heterogeneity
and immune infiltration in GBM. This study performed deep single-cell RNA
sequencing on 4 GBM patients to better characterize tumor cells and define cellular
diversity within GBM. To do this, they collected two distinct areas of the tumor from
each GBM sample (the tumor core and the peritumoral brain) of which they isolated
individual cells, to obtain specific molecular signature of infiltrating cells (vs. tumor
core) and to analyze the effect of TME on immune/CNS cells (Fig. 18). Overall, they
analyzed the sequencing of 3589 cells, including tumor cells and different cell types of
the central nervous system (vascular cells, immune cells, neuronal and glial cells) (Fig.
19). Thanks to this approach, tumor cells that had migrated from the tumor to the
surrounding tissue could be isolated and then, the effects of the TME could be
compared on each of different cell types. These results provided a detailed analysis of
different cell types present in GBM and their respective gene expression profiles?4.

These results were accessible on the GBMseq webtool.
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Figure 19: Schematic representation of study workflow
(Adapted from Darmanis et al. 2017)
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1.4. Single-cell RNAseq data from Neftel et al. (2019 Cell)

Neftel et al. present another single-cell RNA sequencing study to investigate cellular
diversity within 28 adult GBM samples. Cells were sorted using a viability marker and
based on CD45 expression. Subsequently, tumor and non-tumor cells were classified
by combining three different approaches: (i) they inferred chromosomal copy number
alterations (CNA) based on the average expression of 100 genes, (ii) they analyzed
gene expression corresponding to specific cell markers in cells devoid of CAN and

then identified macrophages, T cells and oligodendrocytes (Fig. 20).

20 F
Figure 20 : Classification of single cell from 28
GBM adult samples: tSNE plot of all single cells.
o ). CNAs (Copy Number Alterations) is considerea
5) 0 as a hallmark of cancer cells (Adapted from
-4 F Neftel et al. 2019)
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Focusing on malignant cells, this study highlighted four transcriptional states of GBM,
based on their prominent gene expression profile: 1) Neural-progenitor cell-like (NPC-
like); 2) Mesenchymal-like (MES-like); 3) astrocyte-like (AC-like), and 4)
oligodendrocyte-progenitor cell-like (OPC-like). These cell states correlated with
transcriptomic subgroups from the TCGA, and they demonstrated how malignant cells
can transit from one state to another upon various environmental cues. This study
provided valuable information on cell subtypes and on the level of interactions between

tumor cells and non-malignant cells in the microenvironment®.
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2. Presentation and contributions to the manuscript

In this chapter, | will present and discuss in detail the main findings of our article entitled
“Patient-Oriented Perspective on Chemokine Receptor Expression and Function
in Glioma (Isci et al. 2021)". This paper highlights the expression and putative role of
chemokine receptors in gliomas, with particular emphasis on patient-oriented data and
findings. This study was designed and conducted with our collaborators from the
Luxembourg Institute of Health (Andy Chevigné, Martyna Szpakowska, Giulia
D’Uonnolo and May Wantz). Our main role was to conduct the analysis of chemokine
receptor expression by interrogating the publicly accessible transcriptomic databases
that were described above. In this work, we first attempted to study the expression of
chemokine receptors in the different glioma subgroups in correlation with their
severity/grade using the TCGA LGG-GBM dataset (513 patients with low grade glioma
and 154 patients diagnosed with GBM). This allowed us to highlight 10 chemokine
receptors based on their average mRNA expression within at least one subgroup of
glioma. Then, the IvyGAP dataset allowed us to examine the expression of these 10
previously selected chemokine receptors within five different anatomical areas, and to
correlate their expression with potential relevant biological activities. Finally, single-cell
RNAseq datasets were used to determine the expression profile of chemokine
receptors within different cell types present in GBM. We interpreted the results by
highlighting the most prominent receptors playing a potential role in GBM, with the
perspective to contribute to the understanding of GBM biology and to offer prospects

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

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

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

1. Introduction
Gliomas are glial tumors of the central nervous system (CNS), which are categorized

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

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

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

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

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

We aimed to highlight putative variations in the expression of chemokine receptors
in different types of gliomas, as well as in different tumor subregions and cellular subsets.
To do so, we browsed four different glioma patient datasets using available online tools
and exploited the data related to the information of interest (Table 1). We focused on gene
expression data, generated by RNA sequencing of patient-derived residual tumor tissue,
obtained after surgical resection. We analyzed the expression of 22 genes encoding for
chemokine receptors, namely CC receptors 1 to 10 (CCR1-10), CX3C receptor 1 (CX3CR1),
CXC receptors 1 to 6 (CXCR1-6), XC receptor 1 (XCR1) and the atypical chemokine receptors
ACKRT1 (or DARC), ACKR2 (or D6), ACKR3 (or CXCR7/RDC1) and ACKR4 (or CCRL1).
The alternative gene names were used when required by the online platform. Original
publications, online tools, RNA sequencing method as well as number of samples and
patients included in the datasets are listed in Table 1. No recalculation nor modification of
the existing data was performed. Figures included in this manuscript are either original
heat maps displaying the unchanged data downloaded from the databases or were directly
generated on the online platforms (for scRNAseq data).

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

1 2 3 4
[25] [26]
Publication, project The Cancer Genome Ivy Glioblastoma [27] [7]
Atlas (TCGA) Project Atlas Project
thGen?'express};on mn Gene expression in five Gene expression in 4 Gene expression in 7
Selected information ree & 1orlnta sdu g{ﬁups anatomical locations  different glioma-related  different glioma-related
(correlated wi within GBM tumors cell subtypes cell subtypes

severity)
https:/ /singlecell.

https:/ / glioblastoma. http:/ /gbmseq.org/ broadinstitute.org/

http://gliovis.bioinfo. alleninstitute.org

Online tool cnio.es [28] (accessed d (accessed on single_cell/study/
on 23 November 2021). 23 I\(%C‘fg;sger%m 23 November 2021). SCP393/ (accessed on

Ik RNAseq (Hi5 ') 23 November 2021).

Bul se iSe . .
Method Bulk RNAseq (HiSeq) after la%.er 1 Single cell RNAseq Single-cell RNAseq
microdissection (NextSeq) (SMART-Seq2)
Brain lower grade

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

154 patients)
Data expressed as Log2 RSEM Log2 RSEM Log2 CPM Log TPM

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

3. Chemokine Receptor Expression in Gliomas

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

We here highlighted CCR1, CCR5, CCR6, CCR10, CX3CR1, CXCR2, CXCR4, ACKR1,
ACKR2 and ACKR3 based on their average mRNA expression within at least one patient
subgroup (threshold arbitrarily placed at average RSEM > 4). For most of the selected
receptors, mRNA expression increases with glioma grade. Note that we do not rule out
that unselected receptors may yet be of interest. We will therefore focus this manuscript on
these ten chemokine receptors and unravel relevant literature data to further discuss their
respective contribution to glioma biology.

In the last two decades [31], extensive evidence has proven CXCR4 as significantly
related to glioma malignancy [32-34]. Its crucial contribution to the disease is supported
by the phase I/1II clinical testing of CXCR4 inhibitors for GBM treatment (e.g., plerix-
afor) [35,36], as further discussed in Section 4.1. The clinical relevance of the other selected
chemokine receptors is supported by more or less abundant (pre)clinical data from the
literature, which mostly analyzed mRNA /protein expression in glioma tissue sample
cohorts (vs control tissue samples) and related these to tumor grade and patient survival.
Among the receptors that appear highly expressed in all gliomas, CX3CR1 is a macrophage
associated receptor, whose expression has been shown similar in patient tissue from both
low and high grade gliomas [37,38], substantiating the TCGA data in Figure 1. Of note, a
specific CX3CR1 defective polymorphism (V249]) correlates with increased patient survival
in patients with GBM [39] and LGG [40], stressing its important role in tumor maintenance.
ACKR3, formerly known as CXCR7/RDC1, has also been investigated in glioma patient
tissue where its expression pattern appears quite inconstant: several studies highlight an
increased mRNA expression in GBM tissue samples compared to non-malignant brain
samples [41,42], while other studies do not [43]. Moreover, TCGA data show CCR1 expres-
sion in glioma samples. Although this has not been exhaustively documented in patient
tissue thus far, insights in CCR1 activity in glioma are currently emerging (see Section 4).
In comparison to the above-cited receptors, CCR5, CCR6, CCR10 and CXCR?2 all display
moderate expression in glioma patients from TCGA database. Their expression in tumor
tissue has been assessed in diverse studies and was found upregulated in glioma (com-
pared to non-tumor samples), correlating with the tumor grade as well as with shorter
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disease-free and overall patient survival [44—47]. Higher expression of CCR5 and CXCR2
has also been associated with recurrent tumors [48,49]. The roles of ACKR1 and ACKR2 in
tumor growth have also been evaluated in other cancer types [50,51] where their expression
has been correlated with a reduced tumor growth and survival benefit (reviewed in [15,52]).
However, the role of these atypical receptors in gliomagenesis remains to be elucidated.

4. Chemokine Receptors in Glioma Malignant Processes

GBM is an extremely heterogeneous tumor, endowed with high invasive capacity,
harboring hypoxic areas, necrotic and proangiogenic environments. Such heterogeneity
complicates GBM treatment and constitutes an immense challenge for neuro-oncologists.
The Ivy Glioblastoma Atlas Project (IvyGAP) has addressed this intra- and inter-tumoral
heterogeneity by correlating anatomo-histological features with gene expression data in
a panel of GBM patients [26]. In this study, five separate areas were analyzed after laser
microdissection: (1) leading edge (LE), outermost boundary of the tumor; (2) infiltrating
tumor compartment (IT), intermediate zone; (3) cellular tumor (CT), core part of the
tumor with high ratio of tumor cells vs. healthy cells; (4) pseudopalisading cells around
necrosis (PAN), densely aligned tumor cells surrounding necrotic areas; (5) microvascular
proliferation (MVP) marked by two or more blood vessels. This freely accessible anatomo-
transcriptional atlas provides a valuable ground to interrogate gene function in GBM
growth processes. Here, we utilize this IvyGAP resource to look at the expression of the
selected chemokine receptors in these five regions of interest and further decipher their
activity in these specific regions (Figure 2).
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Figure 2. Chemokine receptor expression in various areas of GBM tumors (IvyGAP project). The
heatmap displays log2 RSEM value for each receptor, in the various tumor subregions. Each cell
represents one sample. Legend: LE: leading edge; IT: infiltrative tumor; CT: cellular tumor; PAN:
pseudopalisading cells around necrosis: MVP: microvascular proliferation. Data is downloaded from
https:/ /glioblastoma.alleninstitute.org (accessed on 23 November 2021).

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

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

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

4.1. Angiogenesis

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

4.2. GBM Cell Migration and Invasion

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

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

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

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

5. Chemokine Receptors in Diverse GBM Cell Subtypes

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

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

In both datasets, CCR1 and CX3CR1 expression strongly correlated with the “macrophage”
and “myeloid cell” signatures, while the two receptors were virtually absent from other cell
types, unsurprisingly pointing to their key role in immune cell recruitment and function in
gliomas. A high expression of CCR5 and moderate expression of CXCR2 is found in the
same groups. CCR5 expression is also detected in the minor population of “T-cells”, as
well as CCR6. CXCR4 is abundantly present in cells assigned to the “macrophage” and
“myeloid cell” signatures, as well as in “vascular cells” and “neoplastic cells”, which is in
line with the various roles of this receptor in diverse tumor-related processes. ACKR3 is
detected in “neoplastic cells” and “vascular cells”, again supporting the data obtained from
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GBM patient tissue specimens [42,58]. Of note, this receptor is also abundantly expressed
in “astrocytes” present in the tumor tissue. CCR10, ACKR1 and ACKR2 could be detected
in different cell types at low level. The current knowledge on the function of these receptors
in the respective cell entities will be further discussed in the following sections.

5.1. Tumor-Associated Macrophages (TAMs)

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

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

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

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

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

5.3. Vascular Cells

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

Pericytes also play a pivotal role in the BBB maintenance. In GBM, pericytes exhibit
specific genetic alterations. They mostly derive from GBM stem cells, which are recruited
to blood vessels via CXCL12/CXCR4-mediated axis and evolve toward pericytes that
contribute to vascular niche remodeling [102] and modulate GBM cell activity. Pericytes
secrete CCL5, which binds the CCR5 receptor expressed by GBM cells. This interaction
triggers the activation the DNA damage response, thereby overcoming TMZ-induced cell
death. Inhibiting CCL5/CCR5 signaling abrogates the protective effects of pericytes against
GBM and improves the efficacy of TMZ [83].

5.4. Non-Malignant Glial Cells and Neurons

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

6. Conclusions

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

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

debated.
Role in CCR1 CCR5 CCR6 CCR10 CX3CR1 CXCR2 CXCR4 ACKR1 ACKR2 ACKR3
Angiogenesis v P P P
Invasion v v P ?
Processes psrt(f;rcggs v b R
Resistance v v P
Tumor cells P r
Vascular cells P P
TAMs /Microglia P P P
Cell types Tils P P P
Neutrophils P
Norrcr;alillsglial P P

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

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

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

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

3. Discussion

It is widely recognized that chemokine receptors play a key role in the development
and progression of cancers. In this context, it seemed crucial to study the implication
of these receptors within the GBM, by analyzing their expression in different anatomical
regions of the tumor but also in cells from the TME to better characterized expression
pattern and to hypothesize about their possible roles. The importance of this study lies
on its emphasis on data from patients. Although many publications address the roles
of chemokine receptors in GBM, they often rely on cell lines or preclinical models where
there is a notable lack of patient-centered data. This work provides thus an essential
perspective on chemokine receptor in gliomas, shedding light on their potential role as

therapeutic targets.

e CXCR4

CXCR4 appeared as the receptor mainly found and implicated in patient glioma
samples with greater expression in GBM. CXCR4 is found in malignant cells but is
mostly expressed in different cell types associated with the TME, and appeared
involved in processes such as angiogenesis, cell invasion and resistance to treatment.
The results from our study are consistent with experimental data from the literature,
confirming the expression of the CXCR4 receptor in GBM cells, where it plays a

significant role. This correlation reinforces the relevance of our approach.

e Current views on CXCR4 as a diagnostic tool

Jacobs et al. confirmed high and heterogeneous expression of CXCR4 receptor in
GBM tissues. Their study also demonstrated that the use of [68Ga] Ga-Pentixafor for
positron emission tomography (PET) imaging can be used to visualize CXCR4
expression, providing a valuable diagnostic tool**®. They also suggest that the
therapeutic potential of [177Lu] Lu-Pentixather, a radioligand specifically targeting
CXCR4 could be tested in CXCR4-positive GBM patients 248,
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e CXCR4 inhibition in the context of standard-of-care and anti-angiogenic

therapies

Clinical trials are currently underway to validate the therapeutic benefit of CXCR4
inhibition as add-on to existing GBM therapies. For example, the use of olaptesed
pegol (NOX-A12), which neutralizes the CXCL12 ligand, shows encouraging results.
The study focused on evaluating the safety and effectiveness of olaptesed pegol in
combination with radiotherapy in newly diagnosed with GBM patients, including those
with unmethylated MGMT promoter status (NCT04121455). Recently, Giordano et al.
conducted a phase I/ll trial combining radiotherapy with NOX-A12 to evaluate the
safety of this treatment in 10 patients with newly diagnosed GBM without MGMT
methylation. The primary endpoint was safety, while secondary endpoints included
maximum tolerable dose, recommended phase Il dose, plasma NOX-A12 levels,
recurrence topography, quality of life, median progression-free survival (PFS), and
overall survival (OS). The results showed that the treatment was safe, with no dose-
limiting toxicity and no treatment-related deaths. All doses tested were tolerated, with
a recommended dose of 600 mg/week for future studies. Nine of ten patients showed
radiographic responses and four of them achieved partial remission. PFS was 174
days and OS was 389 days. In addition, a post-hoc analysis on tumor tissues revealed
that a higher frequency of CXCL12* endothelial cells and glioma cells was associated
with a longer PFS with NOX-A12. These results suggest an improved clinical efficacy
of NOX-A12 in the subgroup of patients with high CXCL12 positivity in CD31+

endothelial cells and GFAP+ glioma cells?49.

Additionally, a phase I/l trial is exploring the use of plerixafor after radiotherapy and
temozolomide, to study the side effects and the proper dose of plerixafor to use in the
treatment of GBM patients. This study demonstrated that plerixafor could stop the
growth of tumor cells by blocking blood flow to the tumor. This study shows that the
use of plerixafor after standard treatment could be an effective therapy strategy against

high-grade gliomas?0.
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Another clinical trial study the effectiveness of whole brain radiotherapy, this time by
using plerixafor in combination with standard chemoradiotherapy with temozolomide
in patients with GBM. This approach aims to capitalize on the multiple mechanisms of
these treatments to target tumor growth and prevent recurrence (NCT03746080). And
finally, a phase l/ll investigation focused on the use of plerixafor to inhibit the CXCR4
receptor, a crucial element in the process of tumor revascularization after irradiation.
The results of these studies demonstrated the tolerability of plerixafor in patients, as
well as its potential to improve local control of tumor recurrence. These discoveries
pave the way for new therapeutic strategies to treat GBM, by exploiting the specific

biological mechanisms of the disease?>'.

In addition, a phase | study was conducted to determine the safety of plerixafor
(CXCR4 inhibitor) in combination with an anti-VEGF, bevacizumab in patients with
recurrent GBM. The results showed that no dose-limiting toxicities were observed at
the maximum dose of plerixafor, and bevacizumab and that the treatment was well
tolerated. Dual inhibition of VEGF and CXCR4 led to an increase in inflammatory
biomarkers such as plasma SDF1-a, increases in circulating CD3+ lymphocytes and
CD14+ monocytes, and a decrease in IL8. In addition, the treatment decreased

proangiogenic markers such as Ang-2, bFGF, and sMET 252,

e CXCR4 in the context of immunotherapy

Mercurio et al. showed that inhibition of CXCR4 receptor using an antagonist, R-
peptide, modifies GBM TME by modulating the activity of microglia, thus promoting
their polarization towards the M1 phenotype. These changes in turn affect GBM cell

proliferation, tumor growth and migration 253.
Wei et al. demonstrates that inhibition of CXCL12/CXCR4 signaling makes tumor cells

more vulnerable to immunotherapeutic treatments and reduces tumor resistance by

improving the immune response.
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Wu et al. treated GBM-bearing mice with a combination therapy of anti-PD-1 and anti-
CXCR4 and assessed the survival of the models as well as the cell population within
the TME. Combination therapy conferred a survival benefit compared to control or
monotherapy groups. The combination therapy showed modulation of the GBM
microenvironment with an increase in CD4+ and CD8+ cells and helped increase levels
of pro-inflammatory cytokines while reducing myeloid suppressor cells. In conclusion,
they show that targeting myeloid cells with anti-CXCR4, allows anti-PD-1 to promote

an antitumor response, thus improving survival?>*.

In the same context, Alghamri et al. have developed nanoparticles that target the
CXCL12/CXCR4 signaling pathway via systemic injection. This team showed that the
treatment blocked signaling and led to an inhibition of the GBM cells proliferation, a
reduction of MDSC CXCR4-+ cells infiltration, a BBB restoration and increase sensitivity

to radiotherapy leading to anti-tumor immunity?255.

e Chemokine receptors not highlighted in the study

We limited our analysis to 10 receptors that were found highly expressed in gliomas.
However, a broader assessment of chemokine receptors could provide a more
comprehensive view of GBM biology and potential therapeutic targets. Some
receptors, such as CXCR3, CCR2, CCR3, CCR4 and CXCR6, although only weakly

expressed in the GBM, could nonetheless play a role.

For instance, a study showed that the CXCRS3 receptor is expressed in patient-derived
GBM cells and involved in tumor growth%8. Another study confirmed these results and
highlights that high expression of CXCR3 was associated with an unfavorable
prognosis and an invasive phenotype in patients with GBM. This study indicated there
is a link between the CXCR3 receptor expression and GBM aggressiveness?%’.
Furthermore, Boyé et al. highlighted the important role between the CXCR3 receptor
and the LDL-associated protein receptor (LRP1) in brain tumor invasion. They
demonstrate the roles of CXCR3 and LRP1 in tumor cell invasion and infiltration, by

showing a downregulation of LRP1 in invasive areas which induces the accumulation
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of CXCRS3 at the cell membrane, thereby leading to sustained activation of CXCR3 and
increased tumor cell invasion?®8. Finaly, a team explored the use of a genetically
engineered oncolytic adenovirus to express CXCL11 with CAR-T cells in the treatment
of GBM. This study demonstrated that CXCL11 presence led to a TME modulation,
promoting CAR-T cells infiltration, thus strengthening their ability to target and Kkill
tumor cells. This study showed that the use of the chemokine CXCL11 could improve
the effectiveness of CAR-T cells in the treatment of GBM?2%°. Another paper highlights
the importance of CCL2/CCR2 and CXCL10/CXCR3 signaling in GBM. This study
reports that celecoxib-mediated modulation of CCL2/CCR2 and CXCL10/CXCRS3
generated anti-tumor effects, leading to a reduction in the growth and progression of
GBM in preclinical models®%0261, Zuo et al. demonstrated that glioma-associated
fibroblasts (GAFs) play a crucial role in resistance to TMZ treatment. This study
demonstrated that GAF secreted CCL2, which acts as a ligand for the CCR2 receptor
expressed at the surface of GBM cells. The CCL2/CCR2 signaling axis in turn activated
ERK1/2 expression which led to resistance to TMZ. These results were confirmed in
GBM organoids where inhibition of CCR2 or MEK1/2 restored the sensitivity of
organoids to TMZ25', A recent study shows that combined inhibition of CCR2 and
CCR5 receptors promotes better effectiveness of anti-PD1 therapy via modulation of
the immunosuppressive TME of GBM. The results showed that inhibition of CCR2 and
CCRS5 receptors in combination with anti-PD-1 treatment reduced tumor growth in
mouse models of GBM?2%2. Chia et al. examined the role of CXCL16/CXCR6 signaling
in the interaction between T cells and GBM myeloid cells. Their study revealed that
immunosuppressive myeloid cells express CXCL16, which leads to downregulation of
T cell activity by decreasing their infiltration capacities and anti-tumor functions. On the
other hand, they observe that the expression of the CXCR®6 receptor facilitates the
activation and infiltration of T cells towards the tumor site. The CXCL16-CXCR6 axis
exhibits dual behavior, favoring the early stages of the T cell immune response and
facilitating their infiltration into tumors. However, once inside the tumor, this axis

contributes to immunosuppression?293,
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e Strengths and limitations of the study

The main strength of this study lies in its focus on large cohorts of patient-derived
samples. Previous studies have often explored these receptors using GBM cell lines,
or overexpression models, which, although easier to manipulate, are less
representative of the biological complexity of human GBM tumors. Additionally, the
rare studies involving patient samples have often been limited to small cohorts. In our
work, we used a very large cohort allowing a more global and refined analysis of
chemokine receptors, thus meeting an urgent need for patient-centered data. The goal
of this study was to provide researchers and clinicians with a practical, clinically
relevant resource and summary that can guide next steps toward treatments based on

these receptors.

This study was carried out using web tools, publicly available databases which allow
to easily reproduce results. This approach could inspire similar studies on large cohorts
of patients with other types of cancer. The methodology employed could encourage
other researchers to study the roles of chemokine receptors in similar ways in various
cancer types, and to extrapolate these methods to expand our understanding of the

molecular mechanisms involved in tumor progression in general.

This study has some limitations that are important to recognize. First, our analysis is
purely based on transcriptomic data, without proteomic or functional validation.
Therefore, it is imperative to conduct further experimental studies to corroborate and
extend findings of our in silico analysis. In vitro and in vivo functional validations are
indeed necessary to confirm the biological role of the identified chemokine receptors.
Therefore, gene expression does not systematically translate into corresponding
protein expression, which may limit the accuracy of conclusions drawn from
transcriptomic data alone.

Additionally, most of the included transcriptomic analyses were performed at a single
time point (generally reflecting the time of debulking surgery) and do not account for
dynamic changes over time, or GBM cells plasticity. As GBM is a progressive and

relapsing disease, it would be relevant to study the evolution of chemokine receptor
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expression during disease progression, to better understand its development. In that

regard, we could for instance exploit the data from the GLASS consortium?64,

Moreover, additional patient-related information such as histology, survival,
CIMP_status, or GBM transcriptomic subtypes was available, but not used in this
study. We stratified gliomas solely based on their IDH status and 1p/19q codeletion.
Likewise, information on treatments received by patients, which may impact receptor

expression, was not used.

Before starting the study, we did not assess receptor expression in normal non-tumoral

tissues, which could have provided a valuable basis for comparison.

Finally, this study focused on chemokine receptors without considering their ligands,
the chemokines themselves. Chemokines play a crucial role by interacting with their
receptors to induce intracellular signals. Future study aimed at characterizing
chemokines and their interactions in GBM would be necessary to further our
understanding of the biology of this disease as well as cell-to-cell communications in
GBM TME.
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11. Patient-based multilevel transcriptome exploration highlights relevant
chemokines and chemokine receptor axes in glioblastoma"
(D'Uonnolo, Isci et al. 2024)

1. Overview

The previous in silico transcriptomic study examined in detail the expression profile of
chemokine receptors in GBM, without considering the expression and functions of their
ligands, chemokines. To address this gap, we conducted a complementary study that
unravel chemokine expression in gliomas. We were querying publicly available
transcriptomic databases to study chemokine expression and function, and to infer
putative chemokine-chemokine receptors interactions that take place within tumors.
We aimed to provide a comprehensive patient-focused guide, highlighting the
importance of interactions between chemokines and their receptors in glioma-related
processes. Like in the first study, we used the TCGA database (via the Gliovis platform)
to select chemokines of interest based on disease severity and study their expression
and role within high-grade human gliomas. Next, we used again the IvyGAP database
to determine the precise localization of their expression within different GBM sub-
regions. Finally, to better understand the chemokine-receptor network at a single-cell
resolution, we explored GBmap, a curated resource integrating multiple scRNAseq
datasets from different published studies and exploited CellChat® to highlight putative

interactions among cell types.

1.1. GBmap

GBmap is a curated resource that integrates several sScRNAseq datasets from different
published studies. To better understand the molecular basis of transcriptomic variation
between different GBM samples, Ruiz-Moreno's team integrated data from 26 different
databases, totaling 260 patients and more than a million cells. This broad integration
of data from a large cohort of patients allowed the identification of underrepresented

cell subtypes, thereby increasing the depth of the analysis (Fig. 24).
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The team successfully mapped the composition of the GBM tumor microenvironment
in details, creating the GBmap. This map revealed several tumor cell subtypes,
converging into two distinct cellular phenotypes: stem/progenitor and differentiated
cells. Additionally, subpopulations of immune cells (such as dendritic cells (DC), blood
derived macrophages/monocytes (BDM), microglia (MG), CD4+ TILs, CD8+ TILS,
natural killer (NK) and to a lesser extent B/plasma and mast cells have been gathered
in the database, as well as glial cells and endothelial cells. The authors also integrated
the four Neftel’s malignant cell state signatures: AC-like, NPC-like, OPC-like and MES-
like, among other transcriptomic profiles and programs. Each cellular subprogram is
distinguished by characteristics such as hypoxia or high expression of major
histocompatibility complex class Il, particularly present in MES-like cells. On the other
hand, OPC/NPC and AC-like cells are more associated with a proliferative character.
This very large dataset allowed a robust characterization of particular GBM cell
subpopulations. For instance, within TAMs, the BDM subgroup showed upregulation
of genes such as interferon, pro-inflammatory cytokines, and tumor-promoting
chemokines, whereas another BDM subgroup of characterized by MES-like cell gene
expression and associated with a hypoxia phenotype. T cells are also present in
distinct categories, highly expressing genes associated with cytotoxicity and cell
proliferation. Furthermore, several subgroups of vascular cells have been identified,
including arteriole-like endothelial cells, capillary-like endothelial cells as well as

pericytes and mural cells.

Using the GBmap, the researchers constructed a cellular communication network
based on the expression of ligand-receptor pairs in each cell type. For example, they
highlighted the crucial role of neutrophils as potential new players shaping the tumor
TME and cellular communication networks. The study also revealed functional
interactions between neutrophils and cancer cells via the oncostatin M (OSM) pathway.
Neoplasic MES-like cells interact with TAMs via the PROS pathway, while NECTIN3
expression by MES-like cells allows them to interact with T cells, suggesting a role in
their exhaustion. They also have highlighted the prominent role of MES-like cells in the
secretion of growth factors signaling neovascularization, such as VEGF, angiopoietin-
like protein (ANGPTL) and calcitonin receptor (CALCR). They hypothesized that these
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pro-angiogenic factors might play a positive feedback role in response to hypoxic
metabolic signals in the TME. Finally, TAM-BDMs were identified as expressing
wingless-related integration site family member 5A (WNT5A) and interacting with the
Melanoma Cell Adhesion Molecule (MCAM) receptor on endothelial cells, thereby
promoting the formation of new blood vessels. Furthermore, neutrophils were identified
as the main source of Nicotinamide phosphoribosyltransferase (NAMPT), an enzyme

involved in the VISFATIN pathway, contributing to angiogenesis in the GBM.

Finally, the study allowed to reconstruct tumor architecture using spatial
transcriptomics. They explored the organization and architecture as well as cell-cell
interactions and were able to precisely map the localization of GBM TME components.
Their analysis revealed that AC-like, NPC-like, and OPC-like cells were widely
distributed within the tumor, while MES-like cells formed distinct areas with an absence
of other cellular phenotypes. AC-like and OPC-like cells were mainly localized around
blood vessels, followed by an outline of MES-like cells. In addition, they identified the
existence of five distinct compartments: compartment 5 was mainly populated by non-
neoplastic glial and neuronal cells, usually adjacent to healthy tissues; compartments
2 and 3 were enriched in immune cells, facilitating communication with tumor cells;
compartment 4 showed a predominance of AC and OPC cells, while compartment 1
was mainly occupied by MES-like cells. This detailed analysis underlines the
complexity of tumor architecture in GBM and suggests that the spatial distribution of
different cell types could play a crucial role in cellular interactions and immune

responses within the tumor (Fig. 21)265.

In conclusion, the GBmap constitutes a robust and dynamic platform that integrates
single-cell transcriptomic data from more than a million cells. This represents a
significant advance for the scientific community, making it possible not only to map

new data but also to build or explore new concepts.
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Figure 21: lllustrating schema of the main stages and results of the study using the GBmap database. 1) Reference
mapping: prediction of various cell types by using a dataset, revealing cellular diversity within the GBM TME. 2)
Transfer learning allows cellular mapping to be extended to include cell types or states underrepresented in the
GBmap by integrating additional data from 240 patients from 26 studies. 3): GB Interactome: the cellular interaction
network found within the GBM makes it possible to highlight important signaling mechanisms within GBM 4): GB
architecture: reveals the detailed spatial organization of MES-like, AC/OPC-like and the structuring of the GBM
defined by vascularization. (Adapted from Ruiz-Moreno et al. 2022).

1.2. CellChat package

To infer cell-cell communication within GBM TME, Ruiz Moreno's team used the
GBmap as input to the CellChat Package in R. CellChat Package allows the scientific
community to reconstruct and visualize signaling pathways and ligand-receptor
interactions between TME GBM cells, based on single-cell sequencing data. This
allows intercellular communication networks to be represented by weighted directed
graphs, composed of significant communications where the interaction strength is

defined as the communication probability?6e.
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2. Presentation and contribution to the manuscript

This paper is published in Computers in Biology and Medicine in 2024 by D’Uonnolo
& Isci et al. and analyze the expression of human chemokines in GBM with a particular
focus patient-derived sample. This study was designed and conducted with our
collaborators from the Luxembourg Institute of Health (Andy Chevigné, Martyna
Szpakowska, Giulia D’Uonnolo, May Wantz, Bakhtiyor Nosirov, Petr V Nazarov and
Anna Golebiewska). Our main role was to conduct bioinformatics analyzes of
chemokines expression by interrogating the TCGA and IvyGAP databases. Similarly
to what we did in the first ‘receptors only’ study, we studied the expression of
chemokines in the glioma subgroups regarding tumor severity grade by using the
TCGA LGG-GBM dataset (513 patients with low grade glioma and 154 GBM patients).
This allowed us to bring out 18 chemokines based on their average mRNA expression
within at least one subgroup of glioma. Then, vy GAP dataset allowed us to examine
the expression of these selected chemokines within five different anatomical areas and
to study more in depth their activity in these specific regions. Finally, GBmap was
integrated to CellChat package in R to visualize network of intercellular communication
within GBM TME.
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ARTICLE INFO ABSTRACT

Keywords: Chemokines and their receptors form a complex interaction network, crucial for precise leukocyte positioning
Chemokines and trafficking. In cancer, they promote malignant cell proliferation and survival but are also critical for immune
Glioblas?oma . . cell infiltration in the tumor microenvironment. Glioblastoma (GBM) is the most common and lethal brain tumor,
::chRe;[nAoSk;:e-receptor Interactions characterized by an immunosuppressive TME, with restricted immune cell infiltration. A better understanding of
CellChat chemokine-receptor interactions is therefore essential for improving tumor immunogenicity. In this study, we

assessed the expression of all human chemokines in adult-type diffuse gliomas, with particular focus on GBM,
based on patient-derived samples. Publicly available bulk RNA sequencing datasets allowed us to identify the
chemokines most abundantly expressed in GBM, with regard to disease severity and across different tumor
subregions. To gain insight into the chemokines-receptor network at the single cell resolution, we explored
GBmap, a curated resource integrating multiple scRNAseq datasets from different published studies. Our study
constitutes the first patient-based handbook highlighting the relevant chemokine-receptor crosstalks, which are

of significant interest in the perspective of a therapeutic modulation of the TME in GBM.

1. Introduction

Gliomas are glial primary tumours of the central nervous system
(CNS), which are classified according to the World Health Organization
(WHO) into different grades and subtypes depending on their histolog-
ical features and molecular profile [1]. The importance of integrating
molecular profiling with the histological characteristics, which have
been the longstanding criteria for diagnosis of specific glioma types, has
been introduced in the 2016 CNS WHO classification and confirmed in
the 2021 edition [1,2]. Critical molecular features include mutations in
the isocitrate dehydrogenase 1 or 2 (IDH1/2 mut) and codeletion of the
short arm of chromosome 1 and the long arm of chromosome 19
(1p/19q codel), which distinguish diffuse gliomas into low-grade WHO
grade 2-3 oligodendrogliomas (IDHmut, 1p/19q codel) and low-to
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E-mail address: Virginie.Neirinckx@uliege.be (V. Neirinckx).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.compbiomed.2024.109197

high-grade astrocytomas (IDHmut, 1p/19q intact). IDH wild-type tu-
mours correspond to glioblastoma (GBM, IDHwt) [1,3,4], which is the
most aggressive subtype that accounts for approximately 54.7 % of adult
gliomas [5] and is characterized by additional molecular features (e.g.
chr7/chr10 copy number alterations, and/or TERT promoter muta-
tions). With the standard-of-care therapy associating maximal safe
resection and concomitant radio-chemotherapy with temozolomide
(TMZ), the median survival after diagnosis is around 13 months [4,6,7].
The progression of the disease is characterized by systematic re-
currences, mostly explained by the infiltrating nature of GBM cells that
penetrate through the surrounding brain tissue, hampering complete
tumour resection [8,9]. Plasticity and heterogeneity of GBM tumours
additionally lead to intra-tumoural and inter-patient variability with
regard to tumour progression and response to treatment [10-14].
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Finally, GBM tumours strongly rely on an immunosuppressive tumour
microenvironment (TME) that supports their growth and resistance to
therapy [13,15,16]. This TME is made up of different cell types, such as
vascular cells and immunosuppressive cells which favour tumour
maintenance. This close interaction between GBM cells and surrounding
stroma influences disease progression and patient outcome [17].
Myeloid cell types within the GBM TME include microglia, infiltrating
monocytes and macrophages, neutrophils, etc [18-22]. In contrast, GBM
is characterized by a low number of tumour-infiltrating lymphocytes
(TILs) [23]. TME composition and molecular features vary across tu-
mours [24] but also over time, along tumour development [25].

In different solid tumours, including GBM, chemokines and chemo-
kine receptors have been identified as critical players in shaping of the
TME [26-28]. Chemokines are small soluble chemotactic cytokines that
are able to bind and activate the related classical as well as atypical
chemokine receptors [29,30]. So far, 43 human chemokines have been
described and based on the positions of the first cysteine residues, they
are classified into four classes (CCL, CXCL, CX3CL and XCL) [29-31].
They can be categorized on a functional basis [32], as (i) homeostatic,
showing expression in steady-state conditions; (ii) inflammatory, whose
expression is tightly regulated, and rapidly increases during inflamma-
tory processes to specifically recruit immune cells; or (iii)
mixed-function chemokines [32-34]. Chemokines and their receptors
have been shown crucial for cancer cell proliferation, migration and
invasion, in addition to mediating the crosstalk between cancer cells and
tumour-associated immune cells [35-37]. Based on publicly available
datasets, we have recently identified and described the chemokine re-
ceptors most highly expressed in glioma patient tissue and their putative
role in malignant processes. This study confirmed the implication of
CXCR4 and ACKR3 in GBM, and revealed a potential involvement of
other receptors, although their exact role in brain tumours remains to be
characterized [38]. This thorough receptor analysis did not, however,
consider their ligands, chemokines, which all have their own unique
expression profile and function [38]. Therefore, with the present study
we aimed at providing a more exhaustive patient-based handbook,
highlighting the impact of chemokine-receptor interactions in glioma
processes. Using publicly available patient-related data, we explored the
chemokines that are expressed in adult-type diffuse gliomas and elab-
orated on the important cellular crosstalks within the TME that rely on
chemokines and their receptors.

2. Methods

2.1. Analysis of The Cancer Genome Atlas (TCGA), low grade glioma
(LGG) - glioblastoma (GBM) dataset (2016)

Gene expression levels of the whole panel of human chemokines
were inspected: the CC chemokine family (CCL1-5, CCL7, CCL8, CCL11,
CCL13-28), the CXC chemokine family (CXCL1-14, CXCL16 and
CXCL17), the two XCL chemokines (XCL1 and XCL2) and CX3CL1 by
bulk RNA sequencing (HiSeq). Data were extracted from patient-derived
tumour samples from adult-type diffuse gliomas by investigating the
LGG-GBM TCGA [39] dataset with the use of the GlioVis platform (htt
p://gliovis.bioinfo.cnio.es/). Patients from this dataset were grouped
according to their IDH and 1p/19q codeletion status and clinical grade:
(A) IDHmut, 1p/19q co-deleted tumours (WHO grade 2/3, n = 169), (B)
IDHmut, 1p/19q intact astrocytomas of variable grade (WHO grade
2/3/4, n = 256), (C) IDHwt tumours (n = 229), that include GBMs
(WHO grade 4) but also a subset of tumours that are assessed as WHO
grade 2 or 3 in the initial dataset (n = 94), mostly based on histological
aspects of astrocytomas/oligoastrocytomas. 67 % of these samples
(57/85) show chr7/chr10 copy number alterations and/or TERT pro-
moter mutations, which rather speaks for GBM IDHwt, WHO grade 4
according to the 2021 WHO CNS classification. However, substantial
differences in chemokine expression could be noticed with respect to the
initially described tumour grade, which we therefore displayed in two
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2.2. Analysis of the Genotype-tissue expression (GTEx) normal tissue
dataset (and comparison with the TCGA GBM dataset)

In order to further explore chemokine expression in gliomas, with
particular focus on GBM, we used Gene Expression Profiling Analysis
(GEPIA2) [40] was used to compare bulk RNAseq data from GBM TCGA
dataset (163 GBM tissue samples) to normal human brain from GTEx
(207 tissue samples). The RNAseq dataset GEPIA2 is based on the UCSC
Xena project (http://xena.ucsc.edu). Bar graphs were generated by
querying the whole panel of human chemokines (Supplementary
Table 1) as multiple gene comparison. Tumour data and matched
normal data were downloaded from http://gepia2.cancer-pku.
cn/#analysis.

2.3. Analysis of the Ivy Glioblastoma Atlas Project (Ivy GAP) dataset
(2018)

Chemokine expression was assessed in different GBM tumour sub-
regions with the use of Ivy Glioblastoma Atlas Project (Ivy GAP) [41].
This dataset associates anatomic structural features and transcriptomes
from bulk RNAseq GBM samples (122 samples from 10 GBM patients). In
this study, five structures identified by hematoxylin-eosin staining and
isolated by laser microdissection were screened. These include the three
major anatomic regions of a tumour: (1) the leading edge (LE), namely
the outermost margin of the tumour, (2) the infiltrating tumour area
(IT), and (3) the cellular tumour core (CT). In addition, structural fea-
tures can be observed within the tumour core like (4) microvascular
proliferation (MVP), marked by the presence of at least two neighboring
blood vessels and (5) pseudopalisading cells around necrosis (PAN),
densely aligned tumour cells surrounding necrotic areas. We explored
the expression levels of the different chemokines (CCL1-5, CCL7-8,
CCL11, CCL17, CCL19-28, CXCL1-14, CXCL16-17, XCL1-2, CX3CL1)
focusing on the five tumour subregions that were identified by reference
histology as filtering criteria (LE, IT, CT, MVP and PAN). Data were
downloaded from https://glioblastoma.alleninstitute.org.

2.4. Analysis of the GBmap resource

To decipher and determine chemokine expression in different cell
subtypes associated with GBM, we explored the GBmap [42], a curated
resource integrating multiple scRNAseq datasets from different pub-
lished studies. The entire GBmap dataset was downloaded from the data
link provided in the corresponding publication on BioRxiv. Here, we
used the ‘core GBmap’ reference dataset (referred to as GBmap onwards)
that contains over 330'000 cells from 110 patients [42]. As the GBmap
data had already been integrated and pre-processed by the authors, it
was not subjected to any additional preprocessing before we generated
corresponding dot plots and intercellular ligand-receptor interaction
plots. Cellular distribution of the human chemokines (and their re-
ceptors) in GBM was investigated using our gene list (Supplementary
Table 1) as the values for the “features” parameter of the DotPlot
function in the Seurat package for R to visualize gene expression changes
in the form of a dot plot. Of note, the chemokines CCL1, CCL3, CCL11,
CCL14, CCL15 and CCL16 and CCL21 were not detected in the GBmap
dataset and were therefore excluded from the analysis. The chemokines
CCL24, CCL25, CCL27, CXCL4 and CXCL17 were represented in the
dataset at barely detectable levels, not differentially expressed across the
different annotations in the GBmap.

GBmap was used as an input for CellChat [43] package in R to infer
intercellular communication network and signalling pathways of
selected chemokines (CCL2, CCL4, CCL5, CCL20, CXCL10, CXCL12,
CXCL16, CXC3CL1) and related receptors (CCR1, CCR5, CCR6, CXCR3,
CXCR4, CXCR6, ACKR3, CX3CR1). CellChat integrates gene expression
data with literature-supported and manually-curated databases of
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ligand-receptor interactions in human. The exploration, analysis and
visualization of inferred networks were performed using default pa-
rameters of relevant CellChat functions. Different visualization packages
of R were used to improve the quality of plots and plot annotations
(Seurat, ggplot 2, cowplot and patchwork) [44-46].

The whole panel of human chemokines was investigated across the
four datasets, however some genes were not included in Ivy GAP and/or
GBmap. For each dataset, gene expression was displayed for the genes
for which data were available (Supplementary Table 1). For chemokines
showing multiple isoforms, the expression of the major isoform was
reported. Original publications, online platforms, RNA sequencing
methods, number of samples and patients included in the datasets are
listed in Table 1. Original data were not subjected to any modification or
recalculation, existing data were filtered to generate original heatmaps
or dot plots.

3. Results
3.1. Global profiling of chemokine expression in gliomas

We have previously evaluated chemokine receptor expression in
various types of gliomas, to decipher the complex chemokine-
chemokine receptor network. To deepen this characterization, we here
focused on the ligands of these receptors, the chemokines. We therefore
investigated the relevance of the 43 human chemokines in glioma tissue
by applying an approach similar to our previous analysis [38]. With the
use of online platforms, we explored four publicly available datasets
providing gene expression data for the target chemokines in glioma
patient-derived material [12,39,41,47]. Bulk gene expression data from
patient-derived tumour samples from the TCGA LGG-GBM dataset were
extracted and their analysis allowed us to monitor the chemokines most
abundantly expressed in different adult-type diffuse gliomas.

In GBM tumours, we observed a high expression of several chemo-
kines, namely CCL2, CCL3, CCL4, CCL5, CCL8, CCL20, CXCL1, CXCL2,
CXCL3, CXCL5, CXCL8, CXCL9, CXCL10, CXCL11, CXCL12, CXCL14,
CXCL16 and CX3CL1 (threshold arbitrarily placed at average “log2
(normalized count reads + 0.5)” expression value > 3.5, in the IDHwt,
grade 4 tumours) (Fig. 1A-B). We selected these 18 chemokines for
further description and investigation. For most of these chemokines,
gene expression increases with disease severity (CCL2, CCL5, CCLS,
CCL20, CXCL1, CXCL3, CXCL8, CXCL9, CXCL10, CXCL11 and at lower
level CXCL14), suggesting their involvement in malignant processes.
Note that histology-based grade within the IDHwt tumour group
appeared associated with the level of chemokine expression. None of the
chemokines were found downregulated in the IDHwt, grade 4 gliomas
compared to other glioma subgroups. Other chemokines showed

Table 1
General information about the datasets used in this study.
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elevated expression regardless of glioma grade (CCL3, CCL4, CXCL2,
CXCL5, CXCL12, CXCL16 and CX3CL1). Importantly, the expression
level in the normal brain should also be considered to truly spot the
transcripts upregulated in the pathological condition. For example,
CXCL14 and CX3CL1 showed an increased expression also in the normal
brain (Supplementary Fig. 1A). Conversely, the chemokines CXCL12 and
CXCL16, which were among the most prevalent in all glioma subgroups,
showed moderate expression in normal human brain samples
(Supplementary Fig. 1A).

Our analysis also revealed the IFN-y-inducible chemokine CXCL16 as
highly expressed in different gliomas, including GBM patients. Consis-
tently, CXCL16 was previously reported to be expressed in gliomas,
where it was suggested to play a critical role in microglia polarization
towards a tumour-supportive phenotype, as well as contributing to gli-
oma cell proliferation, migration and invasion [35,48] CX3CL1, also
known as fractalkine, showed elevated expression across all glioma
types (Fig. 1). This chemokine is proposed to be involved in CNS ho-
meostasis by reducing brain inflammation. Although elevated in
non-tumour brain tissue, its expression in human gliomas increases with
tumour progression and correlates with disease severity [48].

CCL2 was also spotted among the most abundantly expressed che-
mokines in the different tumour entities in particular in GBM. These
findings are in agreement with previous results showing CCL2 protein
expression in tumour samples from different glioblastoma and astrocy-
toma patients [49]. Serum concentrations of CCL2 were higher in GBM
patients when compared to healthy individuals, which was also the case
for CCL5 [50].

CXCL12 appears highly expressed in all glioma subtypes, including
GBM. Its biological relevance, together with the related classical and
atypical receptors CXCR4 and ACKR3, is largely supported by numerous
preclinical and clinical studies [12,35,51-59]. NOX-A12 (olaptesed
pegol) an RNA-aptamer neutralizer of CXCL12, has recently been tested
in a phase I/1I clinical trial (GLORIA trial, NCT04121455) in combina-
tion with radiotherapy and immunotherapy in GBM patients.

Interestingly, these aforementioned chemokines CXCL12, CXCL16,
CX3CL1 and partially CCL2 were already suggested as important for
tumour maintenance [60].

CXCLS8, also known as IL-8, was one of the first chemokine to be
detected in human brain tumours [61]. Its increased expression was
confirmed in our analysis, particularly in GBM (Fig. 1). Several studies
highlighted its presence in patient-derived glioma tissues and glioblas-
toma stem cells (GSCs) [62,63].

Despite their accumulation in GBM, CXCL10 and CXCL14 (Fig. 1)
have not been intensively investigated in patient-derived material. A
recent study describes CXCL14 production by tumour cells in different
types of astrocytomas [64].

1 2

3 4

[39] The Cancer Genome Atlas
(TCGA Project)

Publication, project
Project (Ivy GAP)
Selected information Gene expression in glioma
subgroups (correlated with

[41] Ivy Glioblastoma Atlas

Gene expression in five anatomical
locations within GBM tumours

[42] Harmonized single-cell landscape,
intercellular crosstalk and tumour architecture
of Glioblastoma

Gene expression in different GBM-related cell
subtypes

Genotype-Tissue
Expression (GTEx
Project)

Gene expression in GBM
and human brain

severity)
Online tool https://www.cbioportal.org, https://glioblastoma.alleninstitut NA - R software http://gepia2.
http://gliovis.bioinfo.cnio.es e.org cancer-pku.cn/#index
Method Bulk RNAseq (HiSeq) Bulk RNAseq (HiSeq) after laser scRNAseq Bulk RNAseq
microdissection
Datasets and number of Brain lower grade glioma, LGG Glioblastoma (122 samples/10 Glioblastoma (338'564 cells/110 patients) Human brain (207 tissue
samples and patients (513 patients) patients) samples)
Glioblastoma, GBM 154
patients)
Data expressed as Log2 RSEM Log2 RSEM Normalized expression matrix (log-scale) Log2(TPM+1)

Legend: GBM: glioblastoma; GTEx: Genotype-Tissue Expression; LGG: low-grade glioma; RNAseq: RNA sequencing; scRNAseq: single-cell RNA sequencing; RSEM:

RNAseq by expectation maximization; TPM: transcripts per million.
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Fig. 1. Chemokine expression in glioma patients (TCGA LGG-GBM datasets) [39].
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(A) The heatmap displays log2 normalized counts (RSEM) for the 43 human

chemokines. Each cell represents one patient. (B) Expression levels of chemokine genes in the IDH WT, grade 4 tumours (referred to as GBM). Chemokines with
expression above arbitrary threshold of 3.5 (log2 RSEM normalized counts) are displayed in red and selected for further description.

The chemokines CCL3, CCL4, CCL5, CCL8, CCL20, CXCL1, CXCL2,
CXCL3, CXCL5, CXCL9 and CXCL11 showed only moderate expression in
GBM (Fig. 1). Those able to activate the chemokine receptors CCR1 and
CCRS5, (CCL3, CCL4, CCL5 and CCL8) have been the body of investiga-
tion of different studies, with CCL8 being highly produced by glioma-
associated macrophages and stimulating invasive abilities of tumour
cells [65-67]. Among the CXC-chemokines able to activate CXCR2, a
receptor responsible for neutrophils recruitment to inflammatory sites,
CXCL1, CXCL2 and CXCL8 were shown elevated in GBM and their
upregulation correlates with poor prognosis [68,69]. Also CCL20,
together with its cognate receptor CCR6 was detected in brain tumor
samples, in contrast to non-neoplastic brain samples [70]. CXCR3 li-
gands CXCL9, CXCL10 and CXCL11 have not been extensively charac-
terized in gliomas. Only a few divisive studies propose them as

antitumour molecules, while others suggested a pro-tumoural role
[71-74].

3.2. Unravelling chemokine expression in GBM subregions

In light of the notable increase of different chemokines in GBM, we
further investigated this glioma subtype. The intra- and intertumoural
heterogeneity of GBM constitutes one of the major challenges in neuro-
oncology [13]. Various regions and niches have been described within
these tumours, such as invasive, hypoxic, necrotic and vascularized
areas. The Ivy Glioblastoma Atlas Project (IvyGAP) correlates the
anatomo-histological features of GBM with genomic and gene expres-
sion patterns from a panel of GBM patients [41]. This freely accessible
atlas allowed us to investigate the expression of 37/43 chemokines in
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the five different tumour areas, suggestive of their activity in these re-
gions (Fig. 2).

The assessment of RNAseq profiles revealed that certain previously
highlighted chemokines displayed similar expression profiles across
different tumour areas. The expression of CCL2 and CCL5 was well
detectable in almost all areas. CXCL14 also showed noticeable expres-
sion in all regions, which is likely due to its basal expression in the brain
tissue. On the other hand, we noted region-specific differences in the
expression of several chemokines. The chemokines CCL3, CCL4, CXCL10
and CXCL16 were also detected in GBM but showed a rather heteroge-
nous distribution within the tumour mass. Chemokine enrichment in
certain tumour regions may reveal their role in specific cell types or in
regulating tumour-associated processes, e.g. angiogenesis or cell inva-
sion. It could also indicate how a given chemokine is involved in GBM
cell adaptation to its local environment. In the next paragraphs, we
develop a few aspects of the existing knowledge about chemokine
function with regard to their expression in the areas of interest, mainly
MVP and PAN.
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3.2.1. Chemokines mostly associated with microvascular proliferation
(MVP) regions

The analysis showed the expression of CCL2 and CCL5 in the MVP
regions, and to a lower extent also of CCL3 and CCL4 if compared to
other areas (Fig. 2). Consistently, in vitro results have shown that CCL2,
CCL3 and CCL5 were produced by brain endothelial cells upon inflam-
matory conditions [75], as well as CXCL8 and CXCL10 [76]. These
chemokines have been also detected in endothelial cells from the brain
of patients with multiple sclerosis [76]. Interestingly, CCL3 and CCL4
have been found in glioblastoma patient tissue as predominantly
expressed in a specific subset of endothelial cells, associated with an
inflammatory phenotype, as identified by single cell sequencing [77].
The inflammatory status of a tumour therefore appears as an important
driver of chemokine expression in tumour-associated endothelial cells.
CCL3 has also been described to promote the expression of the vascular
endothelial growth factor-A (VEGF-A), an important inducer of angio-
genesis involved in the progression of different cancers [78].

More evidently, CXCL12 was particularly abundant in the MVP

I
1) IIII

I1I HI! 1 MII'II

Fig. 2. Expression of chemokines in various areas of GBM tumours was analysed (IvyGAP project). The heatmap displays log2 RSEM normalized counts for each
chemokine in the different tumour subregions. Each cell represents one sample. Legend: LE (leading edge); IT (infiltrative tumour); CT (cellular tumour); PAN
(pseudopalisading cells around necrosis); MVP (microvascular proliferation). No data was available for CCL13, CCL14, CCL15, CCL16, CCL18, CCL23 in this dataset.
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regions (Fig. 2), in line with the immunohistochemical CXCL12 detec-
tion in proliferating endothelial cells [79] and more generally,
tumour-associated blood vessels in patient samples [80,81]. This is in
concordance with the well-described CXCL12 production by endothelial
cells, underlying their crosstalk with tumour cells through CXCR4 or
ACKR3 activation in different models of gliomas [82,83].
CXCL12/CXCR4-mediated angiogenesis inhibition has been the ratio-
nale for the clinical studies in GBM patients using plerixafor (CXCR4
antagonist) in combination with bevacizumab, a monoclonal antibody
that targets vascular endothelial growth factor (VEGF) and is used as an
anti-angiogenic treatment [80].

Cancer cell migration and invasion are closely linked to angiogenesis
in gliomas [84,85]. Indeed, the infiltrative behaviour of GBM cells is one
of the hallmarks of this aggressive tumour [84,86,87]. In physiological
conditions, the role of CXCL12 in directing cell migration during neural
development has already been described [88,89]. Furthermore, CXCL12
is a well-known driver of cell migration and homing in the hematopoi-
etic system [90]. In addition, CXCL12 is also involved in gliomagenesis,
as it was detected in 31 GBM cases with an increased expression in
neurons, blood vessels, subpial regions and white matter, consistent
with its proangiogenic role [80].

3.2.2. Chemokines mostly associated with pseudopalisading cells around
necrotic (PAN) regions

Gliomas are highly heterogeneous tumours with widely distributed
hypoxic areas [91,92], where several chemokines are also implicated. In
our analysis, the expression of CCL20 and CXCL8 was elevated in the
PAN regions (Fig. 2), suggesting a role in modulating cell phenotypes in
a hypoxic, necrotic environment, and in regulating the PAN-neighboring
environment. Accordingly, immunochemical analyses have highlighted
CXCL8, also named IL-8, in perinecrotic areas in GBM patient tissue
[92]. Mechanistically, in vitro evidence suggested indeed that necrotic
cells favour CXCL8 secretion in GBM cells via NF-kB and AP1 signaling
[93]. CXCL8 has also been endowed with proangiogenic activities [94],
together with CXCL2, especially on brain endothelial cells [95]. Of note,
CXCL2 and CXCL3 seemed to be enriched in the PAN region in com-
parison to other tumour regions (Fig. 2). Additionally, CXCL8 was found
to be secreted by mesenchymal (MES) glioma stem-like cells (GSCs)
which stimulated endothelial proliferation and tube formation, sug-
gesting a proangiogenic role especially in the MES tumours that are
associated with an increased vascularization compared to other tumour
subtypes [96].

Similarly, CCL20 has been shown to be produced by GBM cells upon
contact with necrotic cells, which was associated with improved
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microglial infiltration [97]. Another in vitro study revealed that CCL20
was secreted by astrocytes in hypoxic conditions and acted on glioma
cells via CCR6 and NF-kB to induce the expression of the
hypoxia-inducible factor 1o (HIF-1a), thus sustaining tumour growth
[98].

Of note, CXCL8 and CCL20 both appeared upregulated in the WHO
grade 4 IDHwt tumours, compared to WHO grade 2/3 (Fig. 1). This
observation supports the idea that particular GBM-associated histolog-
ical features (e.g. necrotic areas) may be related to chemokine expres-
sion in the tumour sample.

3.2.3. Chemokines in diverse cell entities within the GBM ecosystem

Chemokines and their receptors tightly regulate immune cell
recruitment and activity, and therefore may have important implica-
tions in the GBM TME.

To determine chemokine expression in different cell subtypes asso-
ciated with GBM, we explored the GBmap, a curated resource inte-
grating multiple scRNAseq datasets from published studies [42]. Gbmap
constitutes the largest integrated scRNAseq database of GBM samples to
date [42].

We examined the expression of all human chemokines in different
cell-type related annotations reported in the dataset (Fig. 3 and Sup-
plementary Fig. 2A). Chemokine expression patterns varied across the
cell types, with differences in both expression intensity and proportion
of positive cells. Whereas several chemokines were broadly distributed
across multiple cell types, the expression of others appeared more
restricted to distinct cell entities. Among the most represented chemo-
kines, CCL2 was predominantly expressed in monocytes, macrophages,
microglial cells and astrocytes, with lower expression observed in other
cell types. CCL2 has especially been associated with CD163-positive,
M2-like macrophages in human GBM tissue [99]. CCL4 exhibited a
strong expression in NK cells, microglial cells, macrophages, and T cells
(Fig. 3). This analysis also revealed an elevated expression of CCL5 by
NK cells and mature T cells. CCL4 and CCL5 were also detected in
various cell types such as plasma cells, B cells and mast cells albeit with
considerably lower expression. CXCL8 showed a predominant expres-
sion by monocytes and macrophages, but is also present in numerous
other cell types, including natural killer cells and plasma cells. CXCL16
also demonstrated a relatively uniform expression across cell types but
was predominantly found in myeloid cells, including microglial cells,
monocytes, macrophages and dendritic cells. Finally, CXCL14 and
CX3CL1 were mainly found in neurons and/or astrocytes, further sup-
porting their association with the normal brain tissue rather than the
tumour. It is also noteworthy that despite their low expression levels
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Fig. 3. Chemokine expression in different cell types detected within GBM tumours from Gbmap [42]. The size of the dots corresponds to the percentage of the cells
within a cell type expressing the gene, while the intensity of the colour represents the average expression level.
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detected in glioma tissues by bulk RNAseq (Fig. 1), the scRNAseq
database analysis revealed a highly specific association of XCL1 and
XCL2 with NK cells (Fig. 3), as previously described in other cancer
models [100]. CCL20 showed mild expression in monocytes and mac-
rophages. CXCL2 and CXCL3, showed similar expression profiles, with a
slightly higher expression in monocytes, but they were also weakly
detected in various other cell types like macrophages and mural cells.

Overall, T lymphocytes, NK cells as well as microglia, monocytes and
macrophages appeared as the major chemokine source in GBM tissue.
Other more restricted cell populations (e.g. neurons) also specifically
expressed several chemokines. In contrast, the malignant cells which are
the principal tumour components did not show consistently elevated
expression of any chemokine.

3.2.4. Relevant chemokines — chemokine receptors axes in GBM

Chemokines play a crucial role in the recruitment and activation of
leukocytes in a spatiotemporal manner, shaping the TME and strongly
influencing tumour cell proliferation and dissemination [101-103].
They exert these functions mainly through a paracrine action on various
cell types differentially expressing their respective receptors. In our
previous analysis [38], we elaborated on the role that these chemokine
receptors could play in the different GBM-associated cell types, based on
supporting literature data. Here, we also further examined the relation
between the receptors that emerged in our first analysis [38] and the
high expression level of chemokines in GBM. We observed a good
concordance of the ligand-receptor axes. For the majority of chemokines
revealed by the present study, the related receptors also showed higher
expression as exemplified by CXCL1, CXCL2, CXCL3, CXCL5, CXCL8 and
their receptor CXCR2; CXCL12 and CXCR4/ACKR3; CXC3CL1 and
CX3CR1; CCL3, CCL4, CCL5 and CCR5, CCR1; CCL8 and CCR1; CCL20
and CCR6; and finally CCL2, CCL8 and ACKR2 (Fig. 4).

In contrast, while the chemokines CCL2, CXCL9, CXCL10, CXCL11,
and CXCL16 were found in GBM (Figs. 1-2), the expression level of their
respective receptors CCR2, CXCR3 and CXCR6, although higher than in
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normal human brain (Supplementary Fig. 1B), was below the threshold
in our previous analysis [38]. However, these receptors may be present
in minor cell subpopulations, which would result in an undetectable
tumour expression at the bulk level. We therefore further explored the
presence of these receptors at the single-cell level using the newly
available, exhaustive Gbmap dataset [50] (Supplementary Fig. 2B)
which revealed the expression of CXCR3 and CXCR6 in the mature T cell
compartment. CCR2 was also detected, but at low level, in monocytes
and dendritic cells (Supplementary Fig. 2B). Of note, the receptor for
CXCL14 is still unknown, which hinders the elucidation of the mecha-
nism of action and role this chemokine plays in tumours.

With the aim to better understand the chemokine-chemokine re-
ceptor axes, we further exploited the Gbmap [21] to analyse relevant
molecular crosstalks between definite cell types. Specifically, normal-
ized Gbmap gene expression matrix was used as input for CellChat
analysis to infer putative intercellular communication networks and
signalling pathways focusing on the major chemokines identified in the
present study, and on the receptors that we have shown as relevant [38]
(Figs. 5 and 6). This analysis allowed us to visualize the putative in-
teractions between different cellular actors within GBM tissue, based on
chemokine and receptor expression levels.

It showed a higher probability for interactions to occur between T
cells that secrete CCL5 and microglia, macrophages and monocytes that
express CCR1 (Fig. 5, yellow arrows). These myeloid subsets were in
turn proposed to interact with T cells based on their production of CCL4
and CXCL16 that respectively act on CCR5 and CXCR6 (Fig. 5, brown
and purple arrows). In line with these observations, another study using
scRNAseq on multi-sector biopsies demonstrated that CXCL16 was
highly expressed in tumour-associated macrophages (TAMs) [104]. On
the other hand, malignant cells express CXCL16, as previously observed
[104], with a possible influence on T cells via CXCR6 (pink arrows). A
recent study has shown that the glioma cells produce CXCL16 that acts
via CXCR6 on microglial cells, driving them towards an
anti-inflammatory state [105], however a crosstalk with T cells has not
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Fig. 4. Representative image of the chemokine-chemokine receptor interaction network in gliomas. The chemokine receptors most abundantly expressed in gliomas
from our previous analysis [38] are shown in red. Chemokine receptors which were not analysed in our previous study are represented in grey. Chemokines which
emerged as highly expressed in GBM in the present study are depicted in red. For both the chemokine receptors and the chemokines, the selection is based on bulk
RNAseq analysis from TCGA and arbitrary thresholds were set. When both the ligand and related receptor are found expressed above the related thresholds, the
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yet been described. Although these interactions appeared less strong,
annotated NK cells also express CCL5, also potentially modulating
microglia, macrophages and monocytes via CCR1 (green arrows).
Other ligand-receptor pairs were highlighted, albeit with a
“reduced” likelihood, as potentially involved in a wide diversity of
cell-cell interactions. For instance, a putative action of CXCL12 pro-
duced by endothelial cells and oligodendrocyte precursor cells (OPCs)
on various CXCR4-expressing cell types within the TME could be
revealed (Supplementary Fig. 2B). Moreover, the involvement of

CX3CL1/CX3CR1 signalling in the communication between astrocytes
and neurons, with diverse other tumour-associated cell types was sug-
gested (Supplementary Fig. 2B).

In a similar fashion, a recent study emphasized the significance of the
chemokine-receptor network in GBM. The receptor expression profile of
GBM-infiltrating T cells, and the chemokine expression profile of non-
lymphocyte GBM-associated cells was characterised using scRNAseq. It
revealed that tumour infiltrating T cells were enriched in certain che-
mokine receptors (e.g. CCR2, CCR5, CXCR3, CXCR4, and CXCR6)
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Fig. 6. The dot plot of inferred CellChat interactions from the Gbmap. The dot
colour and size represent the calculated communication probability and
p-values.

suggesting their role in directing T cell migration into GBM. As for the
non-lymphocyte GBM-associated cells, various chemokines such as
CCL2, CCL4, CCL5, CCL20, CXCL1, CXCL2, CXCL3, CXCL10, CXCL11,
CXCL12, CXCL16, and CX3CL1 were detected, each with different
enrichment scores. Notably, CCL4 and CXCL16 were predominantly
expressed by GBM-associated macrophages and microglia [106].

4. Conclusions

Glioblastoma (GBM) tumour microenvironment (TME) is extremely
important in driving tumour progression and response to therapy.
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Unlike in other tumour types, most of the immunotherapeutic ap-
proaches failed in demonstrating global efficacy in GBM patients, owing
to the immune-privileged brain tissue but also the acquired tumour cell
resistance to therapy [107]. A better understanding of the mechanisms
that dictate GBM TME organization and evolution is therefore needed
for establishing effective treatments. In this study, we aimed to inves-
tigate the expression of chemokines and their receptors in an exhaustive,
patient sample-based approach with unique single-cell resolution and
representation.

The first part of the study was based on bulk RNAseq analyses of
snap-frozen glioma tissue from different patient cohorts. It revealed that
many chemokines were expressed in these tissues, some of them corre-
lated with glioma severity. The Ivy GAP dataset offered a greater reso-
lution by exploiting microdissected tissue regions to highlight the
chemokine expression in discrete functional subregions within the tu-
mours (e.g. pseudopalisading cells around necrosis, microvascular pro-
liferation, etc). Among them, the presence of CCL20 and CXCL8
appeared localised to perinecrotic areas. This illustrates how histologi-
cal specificities may influence chemokine expression, which was also
reflected in chemokine expression in tumours from different histological
grades (CCL2, CCL5, CCL8, CCL20, CXCL8 and CXCL10).

Therefore, the more recent gene expression data based on dissoci-
ated, single cells and excluding peripheral blood cell contamination,
provided an unprecedented knowledge on cellular functions within the
tumours. We explored the Gbmap resource, which, to date, constitutes
the largest available scRNAseq dataset harmonized from previous
studies. The most abundant cell annotations in this dataset are the ma-
lignant cells, macrophages, microglial cells and T-cells (Supplementary
figure, 2A), whereas other neural or immune cell annotations are less
represented. This scRNAseq data analysis essentially showed that che-
mokine expression is mostly associated with cells from the TME,
including T cells, macrophages, or microglia. Consistently, the CellChat
chemokine-receptor crosstalk analysis also linked these immune cell
types, highlighting putative interactions with NK cells and monocytes.
Our results show CCL5/CCR1 and CXCL16/CXCR6 axes as key duets in
these immune cell crosstalks, which warrant further investigation. In
parallel, the widely described CXCL12/CXCR4/ACKR3 axis appeared to
dictate cell interactions within the tumour in a less prominent, but a
rather universal manner. CXCL12 indeed appeared to be expressed by
endothelial cells and OPCs, and to act on a plethora of cell types
expressing variable levels of CXCR4. This data also suggests that ma-
lignant GBM cells have reduced chemokine expression, and also lower
expression of chemokine receptors compared to non-malignant, TME
cells.

It is crucial to note that the respective depiction of each annotation in
the GBmap dataset does not reflect the genuine proportion of corre-
sponding cell types within GBM tumours in situ. Malignant cells remain
the major components, while macrophages are the most abundant im-
mune cells in the TME, representing up to 30 % of the tumour content. In
contrast, infiltrative lymphoid cells are much scarcer [108,109].
Although this study provides key information about the cell types to
which chemokine/receptor expression appear the most relevant (i.e.
immune cells from the TME), it remains to be addressed to what extent it
is also reflected clinically by immunomodulatory functions. Considering
that gene expression data are captured as a tumour snapshot, further
investigation using functional and dynamic GBM models is also war-
ranted to determine whether chemokine-receptor signalling and related
immune cell interactions actually drive tumour progression, emerge as a
consequence of host tissue antitumour responses, or both.

The relevance of chemokines and their receptors in gliomas has
already been analysed, mainly incorporating data from cell lines and
murine models [35,36]. The main strengths and novelties of our study
lie within the primary focus on patient tissue data, and on the compre-
hensive analysis of transcriptomic datasets that together highlight key
chemokine-driven interactions and functions. Yet, a putative clinical
translation of this study requires proteomic analyses and functional
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validation. Of note, clinical information such as survival, CIMP status, or
transcriptomic subtypes (e.g. Verhaak), and treatment regimen, were
not considered in our study. Interestingly, a recent report focusing on
chemokines in gliomas integrating 36 studies involving patients, used
the related survival/clinical data to assess the predictive values of che-
mokines. The authors showed that the high expression of several che-
mokines/receptors (e.g. CXCL12, CXCR4, CCL2, among others) was
associated with higher risk of glioma [110]. Most of the data included in
our study relates to unique tissue samples, collected at debulking sur-
gery and do not account for dynamic changes over time. It would
therefore be relevant to also study the evolution of chemokine and
chemokine receptor expression in longitudinal samples (e.g. from the
GLASS consortium), to better understand their role in disease progres-
sion and recurrence.

Altogether, this analysis provides a comprehensive, in-depth
assessment of chemokine and chemokine receptor expression in GBM
cell types, using patient-based data, with important elaborations on how
relevant cell types may work together in directing tumour outcome. The
CCL5/CCR1, CXCL16/CXCR6, and CXCL12/CXCR4/ACKR3 pathways
emerge from this analysis as relevant drivers of cell interactions between
different cell types within tumours, including immune cells. Modulation
of the immune system to improve tumour recognition and eradication
has become a first-line priority in the cancer research field. Therefore,
this study may not only serve as a guide for those interested in the
relevance of chemokines in cancer but will also help to pave the way for
novel immunomodulatory and antitumour approaches.

Availability of data and material

The datasets used/or analysed during the current study available
from the corresponding author on reasonable request.

Funding

This work was supported by the University of Liege, the Luxembourg
Institute of Health (LIH), the Cancer Foundation Luxembourg,
Luxembourg National Research Fund (FNR) grants (INTER 20/
15084569, C21/BM/15739125 “DIOMEDES”; C23/BM/18068832
“IMPACTT” PRIDE 16763386 “CANBIO2”, 16749720 “Nextlmmune2”,
14254520 “I2TRON”), F.R.S.-FNRS-Télévie (grants 7.4593.19,
7.4529.19 and 7.8504.20) and the European Cooperation in Science and
Technology (COST) Action CA18133 European Research Network on
Signal Transduction (ERNEST). GDU is a F.R.S.-FNRS-Télévie fellow
(grant 7.4529.19). MS and AC are part of the Marie Sktodowska-Curie
Innovative Training Networks ONCORNET2.0 “ONCOgenic Receptor
Network of Excellence and Training” (MSCA-ITN-2020-ETN).

CRediT authorship contribution statement

Giulia D’Uonnolo: Writing — review & editing, Writing — original
draft, Investigation, Conceptualization. Damla Isci: Writing — review &
editing, Writing — original draft, Investigation, Conceptualization.
Bakhtiyor Nosirov: Writing — review & editing, Writing — original draft,
Investigation. Amandine Kuppens: Writing — review & editing. May
Wantz: Writing — review & editing, Writing — original draft. Petr V.
Nazarov: Supervision. Anna Golebiewska: Writing — review & editing,
Supervision, Funding acquisition. Bernard Rogister: Writing — review
& editing, Supervision, Funding acquisition. Andy Chevigné: Writing —
review & editing, Supervision, Funding acquisition, Conceptualization.
Virginie Neirinckx: Writing — review & editing, Writing — original
draft, Supervision, Investigation, Funding acquisition, Conceptualiza-
tion. Martyna Szpakowska: Writing — review & editing, Supervision,
Funding acquisition, Conceptualization.

10

Computers in Biology and Medicine 182 (2024) 109197
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.compbiomed.2024.109197.

References

[1]1 D.N. Louis, et al., The 2021 WHO classification of tumors of the central nervous
system: a summary, Neuro Oncol. 23 (2021) 1231-1251.

D.N. Louis, et al., The 2016 world Health organization classification of tumors of
the central nervous system: a summary, Acta Neuropathol. 131 (2016) 803-820.
Y. Zhang, et al., Prospective genomically guided identification of “early/
evolving” and “undersampled” IDH-wildtype glioblastoma leads to improved
clinical outcomes, Neuro Oncol. 24 (2022) 1749-1762.

X. Guo, et al., Histological and molecular glioblastoma, IDH-wildtype: a real-
world landscape using the 2021 WHO classification of central nervous system
tumors, Front. Oncol. 13 (2023) 1200815.

J.J. Miller, et al., Isocitrate dehydrogenase (IDH) mutant gliomas: a Society for
Neuro-Oncology (SNO) consensus review on diagnosis, management, and future
directions, Neuro Oncol. 25 (2023) 4-25.

R. Stupp, et al., Radiotherapy plus concomitant and adjuvant temozolomide for
glioblastoma, N. Engl. J. Med. 352 (2005) 987-996.

H. Pinson, et al., Epidemiology and survival of adult-type diffuse glioma in
Belgium during the molecular era, Neuro Oncol. (2023), https://doi.org/
10.1093/NEUONC/NOAD158.

M. Rapp, et al., Recurrence pattern analysis of primary glioblastoma, World
Neurosurg 103 (2017) 733-740.

P.Y. Wen, S. Kesari, Malignant gliomas in adults, N. Engl. J. Med. 359 (2008)
492-507.

A.P. Patel, et al., Single-cell RNA-seq highlights intratumoral heterogeneity in
primary glioblastoma, Science 344 (2014) 1396.

A. Ou, W.K. Alfred Yung, N. Majd, Molecular mechanisms of treatment resistance
in glioblastoma, Int. J. Mol. Sci. 22 (2021) 1-24.

C. Neftel, et al., An integrative model of cellular states, plasticity, and genetics for
glioblastoma, Cell 178 (2019) 835-849.e21.

A. Dirkse, et al., Stem cell-associated heterogeneity in Glioblastoma results from
intrinsic tumor plasticity shaped by the microenvironment, Nat. Commun. 10
(2019).

Y.A. Yabo, S.P. Niclou, A. Golebiewska, Cancer cell heterogeneity and plasticity: a
paradigm shift in glioblastoma, Neuro Oncol. (2021), https://doi.org/10.1093/
NEUONC/NOAB269.

F. Jacob, et al., A patient-derived glioblastoma organoid model and biobank
recapitulates inter- and intra-tumoral heterogeneity, Cell 180 (2020) 188-204.
e22.

M. Osswald, et al., Brain tumour cells interconnect to a functional and resistant
network, Nature 528 (2015) 93-98.

R. Gargini, B. Segura-Collar, P. Sanchez-Gomez, Cellular plasticity and tumor
microenvironment in gliomas: the struggle to hit a moving target, Cancers 12
(2020) 1-24.

D. Hambardzumyan, D.H. Gutmann, H. Kettenmann, The role of microglia and
macrophages in glioma maintenance and progression, Nat. Neurosci. 19 (2016)
20.

M. Catalano, G. D’Alessandro, F. Trettel, C. Limatola, Role of infiltrating
microglia/macrophages in glioma, Adv. Exp. Med. Biol. 1202 (2020) 281-298.
D.H. Gutmann, H. Kettenmann, Microglia/brain macrophages as central drivers
of brain tumor pathobiology, Neuron 104 (2019) 442.

P.R. Gielen, et al., Elevated levels of polymorphonuclear myeloid-derived
suppressor cells in patients with glioblastoma highly express S100A8/9 and
arginase and suppress T cell function, Neuro Oncol. 18 (2016) 1253.

T.J. Alban, et al., Global immune fingerprinting in glioblastoma patient
peripheral blood reveals immune-suppression signatures associated with
prognosis, JCI Insight 3 (2018).

K. Maddison, et al., Low tumour-infiltrating lymphocyte density in primary and
recurrent glioblastoma, Oncotarget 12 (2021) 2177-2187.

K. White, et al., Identification, validation and biological characterisation of novel
glioblastoma tumour microenvironment subtypes: implications for precision
immunotherapy, Ann. Oncol. 34 (2023) 300-314.

A.T. Yeo, et al., Single-cell RNA sequencing reveals evolution of immune
landscape during glioblastoma progression, Nat. Immunol. 23 (6 23) (2022)
971-984, 2022.

K. Kohli, V.G. Pillarisetty, T.S. Kim, Key chemokines direct migration of immune
cells in solid tumors, Cancer Gene Ther. 29 (1 29) (2021) 10-21, 2021.

A.E. Vilgelm, A. Richmond, Chemokines modulate immune surveillance in
tumorigenesis, metastasis, and response to immunotherapy, Front. Immunol. 10
(2019).

[2]
[3]

[4]

[5]

[6

[71

(81

[9:

[10]
[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]



G. D’Uonnolo et al.

[28]

[29]
[30]
[31]

[32]

[33]
[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

[43]

[44]
[45]

[46]
[471

[48]

[491]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]

[58]

[59]

[60]

[61]

K. Franciszkiewicz, A. Boissonnas, M. Boutet, C. Combadiére, F. Mami-Chouaib,
Role of chemokines and chemokine receptors in shaping the effector phase of the
antitumor immune response, Cancer Res. 72 (2012) 6325-6332.

A. Zlotnik, O. Yoshie, The chemokine superfamily revisited, Immunity 36 (2012)
705.

R. Bonecchi, G.J. Graham, Atypical chemokine receptors and their roles in the
resolution of the inflammatory response, Front. Immunol. 7 (2016) 224.

F. Bachelerie, et al., New nomenclature for atypical chemokine receptors, Nat.
Immunol. 15 (2014) 207-208.

A. Mantovani, R. Bonecchi, M. Locati, Tuning inflammation and immunity by
chemokine sequestration: decoys and more, Nat. Rev. Immunol. 6 (12 6) (2006)
907-918, 2006.

K. Chen, et al., Chemokines in homeostasis and diseases, Cell. Mol. Immunol. 15
(2018) 324-334.

X. Blanchet, M. Langer, C. Weber, R. Koenen, P. von Hundelshausen, Touch of
chemokines, Front. Immunol. 3 (2012).

M. Groblewska, A. Litman-Zawadzka, B. Mroczko, The role of selected
chemokines and their receptors in the development of gliomas, Int. J. Mol. Sci. 21
(2020).

G.P. Takacs, J.A. Flores-Toro, J.K. Harrison, Modulation of the chemokine/
chemokine receptor axis as a novel approach for glioma therapy, Pharmacol.
Ther. 222 (2021).

Y. Zhou, P.H. Larsen, C. Hao, V.W. Yong, CXCR4 is a major chemokine receptor
on glioma cells and mediates their survival, J. Biol. Chem. 277 (2002)
49481-49487.

D. Isci, et al., Patient-oriented perspective on chemokine receptor expression and
function in glioma, Cancers 14 (2022) 130.

M. Ceccarelli, et al., Molecular profiling reveals biologically discrete subsets and
pathways of progression in diffuse glioma, Cell 164 (2016) 550-563.

Z. Tang, B. Kang, C. Li, T. Chen, Z. Zhang, GEPIA2: an enhanced web server for
large-scale expression profiling and interactive analysis, Nucleic Acids Res. 47
(2019) W556-W560.

R.B. Puchalski, et al., An anatomic transcriptional atlas of human glioblastoma,
Science 360 (2018) 660-663.

C. Ruiz-Moreno, et al., Harmonized Single-Cell Landscape, Intercellular Crosstalk
and Tumor Architecture of Glioblastoma, 2022, https://doi.org/10.1101/
2022.08.27.505439.

GitHub - sqjin/CellChat: R toolkit for inference, visualization and analysis of cell-
cell communication from single-cell data. https://github.com/sqjin/CellChat.

H. Wickham, ggpolt2 elegant graphics for data analysis, Use R! series (2016) 211.
Arranging plots in a grid e cowplot. https://wilkelab.org/cowplot/articles/plot_
grid.html.

Authors and Citation e patchwork. https://patchwork.data-imaginist.com/auth
ors.html#citation.

S. Darmanis, et al., Single-cell RNA-seq analysis of infiltrating neoplastic cells at
the migrating front of human glioblastoma, Cell Rep. 21 (2017) 1399.

M. Erreni, et al., Human glioblastoma tumours and neural cancer stem cells
express the chemokine CX3CL1 and its receptor CX3CR1, Eur. J. Cancer 46
(2010) 3383-3392.

1. Desbaillets, et al., Human astrocytomas and glioblastomas express monocyte
chemoattractant protein-1 (MCP-1) in vivo and in vitro, Int. J. Cancer 58 (1994)
240-247.

B.K. Khandani, et al., The intricate expression of CC chemokines in glial tumors:
evidence for involvement of CCL2 and CCL5 but not CCL11, Acta Med. Iran. 53
(2015) 770-777.

E. Kokovay, et al., Adult SVZ lineage cells home to and leave the vascular niche
via differential responses to SDF1/CXCR4 signaling, Cell Stem Cell 7 (2010)
163-173.

N. Goffart, et al., Adult mouse subventricular zones stimulate glioblastoma stem
cells specific invasion through CXCL12/CXCR4 signaling, Neuro Oncol. 17 (2015)
81.

M. Gatti, et al., Inhibition of CXCL12/CXCR4 autocrine/paracrine loop reduces
viability of human glioblastoma stem-like cells affecting self-renewal activity,
Toxicology 314 (2013) 209-220.

E.Q. Lee, et al., Phase I and biomarker study of plerixafor and bevacizumab in
recurrent high-grade glioma, Clin. Cancer Res. 24 (2018) 4643-4649.

R.P. Thomas, 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. 25 (2019) 6948-6957.

H. K, et al., The chemokine receptor CXCR7 is highly expressed in human glioma
cells and mediates antiapoptotic effects, Cancer Res. 70 (2010) 3299-3308.

M. Neves, et al., The role of ACKR3 in breast, lung, and brain cancer, Mol.
Pharmacol. 96 (2019) 819-825.

N. Salazar, et al., A chimeric antibody against ACKR3/CXCR7 in combination
with TMZ activates immune responses and extends survival in mouse GBM
models, Mol. Ther. 26 (2018) 1354.

S.M. Jacobs, et al., CXCR4 expression in glioblastoma tissue and the potential for
PET imaging and treatment with [68Ga]Ga-Pentixafor/[177Lu]Lu-Pentixather,
Eur. J. Nucl. Med. Mol. Imag. 49 (2022) 481-491.

V. Adamski, et al., Entry and exit of chemotherapeutically-promoted cellular
dormancy in glioblastoma cells is differentially affected by the chemokines
CXCL12, CXCL16, and CX3CL1, Oncogene 39 (22 39) (2020) 4421-4435, 2020.
T. Nitta, M. Allegretta, K. Okumura, K. Sato, L. Steinman, Neoplastic and reactive
human astrocytes express interleukin-8 gene, Neurosurg. Rev. 15 (1992)
203-207.

11

[62]

[63]
[64]
[65]
[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]
[78]

[791

[80]

[81]

[82]

[83]

[84]

[85]

[86]
[87]

[88]

[89]

[90]

[91]
[92]
[93]
[94]

[95]

Computers in Biology and Medicine 182 (2024) 109197

1. Sharma, A. Singh, F. Siraj, S. Saxena, IL-8/CXCR1/2 signalling promotes tumor
cell proliferation, invasion and vascular mimicry in glioblastoma, J. Biomed. Sci.
25 (2018).

D.W. Infanger, et al., Glioblastoma stem cells are regulated by interleukin-8
signaling in a tumoral perivascular niche, Cancer Res. 73 (2013) 7079-7089.

A. Kumar, et al., CXCL14 promotes a robust brain tumor-associated immune
response in glioma, Clin. Cancer Res. 28 (2022) 2898-2910.

M.K. Kranjc, M. Novak, R.G. Pestell, T.T. Lah, Cytokine CCL5 and receptor CCR5
Axis in glioblastoma multiforme, Radiol. Oncol. 53 (2019) 397.

Y. Wang, et al., Hypoxia and macrophages promote glioblastoma invasion by the
CCL4-CCRS5 axis, Oncol. Rep. 36 (2016) 3522-3528.

X. Zhang, et al., CCL8 secreted by tumor-associated macrophages promotes
invasion and stemness of glioblastoma cells via ERK1/2 signaling, Lab. Invest.
100 (2020) 619-629.

J. Hu, et al., Regulation of tumor immune suppression and cancer cell survival by
CXCL1/2 elevation in glioblastoma multiforme, Sci. Adv. 7 (2021).

W. Alafate, et al., Elevation of CXCL1 indicates poor prognosis and
radioresistance by inducing mesenchymal transition in glioblastoma, CNS
Neurosci. Ther. 26 (2020) 475-485.

L. Wang, et al., Overexpression of CCL20 and its receptor CCR6 predicts poor
clinical prognosis in human gliomas, Med. Oncol. 29 (2012) 3491-3497.

K. Shono, et al., Downregulation of the CCL2/CCR2 and CXCL10/CXCR3 axes
contributes to antitumor effects in a mouse model of malignant glioma, Sci. Rep.
10 (2020).

G. Wang, et al., CXCL11-armed oncolytic adenoviruses enhance CAR-T cell
therapeutic efficacy and reprogram tumor microenvironment in glioblastoma,
Mol. Ther. (2022), https://doi.org/10.1016/J.YMTHE.2022.08.021.

Z. Wang, et al., The CXCL family contributes to immunosuppressive
microenvironment in gliomas and assists in gliomas chemotherapy, Front.
Immunol. 12 (2021).

T.Y.H. Chan, J.S.Y. Wong, K.M.-Y. Kiang, C.W.Y. Sun, G.K.-K. Leung, The duality
of CXCR3 in glioblastoma: unveiling autocrine and paracrine mechanisms for
novel therapeutic approaches, Cell Death Dis. 14 (12 14) (2023) 1-13, 2023.

R. Chui, K. Dorovini-Zis, Regulation of CCL2 and CCL3 expression in human brain
endothelial cells by cytokines and lipopolysaccharide, J. Neuroinflammation 7
(2010) 1-12.

E.A. Subileau, et al., Expression of chemokines and their receptors by human
brain endothelium: implications for multiple sclerosis, J. Neuropathol. Exp.
Neurol. 68 (2009) 227-240.

Y. Xie, et al., Key molecular alterations in endothelial cells in human glioblastoma
uncovered through single-cell RNA sequencing, JCI Insight 6 (2021).

Y.Y. Liao, et al., CCL3 promotes angiogenesis by dysregulation of miR-374b/
VEGF-A axis in human osteosarcoma cells, Oncotarget 7 (2016) 4310.

A. Bajetto, et al., Expression of CXC chemokine receptors 1-5 and their ligands in
human glioma tissues: role of CXCR4 and SDF1 in glioma cell proliferation and
migration, Neurochem. Int. 49 (2006) 423-432.

D. Zagzag, et al., Hypoxia- and vascular endothelial growth factor-induced
stromal cell-derived factor-1a/CXCR4 expression in glioblastomas : one plausible
explanation of scherer’s structures, Am. J. Pathol. 173 (2008) 545.
Identification, Localization of the Cytokine SDF1 and Its Receptor, CXC
Chemokine Receptor 4, to Regions of Necrosis and Angiogenesis in Human
Glioblastoma \, Clin. Cancer Res. 6 (2000) 102-111.

S. Rao, et al., CXCL12 mediates trophic interactions between endothelial and
tumor cells in glioblastoma, PLoS One 7 (2012).

A. Salmaggi, et al., CXCL12 in malignant glial tumors: a possible role in
angiogenesis and cross-talk between endothelial and tumoral cells, J. Neuro
Oncol. 67 (2004) 305-317.

D. Dai, et al., miR-24 regulates angiogenesis in gliomas, Mol. Med. Rep. 18 (2018)
358-368.

X. Guo, H. Jiao, L. Cao, F. Meng, Biological implications and clinical potential of
invasion and migration related miRNAs in glioma, Front. Integr. Neurosci. 16
(2022).

T. Oishi, S. Koizumi, K. Kurozumi, Molecular mechanisms and clinical challenges
of glioma invasion, Brain Sci. 12 (2022).

J.S. So, H. Kim, K.S. Han, Mechanisms of invasion in glioblastoma: extracellular
matrix, Ca2+ signaling, and glutamate, Front. Cell. Neurosci. 15 (2021).

M. Li, R.M. Ransohoff, Multiple roles of chemokine CXCL12 in the central nervous
system: a migration from immunology to neurobiology, Prog Neurobiol 84 (2008)
116-131.

D.S. Mithal, G. Banisadr, R.J. Miller, CXCL12 signaling in the development of the
nervous system, J. Neuroimmune Pharmacol. 7 (2012) 820.

A. Dar, O. Kollet, T. Lapidot, Mutual, reciprocal SDF-1/CXCR#4 interactions
between hematopoietic and bone marrow stromal cells regulate human stem cell
migration and development in NOD/SCID chimeric mice, Exp. Hematol. 34
(2006) 967-975.

J.H. Park, H.K. Lee, Current understanding of hypoxia in glioblastoma multiforme
and its response to immunotherapy, Cancers 14 (2022).

M. Domenech, A. Hernandez, A. Plaja, E. Martinez-balibrea, C. Balana, Hypoxia:
the cornerstone of glioblastoma, Int. J. Mol. Sci. 22 (2021).

S.H. Ahn, et al., Necrotic cells influence migration and invasion of glioblastoma
via NF-kB/AP-1-mediated IL-8 regulation, Sci. Rep. 6 (1 6) (2016) 1-12, 2016.
D.J. Brat, A.C. Bellail, E.G. Van Meir, The role of interleukin-8 and its receptors in
gliomagenesis and tumoral angiogenesis, Neuro Oncol. 7 (2005) 122-133.

R.M. Urbantat, et al., The CXCL2/IL8/CXCR2 pathway is relevant for brain tumor
malignancy and endothelial cell function, Int. J. Mol. Sci. 22 (2021) 1-19.




G. D’Uonnolo et al.

[96]

[971

[981]

[991

[100]

[101]

[102]

S. Conroy, F.A.E. Kruyt, M. Wagemakers, K.P.L. Bhat, W.F.A. den Dunnen, IL-8
associates with a pro-angiogenic and mesenchymal subtype in glioblastoma,
Oncotarget 9 (2018) 15721.

Y. Jung, et al., MCP-1 and MIP-3« secreted from necrotic cell-treated
glioblastoma cells promote migration/infiltration of microglia, Cell. Physiol.
Biochem. 48 (2018) 1332-1346.

P. Jin, et al., Astrocyte-derived CCL20 reinforces HIF-1-mediated hypoxic
responses in glioblastoma by stimulating the CCR6-NF-B signaling pathway,
Oncogene 37 (23 37) (2018) 3070-3087, 2018.

A.L. Chang, et al., CCL2 produced by the glioma microenvironment is essential for
the recruitment of regulatory T cells and myeloid-derived suppressor cells, Cancer
Res. 76 (2016) 5671-5682.

J.P. Bottcher, et al., NK cells stimulate recruitment of ¢cDC 1 into the tumor
microenvironment promoting cancer immune control, Cell 172 (2018)
1022-1037.e14.

M.T. Chow, A.D. Luster, Chemokines in cancer, Cancer Immunol. Res. 2 (2014)
1125-1131.

A.J. Ozga, M.T. Chow, A.D. Luster, Chemokines and the immune response to
cancer, Immunity 54 (2021) 859-874.

12

[103]

[104]

[105]

[106]
[107]
[108]

[109]

[110]

Computers in Biology and Medicine 182 (2024) 109197

N. Nagarsheth, M.S. Wicha, W. Zou, Chemokines in the cancer microenvironment
and their relevance in cancer immunotherapy, Nat. Rev. Immunol. 17 (9 17)
(2017) 559-572, 2017.

K. Yu, et al., Surveying brain tumor heterogeneity by single-cell RNA-sequencing
of multi-sector biopsies, Natl. Sci. Rev. 7 (2020) 1306-1318.

F. Lepore, et al., CXCL16/CXCR6 axis drives microglia/macrophages phenotype
in physiological conditions and plays a crucial role in glioma, Front. Immunol. 9
(2018) 2750.

P.M. Kollis, et al., Characterising distinct migratory profiles of infiltrating T-cell
subsets in human glioblastoma, Front. Immunol. 13 (2022).

V.A. Arrieta, et al., Inmune checkpoint blockade in glioblastoma: from tumor
heterogeneity to personalized treatment, J. Clin. Invest. 133 (2023).

E. Karimi, et al., Single-cell spatial immune landscapes of primary and metastatic
brain tumours, Nature 614 (7948 614) (2023) 555-563, 2023.

V. Wischnewski, et al., Phenotypic diversity of T cells in human primary and
metastatic brain tumors revealed by multiomic interrogation, Nature Cancer 4 (6
4) (2023) 908-924, 2023.

S. Yang, et al., Relationship between chemokine/chemokine receptor and glioma
prognosis and outcomes: systematic review and meta-analysis, Int.
Immunopharm. 133 (2024) 112047.



RESULTS

3. Discussion

The results of this analysis put forward the CXCL16/CXCR6 and CCL5/CCR1 signaling

pathways as key players in cellular interactions in GBM.

e CXCL16/CXCRS6 signaling in the GBM TME

A couple of preclinical studies also reveal the importance of CXCL16/CXCRG6 in the

interactions occurring among cell types within GBM TME.

Hattermann et al. demonstrated that in healthy brain, CXCL16 is produced mainly by
endothelial cells while its receptor, CXCRS, is absent. On the other hand, in the context
of GBM, CXCL16 is upregulated and produced mainly by a population of proliferating
tumor cells, but also infiltrating microglia/macrophages. They also demonstrated that

the expression of the CXCR®6 receptor is restricted to stem-like cells 267

Another study reveals the dual role of this axis in the interactions between myeloid
cells and T cells, within GBM tissues. They discovered that CXCR6 expression was
limited to T cells, particularly CD8+, which can be activated and exhausted. In parallel,
they show that CXCL16 is expressed at the membrane of immunosuppressive myeloid
cell but secreted as a chemokine by microglial cells. They concluded that the
CXCL16/CXCR®6 axis plays an initial role in T cell infiltration in the tumors, but later
seem to drive immunosuppression by promoting T cell interaction with

immunosuppressive myeloid cells?63,

Lepore et al. reported that CXCL16 released by tumor cells leads to promote GBM-
associated microglia/macrophage modulation toward an anti-inflammatory/pro-tumoral
phenotype. They demonstrated that CXCL16/CXCR6 signaling promotes the growth,

migration and invasion of murine and human GBM cells?%8,
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e CCL5/CCR1 signaling in the GBM TME

Regarding CCL5/CCR1 signaling, very few information is available in the literature.
The lack of data may be attributed to the low immune infiltration observed in GBM. It
is important to note that despite the presence of a huge population of myeloid cells in
GBM TME, T cells are in reduced proportion and very rare. Therefore, isolated studies
studying limited number of tumor models may therefore not highlight all the signaling

axes that are at play in T cell modulation.

It is however worth noting that a research team recently generated an oncolytic herpes
simplex virus type 1 expressing a secreted single-chain variable fragment of the
cetuximab, linked to CCL5 (OV-Cmab-CCL5). This virus specifically targets EGFR*
GBM cells and continuously produces CCL5 in GBM TME. Infection of GBM cells with
this virus inhibited EGFR signaling, but also significantly improved migration and
activation of NK, macrophage and T cells, altogether leading to a significant reduction

in tumor size and to a prolonged survival of preclinical GBM models 2¢°,

e Strengths and limitations of the study

In the present study, we thus included an in-depth investigation of chemokine
expression and their potential role in GBM. Furthermore, this study integrates an
additional dimension by evaluating the probabilities of cellular communication based
on chemokines and chemokines receptors, which considerably enriches our
hypothesis about the dynamics within the GBM TME. Another aspect reinforcing the
robustness of this study is the analysis of the expression of chemokines and their
receptors in healthy brains, thus allowing a more precise and relevant selection of

important signaling pathways to be investigated.

Once again, the major strength of this study lies in the use of transcriptomic data from
a large cohort of patients, excluding any analysis based on cell lines, and focusing only
on clinical data. In addition, the use of the GBmap database, one of the most

exhaustive in terms of transcriptomic data from GBM patients, gives great robustness
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to our results. Furthermore, application of the CellChat tool to predict cellular
interactions based on chemokine and receptor expression further strengthens the

findings of this study.

However, in silico analyzes still require additional validation through proteomic studies
and experimental and functional analyses. These validations are crucial to confirm the
hypotheses and predictions generated by our bioinformatics analyses, and to ensure
the clinical and biological relevance of our findings. Also, the fact that we did not relate
gene expression data with clinical information (e.g. gender, age, survival, genetics,
etc.) is once again a point that could be improved. It would have been also interesting
to classify patient cohorts based on the amount of immune infiltrate in tumors, before
investigating cell-cell interactions. For example, separating populations with a low vs
high immune infiltrate may have revealed hidden intercellular communications,
providing additional and potentially revolutionary insights into the mechanisms

underlying immune and tumor interaction.

In conclusion, although our study provides significant advances and addresses several
weaknesses identified in the previous work (Isci et al. 2024 Cancers), the challenges
inherent to in silico analyzes highlight the need for future experimental validations to

strengthen and confirm our results.
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PART 4: ANALYSIS OF ACKR3 AND ITS ROLE IN GBM

1. Heterogeneous expression of the atypical chemokine receptor ACKR3
in glioblastoma patient-derived tissue samples and cell cultures. (Isci
et al. 2024)

1. Overview

Over the past decades, ACKR3 has attracted significant attention due to its presumed
role in the progression of various types of cancers, where the CXCL12/CXCR4/ACKR3
axis has been suggested to take part in the development and progression of brain
tumors. Based on existing literature and after having demonstrated the significance of
the CXCR4/CXCL12 axis in GBM cell invasion, our team naturally envisaged to
analyze the expression and role of ACKR3 receptor. Furthermore, the transcriptomic
analysis of chemokine receptors in various cohorts of GBM patient tissue (see Part 3)
revealed a high expression of ACKR3 in glioma tissues, which several reports have
previously associated with poorer disease prognosis. In this experimental study, we
examined ACKRS3 protein expression in patient-derived GBM tissues as well as in
stem-like cell cultures (GSCs). Our main objective was to better understand the
function and role of this protein in GBM biology, to possibly guide towards the

development of new therapeutic strategies targeting ACKR3.

2. Presentation and contribution to the manuscript

This manuscript is published in Scientific Reports. The main objective was to explore
ACKRS3 expression in GBM patient tissue samples as well as in corresponding cell
cultures. With this study, we attempted to clarify previously published reports on the
expression and function of ACKR3 in GBM, that could appear contradictory based on
what we observed in the laboratory. This study paves the way for a better
understanding of the potential role of ACKR3 in the GBM TME which is important for

the development of new innovative therapies. My role in this study covered the design
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of the research, the execution of experiment to collect the results and analyze the data,

and the writing and submission of the paper.

3. Validation of ACKR3 detection tools

The detection of ACKR3 receptor as a protein is difficult and a widely recognized
challenge in the chemokine receptor research field. Indeed, the lack of reliability and
specificity of classical commercial antibodies has complicated its detection and
analysis?’. Numerous studies that attempt to characterize this receptor (e.g. for
characterizing pharmacological features) make use of reporter genes to locate ACKR3
in cells and tissues, most regularly in overexpression systems.

A genetically modified mouse was recently established to label ACKR3 in a
physiological context. This Knock-in ACKR3-Venus mouse, expressing a functional
endogenous ACKRS3 receptor fused to the mVenus protein, allows the reliable
detection of ACKR3 and helped to highlight that ACKR3 receptor is mainly found in the

cerebral vasculature?”?

Several notable advances have emerged through the development of various
pharmacological tools and compounds for ACKRS detection these last years?72. Three
fluorescent probes specific to ACKR3 have been developed and have shown binding
with affinities ranging from pKd 6.8 to 7.8, highlighting their usefulness in the specific
detection of the receptor?73. In parallel, nanobodies (NB1, NB2 and NB3) have been
generated against ACKR3 by Mussang et al. and have shown varying abilities to inhibit
CXCL12 binding. NB2 and NB3 induced complete inhibition of CXCL12 binding, while
NB1 showed partial inhibition despite its high affinity?”4. The antibody X7ab, developed
by Salazar et al. constitutes another significant advance, specifically designed to inhibit
CXCL12 signaling via the fusion of a single chain variable fragment with a portion of
FC of 1Gg1. This opens the way to potential therapeutic applications in pathological
contexts where CXCL12 signaling is dysregulated?’s. Thelen's team generated a
chimeric chemokine that selectively binds to ACKR3. This chimera consists of the N-
terminus of CXCL11 and the main body of the C-terminus of CXCL12276, In addition,

agonists such as VUF11207 have been used in experimental models of thrombosis or
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hypertension specifically targeting ACKR3277-279, This agonist shows promising
potential to reduce thrombo-inflammatory complications suggesting their future use in
therapies against these pathologies.

Moreover, An ACKR3 antagonist has also been developed, ACT-1004-1239, and has
been used in several studies 280281, Use of this antagonist results in a decrease in
immune infiltration into the CNS, which translates into a reduction in inflammatory
lesions in a model of experimental autoimmune encephalomyelitis (EAE)28!. This
decrease in immune infiltrate has also been shown in models of acute lung injury
following use of the ACKR3 antagonist?®°. Finally, the LIH383 peptide, developed by
Andy Chevigné's team, stands out as a particularly potent and selective agonist of
ACKRS, surpassing the natural chemokines CXCL11 and CXCL12 in its effectiveness
in inducing the recruitment of b-arrestin. This makes it a valuable tool not only for

modulating the ACKR3 receptor but also for detecting cells expressing this receptor2s.

In our hands, we decided to validate a few of these detection probes. A flow cytometry
experiment was conducted to test three distinct probes for detecting ACKRS3 at the
surface of different cell types. U87 cells were used as a negative expression control,
while U87 overexpressing ACKR3 (U87 ACKR3) and MCF-7 cells served as positive
controls. Three detection tools were exploited:

(i) the commercial monoclonal antibody 8F11-M16 coupled to the APC
fluorochrome, which targets the ACKR3 protein at the cell surface;

(i) the Cy5-coupled LIH383 probe, a highly selective and potent ACKR3
agonist, allowing reliable detection of ACKR3-expressing cells in human and
rodent models 203;

(iii) hCM11-12 coupled to AZ647, a chemokine-type chimera that selectively
binds to ACKR3. This chimera is composed of the N terminus of CXCL11
and the main body and C terminus of CXCL12 and selectively interacts with
ACKR3 with high affinity 276.

The results showed that all detection tools are reliable for ACKR3 detection (Fig. 25).
The antibody 8F11-M16, the probe LIH383-cy5 (used at 5nM) and the chimeric

chemokine hCM11-12-AZ647 showed a strong signal in U87-ACKR3 and in MCF-7
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cells, while no signal was observable in U87 cells. However, using the LIH383-Cy5
probe at 25 nM showed a visible background in U87 cells and it was not possible to
make a direct comparison at this stage, as the three tools were used at different
concentrations and are coupled to distinct fluorochromes, making any quantitative
comparison difficult. Despite these limitations, all three tools proved to be reliable and

specific (Fig. 22).

El 8F11-M16
=1 LIH383Cy5 5nM
1 LIH383Cy5 25nM
1507 1 hCM11-12-AZ647 50nM

100

% of ACKR3+ cells

0-
us7 Wt U87 ACKR3 MCF-7

Figure 22: Percentage of ACKR3 positive cells by using 8F11-M16,
LIH383Cy5 and hCM11-12-AZ647 detection tools via flow
cytometry.

In the present study, we will use the 8F11-M16 antibody to detect ACKR3 and evaluate

the expression in different patient-derived GSCs, since it appears to be specific.
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Glioblastoma (GBM) is the most aggressive glial tumor of the adult brain, associated with invariably
fatal outcome, and a deeper understanding of the underlying malignant mechanisms is necessary to
address the current therapeutic failure. We previously demonstrated the role of the CXCL12/CXCR4
axis in GBM cell migration and resistance to ionizing radiation. The atypical chemokine receptor
ACKR3, responsible for CXCL12 scavenging, was previously suggested as additional important

player in the context of GBM. Following validation of the detection tools, we observed that ACKR3

is expressed within GBM patient tumor tissue, distributed in diverse cell types. In contrast to CXCR4,
ACKR3 expression in patient-derived stem-like cells (GSCs) remains however low, while ACKR3 gene
expression by tumor cells appears to be modulated by the in-vivo environment. Using overexpression
models, we also showed that in vitro ACKR3 had no significant direct effect on cell proliferation or
invasion. Altogether, these results suggest that in vitro ACKR3 plays a minor role in malignant GBM cell
biology and that its expression is possibly regulated by in-vivo influences. The subtle and multifaceted
functions ACKR3 could exert in GBM should therefore only be tackled within a comprehensive tumor
microenvironment considering tumoral but also non-tumoral cells.

Keywords Glioblastoma, Chemokines receptors, ACKR3, CXCR7

Gliomas are glial primary tumors of the central nervous system (CNS) which are classified by the World Health
Organization (WHO) based on their specific histological characteristics and molecular features'. According to
this classification, glioblastoma (GBM) is identified as the most common and aggressive grade 4 glioma and is
distinguished by a set of genetic alterations'. These include the absence of the isocitrate dehydrogenase (IDH)
mutation, designating GBM as an IDH wild-type (IDH WT) tumor, the presence of mutations in the telomerase
reverse transcriptase (TERT) promoter and copy number alterations in chromosome 7 and 10 (+7/-10), most
often associated with epithelial growth factor receptor (EGFR) amplification’. The standard-of-care therapy
associating maximal safe surgery and concomitant radio-chemotherapy using temozolomide (TMZ) allows a
median survival of about 16 months from diagnosis®. Moreover, the progression of the disease is characterized
by a systematic recurrence that relies on (1) GBM cell infiltration through the brain tissue, hindering total
resection of the tumor?, and (2) an extreme heterogeneity’ of GBM cells that transit through diverse functional
states®®, which overall lead to therapeutic resistance.

Chemokines constitute a subgroup of chemotactic cytokines secreted by various cell types in different
tissues and playing an important role in inducing and guiding cell migration®. They are important regulators of
various processes such as development, immune responses and tissue repair’. Chemokine receptors, which are
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G protein-coupled receptors, have been widely studied for their role in cancer development and metastasis'®!".

Besides malignant cells, chemokines and their receptors are also expressed by a wide range of cell subtypes found
within the tumor bed including tumor-associated macrophages, tumor infiltrating-lymphocytes, vascular cells,
non-malignant glial cells and neurons, and play diverse roles in GBM growth, angiogenesis and resistance to
treatment!2.

We have previously demonstrated the function of CXCR4, the receptor for the CXCL12 chemokine, in the
migration of GBM cells towards the subventricular zone (SVZ) in orthotopic xenografts models, as well as in the
CXCL12-mediated protection from radiation therapy'*!'“. ACKR3 (formerly named CXCR?7), a second receptor
for CXCL12, expressed in diverse cell types, including leukocytes, neurons or endothelial cells was identified'>'¢.
ACKR3 was subsequently demonstrated to play a crucial role in regulating CXCL12-dependent processes
including cardiovascular and neuronal development as well as in the migration and homing of hematopoietic
stem/progenitor cells'’~?. Unlike CXCR4 which signals via G protein pathways to induce cell migration and
proliferation, ACKR3 activity relies mainly on B-arrestin recruitment and its ability to signal through G protein-
independent pathways is still controversial. ACKR3 is proposed to act as a scavenger or “sink” receptor for
CXCL12, shaping its gradient and regulating its availability, thereby controlling the directional migration and
homing of CXCR4-expressing cells?!~%°. So far, the exact role and expression of ACKR3 in GBM and its crosstalk
with CXCR4 through their shared ligand, CXCL12, remain to be elucidated.

ACKR3 can also heterodimerize with CXCR4 and modify its signaling properties®®. Several years ago,
different studies reported high expression of ACKR3 in brain tumor cell lines and tissue samples, which
correlated with bad prognosis and increased aggressiveness in preclinical models**. ACKR3 was also shown to
be expressed on cells delimiting the SVZ in the mouse brain®”%, which suggests an important role ACKR3 could
play in glioma®. On that basis, we decided to investigate the precise function ACKR3 could exert in GBM cells,
in a potential interplay with CXCL12 and CXCR4, using patient-derived models. Recently, based on large-scale
patient-based transcriptomic data, we have shown that ACKR3 is one of the most abundant chemokine receptor-
encoding genes in glioma tissue'?. However, how these results are correlated to detection of the corresponding
protein ex vivo and in various patient-derived cell cultures remain elusive.

In this study, we assessed the expression of ACKR3 protein expression in patient-derived GBM tissue and
GBM stem-like cells, in different in vitro and ex vivo settings, with the ultimate aim to better understand its
function and impact on GBM and to guide novel ACKR3-targeting therapeutic strategies.

Results

Validation of monoclonal antibodies for the detection of ACKR3 at the cell membrane
Detecting ACKR3 at the protein level is a widely acknowledged challenge in the field. While genetic models
(e.g. reporter genes) can be employed for this purpose!>?!, the crucial requirement remains the recognition
under native conditions, especially in order to elucidate ACKR3 role and relevance in cancer. In this study,
we first aimed to assess the efficacy of two ACKR3-specific monoclonal antibodies: the 8F11-M16 antibody
and the 11G8 antibody, commonly employed in our experiments for ACKR3 detection using flow cytometry
and immunofluorescence, respectively. Results indicate that both antibodies yield a strong signal in U87
stably expressing ACKR3 (Fig. 1A). No signal was observed in U87 and U87 CXCR4 cells, showing a good
specificity of both antibodies for ACKR3 (Fig. 1A). Additionally, we provide experimental evidence that, among
several antibodies that fail to specifically detect the receptor, the 11G8 antibody reliably identifies ACKR3 in
immunostaining and immunoblotting experiments using overexpression GBM cell models, as well as in MCF-
7 breast cancer cells, which were previously described to endogenously express ACKR3%**, (Fig. 1B-C). In
contrast, diverse other commercially available antibodies provided signals that appeared similar in both U87 and
U87 ACKR3. Based on these results, we consider that both and 8F11-M16 and 11G8 antibodies are reliable tools
for ACKR3 detection, using flow cytometry and immunostaining experiments.

ACKR3 exhibits diverse expression patterns in GBM tissue

Over the last years, different studies reported ACKR3 expression in numerous cancer cell lines and tissue?’.
Based on data from The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) databases
(via the GEPIA platform), ACKR3 expression appears higher in low-grade gliomas (LGGs) and GBM samples
compared to normal brain (Fig. 2A), which speaks for a potential role of ACKR3 in malignant cells. In line with
this, we performed immunofluorescence staining to detect ACKR3 at the protein level in patient-derived FFPE
tissues. We observed that ACKR3 is expressed in both glioma tissue and non-tumoral brain tissue with high
inter- and intra-tumoral heterogeneity. We identified three different expression patterns of ACKR3 expression
(named here after type 1, 2 and 3). In most GBM samples, ACKR3 appeared present around cell nuclei (“type 17).
Similar pattern was found in non-GBM brain samples, such as the hippocampus (HIPPO) or the subventricular
zone (SVZ). In “type 2", ACKR3 positive regions displayed blood vessel-like shapes and were found in GBM
tissue, as well as in the non-tumoral SVZ, in line with previous reports showing the expression of ACKR3 on
tumor-associated vasculature®’. Finally, in several samples, ACKR3 was detectable in the whole tissue, without
apparent specificity to any cell type or structure (“type 3”). No ACKR3 expression was found in non-tumoral
cortical (CORTEX) tissue samples (Fig. 2B-C).

Different co-staining experiments have been performed to analyze the cell types that appeared positive for
the receptor. ACKR3 was expressed in SOX2 + cells (“stem-like”) and in GFAP + cells (astrocytes), with “type
1” features. ACKR3 did not colocalize with PDGFR (pericytes) or Ibal (microglia) markers. Importantly,
EGFR +cells in tumor tissue were rarely ACKR3+ (Fig. 3A-B). Blood vessel-like (“type 2”) CXCR4 + cells also
appeared ACKR3+ (Fig. 3B). Altogether, these results show that ACKR3 expression within GBM tissue is rather
heterogeneous, and it can be distributed among different cell types, which mostly correspond to SOX2, GFAP,
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Fig. 1. ACKR3 tool validation using flow cytometry. (A) Cell surface ACKR3 expression in U87, U87 ACKR3
and U87 CXCR4 cell lines by using 8F11-M16 and 11G8 antibodies. (B) Immunofluorescent staining of
ACKR3 (green) in U87 and U87 ACKR3 cells using 11G8 MAB42273 antibody against ACKR3. DAPI (blue)
was used to counterstain nuclei. Scale bar =50 pm. (C) Western Blot (WB) analysis of ACKR3 in protein
extracts from U87, U87 ACKR3, T033-mRFP, T033-hACKR3 and MCF-7 cells, using different commercially
available antibodies (11G8/MAB42273, ab72100, ACR-037 and 7TM0080N). Original blots/gels are presented
in Supplementary Figure S3.

and CXCR4-expressing cells. This is in line with single-cell RNAseq data showing that ACKR3 is expressed,
although at a low level, in cells assigned to various categories (Fig. 3C).

Patient-derived GBM stem-like cell cultures express low levels of ACKR3 at the membrane

Fresh tumor tissue obtained after surgical resection was processed in order to obtain patient-derived GBM
stem-like cells (GSCs) cultured as floating, 3D tumorospheres (Fig. 4A). The expression of ACKR3 was assessed
at mRNA level by qRT-PCR as well as at the cell membrane by flow cytometry. ACKR3 mRNA was detected
in patient-derived GSCs (Fig. 4B), although weakly expressed, e.g. compared to the SOX2 gene (Figure S1A).
Using flow cytometry, we aimed at detecting ACKR3 at the cell surface of GSCs. The signal intensity for ACKR3
appeared rather close to the negative control values (Fig. 4C). The percentage of ACKR3-positive cells in each
GSC culture was as follows: T08=1.22+0.76%; T013=3.91+1.78%; T018=2.90+0.66%; T033=0.78+0.18%
(vs. U87 ACKR3=281.40+2.31%) (Fig. 4D). We selected T018 and T033 GSCs to assess whether ACKR3
expression at the cell membrane could be upregulated upon stimulation with the ACKR3-binding chemokines
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Fig. 2. ACKR3 is expressed in different patterns in human glioma tissue and non-tumor brain tissue. (A) In
blue, ACKR3 expression in GBM, Low Grade Glioma (LGG), Colon Adenocarcinoma (COAD), Acute Myeloid
Leukemia (LAML), Skin Cutaneous Melanoma (SKCM) and Lung adenocarcinoma (LUAD) (TCGA data)

vs. in grey, non-tumoral samples (GTEx data, using GEPIA tool in TCGA database). (B) Immunofluorescent
staining of ACKR3 (green) in glioma patient FFPE tissue. White arrow indicates ACKR3 expression patterns.
(C) ACKR3 immunofluorescent staining (green) in various regions of non-tumoral FFRE brain tissue:
subventricular zone (SVZ), hippocampus (HIPPO), and cortex. of non-tumoral FFPE brain tissue. DAPI (blue)
was used to counterstain nuclei. Scale bar =10 pm.

CXCL12 and CXCLI11. T018 and T033 cells were incubated for 24-48 h with different concentrations of
chemokines and flow cytometry analysis was performed to detect ACKR3 as well as CXCR4, which also binds
CXCLI12 but not CXCL11. When T018 cells were stimulated for 24 h with 10 nM of CXCL12, we discovered a
statistically significant decrease of the percentage of CXCR4-positive cells (82.6+4.8%), compared to untreated
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Fig. 3. Characterization of ACKR3-positive cells in glioblastoma tissue. (A-B) Immunofluorescent staining

of ACKR3 (green) and cell type specific markers, including SOX2, GFAP, Ibal, EGFR, PDGFRb and CXCR4
(red). DAPI (blue) was used to counterstain nuclei. Scale bar =10 um. (C) ACKR3 expression in various

cell types within patient glioma samples. Single cell RNAseq data from Neftel 2019 dataset® show ACKR3
expression in different cell types. The “% expressing” value indicates the proportion of cells in the signature
that are positive for a given transcript, and the “scaled mean expression” is relative to each gene expression level
(logTPM) across all cells within the signature (using Single Cell Portal online platform).
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Fig. 4. ACKR3 surface expression in patient-derived GSCs is low and remains unchanged upon CXCL11

or CXCLI12 stimulation. (A) Phase-contrast images of patient-derived GSCs (T08, T013, T018 and T033)
cultured as 3D tumorospheres (scale bar =100 pm). (B) ACKR3 mRNA expression relative to GAPDH mRNA
expression in patient-derived GSCs and U87 cells (U87 overexpressing ACKR3 were used as positive control)
(n=4). (C) Fluorescence intensity of ACKR3 membrane staining in patient-derived GSCs and U87 cells

using flow cytometry (U87 overexpressing ACKR3 were used as positive control) (n=4). (D) Percentage of
ACKR3 positive cells in patient-derived GSCs using flow cytometry. (E-F) ACKR3 and CXCR4 fluorescence
intensity (and % of positive T018 GSCs) after CXCL11 or CXCL12 stimulation for 24-48 h (n=4). Statistical
significance was determined by one-way ANOVA (x p <0.05).

cells (92.442.2%), which suggested CXCL12-mediated CXCR4 downregulation (N=4; p=0.03) (Fig. 4E). No
differences of CXCR4 expression were observed when T018 cells were stimulated with a lower concentration of
CXCL12 (2.5 nM) or with CXCL11 (10 nM) (Fig. 4E). After 48 h of stimulation, we observed again a reduced
expression of the CXCR4 receptor at the membrane (Fig. 4F). Importantly, no difference was observed for
ACKR3 expression upon stimulation with CXCL12 or CXCLI11, for 24-48 h (Fig. 4E-F). Whereas reduction
in CXCR4-positive cells was suggested in T033 cells as well after 24 h of stimulation by CXCL12, no significant
differences were recorded. Again, the expression of ACKR3 remained very low across all conditions (Figure
S1B-C). We observed a strong signal for ACKR3 detection in U87 genetically modified for expressing stably
ACKR3 (positive control), but also in MCF-7 breast cancer cells, considered as positive control for endogenous
ACKR3 expression?***. Then, we tested a 5-minute incubation of CXCL12, which revealed a significant decrease
in ACKR3 signal, revealing receptor internalization in the MCF-7 cells endogenously expressing ACKR3 (N=4
or 5 p=0.014), but the signal in GSCs remained close to zero due to scarce surface expression of ACKR3
(Figure S1D). In conclusion, these results indicate that ACKR3 is not detected at the membrane of patient-
derived GSCs, irrespective of chemokine presence in the culture medium. To make sure ACKR3 is not localized
exclusively inside the cells and therefore not detected by surface staining, we used immunofluorescence and
high-magnification microscopy. This revealed a very mild ACKR3 staining, without specific colocalization with
Rab5, ruling out a restricted localization of ACKR3 in endosomes in GSCs (Figure S1E).

ACKR3 overexpression does not directly influence GBM cell proliferation and invasion

To investigate the role ACKR3 could play in GBM cells that initially express low levels of this receptor, we
took advantages of U87 cells and U87 ACKR3 cells and carried out various assays to determine whether the
expression of ACKR3 in GBM cells influenced cell proliferation (Fig. 5A). Cell counting revealed no changes
in proliferation between U87 ACKR3 and U87 parental cells. CFSE labeling experiments confirmed these
results (Fig. 5B-C). We further modified patient-derived GSC T033 via lentiviral transduction to overexpress
the ACKR3 receptor (Fig. 5D). Again, no difference in cell proliferation was observed in T033 hACKR3 cells
compared to T033 mRFP in the presence or absence of CXCL12 (Fig. 5E-F). Next, we aimed at comparing T033
mRFP and T033 hACKR3 tumorigenicity in vivo. Cells were engrafted in the right striatum of immunodeficient
nude mice. After 10 weeks, we observed that both cell types developed large, highly invasive tumors that spread
all over the mouse brain. No obvious difference could be observed in T033 hACKR3 compared to mRFP, in
terms of growth or invasiveness (Fig. 5G). We also checked in vitro whether ACKR3 expression modified the
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Fig. 5. ACKR3 expression in U87 and T033 cells does not modify cell proliferation or invasion (A) ACKR3
mRNA expression relative to GAPDH in U87 vs. U87 ACKR3 cells (n=4). (B) Proliferation assay on U87 vs.
U87 ACKRS3 cells. Cells were counted at day 0, 4 and 7. (n=5) (C) CFSE assay (Cell Trace proliferation assay)
on U87, U87 ACKR3 and U87 CXCR4 cells after 5 days with or without CXCL12 (10 nM) (n=3) (D) ACKR3
mRNA expression relative to GAPDH in T033 mRFP vs. T033 hACKR3 cells. (E) Proliferation assay on T033
mRFP and T033 hACKR3 cells. Cells were counted at day 0, 4 and 7. (F) CellTrace Violet assay on T033 GSCs
after 4 days with or without CXCL12 (10 nM). (G) T033 mRFP and T033 hACKR3 cells were engrafted in the
right striatum of nude mice, sacrificed 10 weeks post engraftment, and detected using immunohistochemistry
staining against human vimentin. (H) Transwell invasion assay on U87, U87 ACKR3 and U87 CXCR4 cells for
24 h with CXCL11 or CXCLI2 (n=3) (*p <0.05; **p<0.01).

invasive properties of U87 cells using Boyden chamber assays. The invasive capacities of U87 ACKR3 cells were
not modified compared to U87 wild-type cells, even upon stimulation with CXCL12 or CXCL11. Conversely,
the presence of CXCLI2 increased the invasiveness of U87 CXCR4 cells, which was not observed upon
CXCL11 stimulation (p=0,010) (Fig. 5H).

ACKR3 protein expression is not detected in orthotopic tumors, but gene expression is
upregulated ex vivo

In vivo, T033 GSCs induce the formation of a highly infiltrative tumors within a few weeks (Figure S2A). At 7
weeks post-graft, immunohistochemistry against human vimentin shows that T033 cells had invaded the whole
right hemisphere and reached the contralateral hemisphere via white matter tracts (Figure S2B). We verified that
the tumor core was enriched in CXCR4-positive cells, but ACKR3 expression was not detected (Figure S2C).
In a second experiment, in vivo engrafted T033 GSCs expressing the RFP and luciferase genes (T033-RFP-Luc)
were harvested from different brain regions at 6 weeks post-implantation (before clinical endpoint), dissociated
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and put back in culture. We were particularly interested in the impact of the subventricular zone on GBM cell
behavior®!. Interestingly, REP-positive T033 cells were detected in the tissue harvested from the right SVZ (“SVZ
in”) as well as in the right temporal cortex, away from the SVZ (“SVZ out”). We let RFP-positive T033 cells “SVZ
in” and “SVZ out” form new tumorospheres in serum-free culture for seven days, then collected them to analyze
their ACKR3 gene expression. Of note, only few RFP-positive cells could be harvested from the contralateral
SVZ and cortex which did not regrow. Surprisingly, quantitative RT-PCR analysis showed a significant
increase of ACKR3 expression of T033 GSCs ex vivo, especially from “SVZ in”, compared to T033 in vitro
(Fig. 6A-B). Given that, endothelial cells present on the lateral wall of ventricle is described as a major source
of CXCL12%%, we stimulated T033 GSC with CXCL12 in vitro. However, no differences were observed in
terms of ACKR3 gene expression when GSCs were stimulated with CXCL12 (Fig. 6C). These results suggest
that ACKR3 gene expression is modulated by specific brain microenvironments which does not only rely on
CXCLI12..

Discussion

The chemokine receptor ACKR3 has gained increased therapeutic interest in the last years, along with the
in-depth elucidation of its atypical mechanism of action, implication in different physiopathological
processes and the development of new pharmacological modulators®~*!. Together with its CXCL12/
CXCR4 signaling partners, it has been suggested as an important player in cancer, including in brain
tumors?’. Additionally, our recent transcriptomic analysis of large patient cohorts showed a high expression
of ACKR3 in glioma tissues'2, which several reports have previously associated with disease prognosis.
ACKRS3 has therefore been endowed with significant therapeutic potential.

In the 2010’s, several studies described a high ACKR3 expression in glioma patient tissue and in GBM cells
in vitro, mostly using RT-PCR, immunostainings and immunoblots®**~*%, Regrettably, not only did many of
these studies focus on cell lines in vitro but they also made use of polyclonal antibodies against ACKR3 (e.g.
ab12780 and ab72100), that had previously been suggested as unspecific’®, and which we confirm here as not
reliable for ACKR3 detection. These studies are nowadays still cited’®?” to support the biological relevance
of ACKR3 in gliomas, setting the ground for clinical trials*®, and we wished to confront current knowledge
with an updated evaluation of this receptor in GBM tissues and cells. After verifying that the 11G8 and
8F11-M16 monoclonal antibodies consistently allow ACKR3 detection, as previously suggested*®, we analysed
the expression of ACKR3 in glioblastoma patient-derived tissue samples and cell cultures, using proper
controls of ACKR3 overexpression (U87 ACKR3) and endogenous expression (e.g. MCF-7 cells). We report
in-situ stainings, paying particular attention to ACKR3 expression pattern and to the type of cells that
express it. ACKR3 appears associated with blood vessels in tumor tissue (“Iype 2”), and present in GFAP+/
SOX2 + cells, however not present in EGFR + cells (“Type I”). We must consider that GFAP+/SOX2 + cells
may include intra-tumoral reactive astrocytes, which were previously described as ACKR3 + in different
models of brain pathologies®. In line with our results, Walters et al. used the 11G8 antibody to show that
ACKR3 is expressed in tumor cells as well as endothelial cells, in GBM patient tissue®’. In a very similar
manner, Birner et al.’! describe ACKR3-positive cells as “vascular ACKR3 cells (vasACKR3 + cells detected
in 58.1% of 320 cases) and much rarer “tumor cell ACKR3” (tcACKR3 cells in 11.6% of 320 cases).
Interestingly, they described the number of vasACKR3 + cells as a bad prognosis marker in IDH mutant
gliomas, the number of tcACKR3 + cells having no prognosis value’'. The role of ACKR3 + in endothelial
cells within GBM tumors warrants further investigation. In that line, Salazar et al. developed a scFv-based
chimeric antibody against ACKR3 that triggers NK-mediated toxicity against both tumor and endothelial
cells”. Elaborating an ACKR3-targeted therapeutic strategy in cancer indeed requires to identify the cell
types of interest, and it is now of significant importance to orient future research endeavors considering
ACKR3 in non-malignant cells from the TME (e.g. vascular cells, glial cells, putatively immune cells).
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Fig. 6. (A) T033-RFP-LUC cells were engrafted in the right striatum of nude mice, sacrificed 42 days post-
engraftment. Two different brain regions were isolated (“SVZ in” and “SVZ out”) and cells were cultured for 7
days before RT-qPCR analyses were performed. (B) Quantitative RT-qPCR analysis allowed to detect ACKR3
mRNA expression normalized to HKG (GAPDH, EF1a, HPRT) in T033 (in vitro), T033 “SVZ in” (in vivo)
and T033 “SVZ out” (in vivo). Statistical significance was determined by one-way ANOVA (*** p<0.001,
4% p<0.0001). (C) ACKR3 mRNA expression relative to Ezrin used as HKG in T033 GSCs vs. T033 GSCs
stimulated with CXCL12 (10nM).
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The putative clinical relevance of ACKR3 in glioma has also emerged from RNAseq data pointing to its
high expression. However, bulk GBM tissue data stem from a large mixture of cell types, including peripheral
blood, and do not allow to delineate the full picture of ACKR3 function within a tumor. More recently, single-
cell RNAseq data helped to shed light on gene expression across different cell subgroups'®. Although such data
indicate ACKR3 as expressed in malignant cells, we firmly demonstrated here that in spite of expressionist
presence at the transcript level, ACKR3 protein is undetected in patient-derived GBM cells in vitro, under
various conditions. It strongly suggests that mRNA amount may not always be a reliable indicator of the protein
abundance. In a different tumor model, Antonello et al. show that ACKR3 surface expression is detected only in
a fraction of B-cell lymphoma cells, yet both ACKR3 +and ACKR3- cells have similar levels of mRNA®. Such
results can partially be explained by the preferred localization of ACKR3 in intracellular compartments, e.g.
endosomes>>**. It has also been shown that ACKR3 surface expression in the same lymphoma cells is increased
upon in-vivo “conditioning” in subcutaneous grafts and further ex-vivo isolation, without any modification in
ACKR3 gene expression, again suggesting a particular trafficking of the receptor from intracellular compartments
to the plasma membrane®®. Here however, we do not detect the receptor inside patient-derived GBM cells using
immunofluorescence or western-blotting on whole cell lysates. It remains puzzling to observe that in vivo
“conditioning” in orthotopic brain xenografts strikingly increases ACKR3 expression in ex vivo isolated cells
although the protein was not detected in tumor tissue.

Allin all, whether ACKR3 plays a key role in GBM tumors is still a matter of debate. Here, we concluded that
patient-derived GSCs, widely used as in vitro models of GBM tumors in mechanistic studies or drug testing, do
not express detectable levels of ACKR3 protein. However, we do not rule out that ACKR3 expression may be
tightly regulated upon variable conditions. Given the fine-tuned chemokine-dependent cell-cell interactions, we
now consider imperative to study ACKR3 as well as other chemokine receptor function in an exhaustive, well
vascularized, immunocompetent tumor microenvironment.

Materials and methods

Human tissues — All human GBM samples were obtained from residual tumor tissue after surgical resection, in
collaboration with the Neurosurgery department of the Liége University Hospital (CHU), and the University
Hospital Biobank (BHUL, Liége, Belgium), in accordance with relevant guidelines and legal regulations on
human body material. None of the included patients opposed to the use of residual human body material,
according to the legal regulations in Belgium. Fresh tissue was further (1) dissociated to establish patient-
derived glioblastoma stem-like cell cultures (GSCs), (2) formalin-fixed and paraffin-embedded (FFPE) to be
used for immunohistofluorescence, (3) flash-frozen in liquid nitrogen for molecular biology analyses. Non-
tumoral brain tissue was obtained from the BHUL, from brain donations or residual tissue following epileptic
foci resections. none of the included patients opposed to the use of residual human body material, according to
the legal regulations in Belgium.

Cell culture - In-house patient-derived GSC cultures (T08, T013, T018 and T033) were established from
resected adult GBM tumors, and cultured as 3D tumorospheres in Dulbecco’s modified Eagle’s medium and
Nutrient Mixture F-12 (DMEM/F12 with GlutaMAX, Gibco) supplemented with 2% of B27 without vitamin A
(Gibco), 100 U/mL penicillin and 100 ug/mL streptomycin (ThermoFisher Scientific), 1 ug/mL of heparin (LEO
pharma), 20 ng/mL of human EGF (Peprotech) and 20 ng/mL of bEGF (Peprotech). GCS cultures informations
are listed in Table S1. T033 cells were stably transduced with a lentiviral vector LV-CMV-hACKR3 or LV-CMV-
mRFP for the control vector. For in vivo monitoring, T033 were stably transduced with a lentiviral vector pLV-
IRES-Luciferase-mRFP. Plasmid design and related experiments were carried out with the help of the GIGA
Viral Vectors platform. The U87 human GBM cell line was obtained from ATCC. U87 cells were transfected with
pIRES-puro-ACKR3-WT to overexpress the human ACKR3 or with pIRES-puro-CXCR4-WT to overexpress
the human CXCR4, and further selected using puromycin (1 pg/mL and 0.5 pg/mL respectively). The MCEF-
7 human breast cancer cell line was obtained from ATCC. These cell lines were all cultivated as adherent
cell monolayers in Dulbeccos modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS,
Invitrogen), 100 U/mL penicillin and 100 pg/mL streptomycin (ThermoFisher Scientific). Mycoplasma tests
were performed on a regular basis.

Immunofluorescent stainings - FFPE human brain tissue sections were heated at 60 °C, dewaxed with 100%
xylene (2 X 20 min), and rehydrated through a set of alcohol baths: 100% ethanol (2 X 5 min), 95% ethanol, 80%
ethanol, 75% ethanol and water (1 X2 min each). An antigen retrieval step was performed using Tris—-EDTA
buffer (10 mM Tris-base, 1 mM EDTA solution, 0.05% Tween 20, pH 9.0). Slices were heated in a pressure
cooker for 3 min then were left to cool down at room temperature. Slices were permeabilized with PBS+0,2%
Triton-X100 for 10 min, incubated 30 s with TrueBlack Lipofuscin Autofluorescence Quencher (Biotium),
blocked with PBS 4+ 10% normal donkey serum, then incubated with antibodies overnight at 4 °C. ACKR3 (R&D
systems, #MAB42273, clone 11G8) was co-stained with SOX2 (Cell Signaling Technology, #3579), PDGFRB
(R&D systems, #AF385), Ibal (Abcam, #ab5076), GFAP (Abcam, #ab4674), EGFR (Cell Signaling Technology,
#4267), Rab5 (Cell Signaling Technology, #3547) and CXCR4 (Abcam, #ab124824). After washing steps, slides
were incubated for 1 h with conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) and
nuclei were counterstained with DAPI (Sigma). Cells coated on coverslips were fixed in 4% PFA for 10 min at
room temperature, permeabilized with PBS+0.1% Triton-X100, incubated with primary antibodies overnight
at 4 °C, then with fluorescently labelled secondary antibodies (Jackson ImmunoResearch Laboratories) for 1 h
at 4 °C. Image acquisition was performed with an epifluorescence microscope (Zeiss Apotome) and analyzed on
ZENlite and Image] 2 (Fiji) softwares. Antibodies are listed in Table S2.

Flow cytometry - Cells were collected by centrifugation at 300 g for 5 minutes. The supernatant was removed,
and cells were washed with PBS. Cells were dissociated with 1 mL Accutase (StemCell Technologies) and
incubated at 37 °C for 5 minutes. Twice the volume of flow buffer (PBS with 1% BSA, 1 mM EDTA, 0.1% Azide)
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were added to quench Accutase action. Cells were collected by centrifugation at 300 g for 5 minutes. Cell pellet
was resuspended in 1 mL of flow buffer and were counted to prepare 3 10 cells in 100 pL. APC-conjugated
ACKR3 antibody (Biolegend, #331114, clone 8F11-M16) or mouse-anti ACKR3 (R&D systems, #42273, clone
11G8) were added and incubated for 1 h at 4 °C, in the dark. Cells were washed three times by adding 1 mL of
flow buffer. A centrifugation step at 300 g for 4 min at 4 °C was performed. After the third wash, supernatant was
removed, and cells were resuspended in flow buffer to a final volume of 300 puL. Samples were recorded on a flow
cytometer Canto II (BD Biosciences). Percentage of positive cells as well as Mean Fluorescence Intensity values
(AMFI = MFI of stained cells - MFI of unstained cells) were analyzed using FlowJo 10 software.

CXCLI11 and CXCLI12 stimulation - Cells were collected by centrifugation at 300 g for 5 minutes. The
supernatant was removed, and cells were washed with PBS. Cells were dissociated with 1 mL Accutase (StemCell
Technologies) and incubated at 37 °C for 5 minutes. 3X 10° cells were plated in a 6-well plate with 1 mL of
medium and 2.5 nM or 10 nM human CXCL12 (Peprotech) or 10 nM of human CXCL11 (Peprotech) were
added for 24 to 48 h. Flow cytometry analysis was performed using Flow]Jo 10 software as described above.

Quantitative RT-PCR - Total RNA was isolated using the RNA isolation Nucleospin kit (Macherey-Nagel).
RNA was reverse transcribed by using ProtoScript II First Strand cDNA Synthesis Kit (New England Biolabs)
with random primers mix. For qRT-PCR reaction samples, a mix of a total volume of 5 uL was prepared. qRT-
PCR Mix contained 2 pL of the diluted cDNA (10 ng per reaction), 2.5 pL of SYBRGreen (Eurogentec) and 0.25
uL of each primer (reverse and forward). Quantitative RT-PCR was performed using LightCycler 480 Roche.
Primer sequences are listed in Table S2.

Cell counting - 1 10° cells were seeded in 1 mL of medium and incubated at 37 °C for 4 and 7 days. Then,
cells were dissociated with trypsin-EDTA (Gibco) and counted with trypan blue staining by using an automatic
cell counter (Countess™ II Automated Cell Counter, Thermo Fisher Scientific).

Cell Trace/CFSE - GSCs were stained with CellTrace Violet Stain (Invitrogen, 5 uM /10° cells) and incubated
for 15 min at 37 °C in the dark. Medium was added to quench the excess of dye and centrifuged at 300 g for
3 min. Supernatant was removed and cells were resuspended in culture medium and incubated for 30 min at
37 °C. Then, a cell suspension of 3x 10° cells was prepared for each condition. The CXCL12 condition was
treated with 10 nM human recombinant CXCL12. Cells were incubated for 4 days at 37 °C in the dark. Before
flow cytometry analysis, cells were stained with 100 uL of a 1/1000 Zombie NIR fixable viability dye (SONY) and
incubated for 15 min at RT. Cells were analyzed with FACS Canto II (Becton Dickinson).

U87 and U87 ACKRS3 cells were stained with CellTrace CFSE Cell Proliferation kit (Invitrogen, 0.25 uM/2.10°
cells) for 15 min at 37 °C in the dark. The excess of free dye was quenched with medium during 5 minutes at 37 °C
in the dark. The cells were washed with complete medium and incubated for additional 10 min at 37 °C to allow
the reagent to undergo acetate hydrolysis. Then, part of the cells (2.5 x 10 cells per condition) were washed with
PBS and stained with Zombie NIR fixable viability dye (Biolegend, dilution 1/3000) during 30 min at 4 °C. The
cells were again washed with PBS and analyzed by FACS using a NovoCyte Quanteon Flow Cytometer (Agilent)
(condition day 0). The remaining cells (7.5% 10° cells per condition) were seeded in 6 cm culture dishes either
in complete medium (untreated control) or in complete medium supplemented with 10 nM of CXCL12. The
cells were incubated for 5 days at 37 °C in the dark. After 5 days, the cells were detached using Versene (Gibco),
washed with PBS and stained with Zombie NIR fixable viability dye (Biolegend, dilution 1/3000) during 30 min
at 4 °C. The cells were washed with PBS and analyzed by FACS using a NovoCyte Quanteon Flow Cytometer
(Agilent). Flow cytometry analysis was performed using Flow]Jo 10 software as described above.

Invasion assay - For in vitro invasion assays, transwell chambers (Boyden chambers with 8 um pore diameter,
Thincert, Greiner) were coated with a 1:1 mixture of 0.05 mg/mL collagen type I (Gibco) and 0.5 mg/mL protein
of ECM gel (Sigma-Aldrich) in 1:1 PBS-DMEM for 2 h at 37 °C. U87, U87 ACKR3 and U87 CXCR4 cells were
detached using Versene (Gibco), washed with PBS and seeded in the upper compartment of the previously
coated inserts (3x 10* cells) in DMEM supplemented with 100 U/mL penicillin and 100 pg/mL streptomycin
(Gibco). DMEM was added as chemoattractant in the lower compartment. After 24 h, cells were fixed with 4%
formaldehyde (VWR) in the presence of 1 pg/mL of Hoechst 33,342 (Thermo Fisher Scientific) for 15 min at
room temperature. Non-invading cells were removed, and the invasion was assessed by counting the cells on
the lower side of the membrane under fluorescence microscope (Axio Observer Z1, Zeiss). The cell number was
determined using QuPath software.

Western blotting - Whole cell lysates were treated with RIPA (Thermo Fisher Scientific) buffer, and extracted
proteins were then denatured for 5 min at 95 °C. 20 pg of proteins were loaded on a 10% acrylamide/bis-
acrylamide gel for SDS-PAGE, then transferred onto a PVDF membrane. The membrane was later incubated
with blocking solution for 1 h at room temperature, and with primary antibody overnight at 4 °C. Horseradish
peroxidase (HRP)-conjugated secondary antibodies (Jackson ImmunoResearch) were then incubated for 1 h at
room temperature and signals were revealed with a chemiluminescent HRP substrate before being imaged using
the ImageQuant LAS 4000. Antibodies are listed in Table S2.

In vivo orthotopic xenografts - Adult female immunodeficient mice (Crl: NU-Foxn1™) were obtained
from Charles River Laboratories and were used for xenograft experiments. Mice were anesthetized in a cage
containing isoflurane. Mice were placed in a stereotactic frame and kept under isoflurane anesthesia. After a
precise bone drill, 1 10° T033 (GSCs) cells suspended in 2 uL of PBS were slowly infused into the right striatum
(from Bregma: -0.5 mm AP, +2 mm VL, +2.5 mm DV). Monitoring of tumor growth was performed with in
vivo bioluminescence imaging (IVIS, Xenogen), mice health status was evaluated daily, and body weight was
recorded every week. Mice were sacrificed when they showed first clinical signs of significant discomfort or
suffering. All animal experiments were approved by the ethical committee of the University of Liege (#¥2290). All
experiments were performed in accordance with ARRIVE guidelines.

Mouse brain tissue processing and immunohistochemistry- Mice were euthanized with intraperitoneal
injection of 400 mg/kg of Euthasol vet in NaCl 0.9% and immediately perfused intracardially with ice-cold NaCl
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0.9% solution containing heparin (LEO Pharma) and then with 4% paraformaldehyde (PFA) in PBS. Brains
were removed and postfixed in 4% PFA for 24 h. Brains were cryoprotected in PBS + 30% sucrose for 24 h before
being frozen at -80 °C. Coronal brain slices of 14 um were generated with a cryostat and stored at -20 °C. For the
detection of T033 cells in mouse brain tissue, sections were stained with human Vimentin antibody (MAB3400,
Millipore), with the Enzo PolyView IHC kit, according to the manufacturer’s instructions.

Ex vivoisolation of cells after tumor growth- Mice were sacrificed by cervical dislocation and brain were
collected. Brains were dissected into thick coronal sections at the level of the dorsal horn of the lateral ventricles.
In both hemispheres, restricted tissue areas were removed, (1) in the close proximity of the lateral wall of
the lateral ventricle (“SVZ in”) and (2) in the temporal cortex, distant from the lateral ventricle (“SVZ out”).
Tissue pieces were mechanically and enzymatically dissociated in a solution of Hibernate-A (Fisher Scientific)
containing 10 U/mL DNase and 2.5 U/mL papain and then incubated for 10 min at 37 °C under gentle agitation.
DMEM/F12 was then added to dilute the enzymes and the solution was passed through a 100 um strainer
to remove debris. Cells were collected by centrifugation (160 g for 10 min) and resuspended in DMEM/F12
supplemented with 2% of B27 without vitamin A (Gibco), 100 U/mL penicillin and 100 pg/mL streptomycin
(ThermoFisher Scientific), 1 ug/mL of heparin (LEO pharma), 20 ng/mL of human EGF (Peprotech) and 20 ng/
mL of bFGF (Peprotech). Cells were maintained in culture for 7 days, enriched in RFP-positive tumor cells, then
collected before a qRT-PCR analysis.

Statistical analyses - The GraphPad Prism 8 software was used for generating graphs and for statistical
analysis. The normal distribution of data was verified, and independent comparisons were further performed
using unpaired t-tests, Kruskall-Wallis or parametric one-way ANOVA tests. Data were represented as mean
+ SD, with the n representing the number of independent experiments. A p-value <0.05 was considered as
statistically significant.

Data availability
All data used and/or analyzed during the current study available from the corresponding author upon reason-
able request.
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RESULTS

Il. TME data on ACKR3

Aside to verifying ACKR3 expression in patient-derived tissues and cells, we attempted
to verify its expression in TME cells. To do so, it was necessary to work in an
immunocompetent mouse model (C57/black6) and switch from human GCSs to GBM
mouse cell lines such as CT2A and GL261 cells. To assess the presence of ACKR3
at the cell surface of GBM TME cells, we conducted an in vivo experiment. We
implanted 50.000 murine GBM cells (GL261 and CT2A) into the brains of
immunocompetent C57/Black6 mice and waited for tumor formation. Seventeen days
after transplantation, mice were sacrificed and perfused with saline solution and brains
were collected. Mechanical dissociation followed by enzymatic dissociation using
DNase and Collagenase D was performed 30 minutes at 60°C for brain dissociation.
The dissociated tissue was then filtered through a 70um filter to obtain a single-cell
suspension. Then, cells were resuspended in 90% Percoll, and a Percoll gradient was
performed in a 15ml tube to isolate cells (Fig. 23). The 15ml tube was centrifuged for
15 minutes at 450g with slow acceleration (acc: 3) and no deceleration (dec: 0) (Fig.
26). After centrifugation, the myelin layer was removed, and the CNS cell ring was
recovered for cell labeling. The cells were first labeled with a viability dye (Zombie NIR),
incubated for 20 minutes in the dark and then rinsed. Then, cells were labeled with an
antibody cocktail, incubated for 30 minutes in the dark and then rinsed again (see the
list of antibodies and gating strategy for details) (Fig. 24-25). Cells were analyzed by
spectral flow cytometry using the SONY ID700 instrument and analyzed according to

a gating strategy via the ID700 analysis software.
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- Single cell CD3e Brilliant Violet 605™
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Figure 24: Schematic representation of Percoll [CB1ic BUV737
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Figure 23 : Table of antibodies for immune cells labelling
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Figure 25: Gating strategy for spectral flow cytometry analysis

This experiment allowed us to determine the immune infiltrate in immunocompetent
mouse models bearing GBM. The results showed a predominance of microglial cells
in the CT2A and GL261 groups, with the presence of other populations of immune cells
in lower quantities, such as T lymphocytes, macrophages and monocytes, dendritic
and NK cells. (Fig. 26).
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Figure 26 : Flow cytometry experiment showing total events of immune cells in GL261 and CT2A groups.

We next examined ACKR3 expression on the surface of these cells. The results
showed that microglial cells, although the majority in the TME, were negative for the
receptor, while other cells, such as monocytes, NK cells, T cells, neutrophils and

dendritic cells, were positive for ACKR3 receptor (Fig. 27).
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4. Discussion

ACKRS3 receptor is important in cancer signaling particularly with CXCL12 and CXCR4,
but detecting it is challenging due to the lack of specific antibodies, complicating the
accurate analysis of ACKR3 expression. In 2010, Berahovich et al. already published
a report denouncing the non-specificity of the majority of ACKR3 antibodies and
recommended the use of the 11G8 antibody, which it found specific and suitable for

flow cytometry and immunostaining.

Numerous studies have defined a role for ACKR3 in GBM, using antibodies of
questionable specificity. For instance, report of Liu et al. (2010), Salmaggi et al. (2009)
and Hattermann et al. (2010) used antibodies later found to be non-specific282-284,
Obviously, this issue extends beyond GBM?28528 to other cancer like prostate

cancer287,

However, recent studies using the 11G8 antibody have provide more reliable data. For
example, Fluh et al. showed ACKRS3 co-localizes with stem cell markers in GBM, while
Liu et al. demonstrated that targeting ACKR3 reduces GBM cell proliferation and
migration242237_ Finally, Birner et al. showed that ACKR3 expression in endothelial cells

with IDH1 mutation was associated with a better prognosis?®8.

Therefore, caution is advised when interpreting results and drawing conclusions with
new antibodies. In this context, we made sure to use validated antibodies in our study.
We employed ACKR3-positive MCF-7 and U87-ACKRS cells as positive controls and
U87 cells as negative controls. Although we faced challenges establishing an ACKR3
knockout model, our immunostaining with 11G8 antibody was reliable. For flow
cytometry, we used the APC coupled 8F11-M16 antibody, tested also for its specificity
against ACKRS3.

We also tested three new specific ACKR3 detection tools: the 8F11-M16 antibody
coupled to the APC fluorochrome for surface ACKR3 detection, the LIH383 probe

coupled to Cy5 and the hCM11-12 chimera coupled to AZ647. Unfortunately, new non-
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specific antibodies continue emerged, such as the ACR-037 and 7TMOO8ON

underscoring the need for careful validation.

In this study, we observed the expression of the ACKR3 receptor in the resected
tissues of patients with GBM. The receptor was detected in SOX2, GFAP, and CXCR4+
cells. However, at this point in our research, it was challenging to determine if the
receptor was present in tumor cells or non-tumor cells, as these markers are found in
both healthy and GBM cells. Then, our patient-derived cells in cultures exhibited a very
weak, almost negligible signal for membrane ACKR3 expression. This expression did
not change even when the cells were treated with the chemokines CXCL11, CXCL12.
Therefore, we conclude that tumoral GBM cells in cultures do not express the ACKR3

receptor.

Additionally, ACKR3 overexpression in GBM cell lines and patient-derived cells did not
alter their phenotype. Nonetheless, we noted an upregulation of the ACKR3 gene in
patient-derived ex vivo cells that contacted the SVZ during an in vivo experiment. In
the same context, Puddinu et al. compared the surface expression of ACKR3 on
lymphoma B cells cultured in vitro and extracted from xenografts in NOD/SCID mice.
Their results showed that ex vivo cells had increased ACKR3 expression compared to
cells in culture, where expression was low. After 2-3 weeks of culture, ex vivo cells
could no longer be distinguished from starting cells, indicating a strong influence of the
in vivo environment on ACKR3 expression. Interestingly, the increase of ACKR3

expression by ex vivo cells was not accompanied by variations in gene transcripts34.

Although ACKRS3 does not appear to play a role or is not found on the surface of GBM
cells in our study, we propose that it might have a potential function in TME, given its
surface expression on immune cells. This finding opens new avenues for future
research into the potential role of ACKR3 in the TME of GBM.

Our in vivo experiments show that the ACKRS3 receptor is expressed on the surface of
TME cells and more particularly in monocytes, NK cells and T lymphocytes. Some
studies have already analyzed the expression of the receptor in lymphocyte cells.

Hartmann et al. observed low expression of ACKR3 at the surface of T cells, while
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CXCR4 was highly expressed. In contrast, ACKR3 was mainly localized intracellularly
in cytosolic compartments of T cells, whereas CXCR4 was exclusively present at the
cell surface. This paper highlights the role of ACKR3 in modulating CXCR4-induced
integrin activation in T lymphocytes and CD34+* progenitor cells in response to
CXCL12. Despite its mainly intracellular localization and its weak presence at the
membrane, ACKR3 plays a crucial role in integrin signaling and T cell motility, in
cooperation with CXCR428, It would therefore be interesting to study both receptors
simultaneously in future experiments and maybe analyze also its intracellular

localization.

It would be also intriguing to explore the pharmacological modulation of ACKRS3 in
preclinical GBM models to determine if using an agonist (VUF11207) or antagonist

(ACT1004-1239) could influence immune cell recruitment and/or tumor growth.

A recent study revealed how ACKRS3 activation can reshape immunity in the context of
GBM. The team of Chang found a correlation between CXCL12 and PD-L1 expression
at the surface of TAM through NF-kb signaling, promoting T cell exhaustion. This
mechanism allows tumor to evade the immune system. However, they showed that
ACKRS3 downregulates CXCL12 expression in GBM cells. They showed that ACKR3
knockdown increases CXCL12 expression, which in turn conduct to PD-L1 expression
on TAM leading to CD8+T cell exhaustion and creation of immunosuppressive TME.
To counteract this effect, they treated preclinical models with ACKR3 agonist,
VUF11207. VUF11207 treatment restored T cell activity, previously inhibited by TAM.
Additionally, mice treated with the combination of VUF11207 and anti-PD-L1 antibody
showed a significant reduction of tumor mass and improved survival. These results
suggest that ACKR3 activation could make GBM cells more sensitive to immune
checkpoint blockade treatment, thus inducing a potent anti-tumor effect?®°. One has to
note that in this paper, the researchers only assess ACKR3 expression via qPCR
experiments, and with only one western-blot analysis on U87 cells, obtained with an

antibody we are unsure of, provided as supplementary data.
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Concurrently, it would be pertinent to study CXCR4 signaling to see if it is affected or
upregulated in response to treatment with an ACKR3 modulators. Treatment with an
ACKR3 antagonist might activate more CXCR4 signaling and maybe increase tumor
growth. Such an approach could provide valuable insights into the interaction between
these two signaling pathways and their roles in immune regulation and tumor
progression. This dual investigation into the pharmacological modulation of ACKR3
and CXCR4 signaling could open new perspectives for developing combination

therapies aimed at enhancing immune responses and reducing tumor growth in GBM.
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PART 5: APPROACHES OF GBM TARGETING VIA VIRUSES

1. Development of an intraventricular Adeno-Associated Virus-based
labelling strategy for glioblastoma cells nested in the subventricular

zone. (Lombard, Isci et al. 2024)

1. Overview

Increasing evidence suggest the subventricular zone (SVZ) of the adult brain as a
crucial neurogenic area related to GBM initiation, growth and relapse. Many clinical
studies associate the proximity of GBM with the SVZ with worst prognosis. In previous
studies, we showed that GBM cells infiltrate the brain parenchyma through the white
matter tracts and nest in this neurogenic zone. These cells express stem cell markers
and become particularly inaccessible to surgery and resistant to conventional radio-
and chemotherapy treatments. It becomes imperative to develop targeted methods to
specifically reach these SVZ-nested cells. In this regard, our study presents an
innovative approach that consists of an intracerebroventricular injection of a
recombinant adeno-associated virus (rAAV), aiming to precisely target and track GBM
cells established in the SVZ.

2. Adeno-associated viruses (AAVSs)

Adeno-associated viruses (AAVs) belong to Parvovirus family and were discovered for
the first time in 1965 as a contaminant of adenovirus isolates®®'. AAVs are
characterized by an unenveloped icosahedral capsid and contain a single-stranded
DNA genome (approximately 4.7 kb) composed of poly A, promoter, a replication gene
(Rep), a structural capsid gene (Cap) and an assembly activation protein (AAP) with

inverted terminal repeats (ITR)2°? (Fig. 28).

B. Cassette of wt-AAV

ITR

Figure 28: Genome structure of wild
WEAAV E—— = R ™ b = Poyny type AAV (Adapted from Kang et al.

2023)

4.7kb
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1.1. Advantages of AAVs

AAVs have many characteristics that make them attractive and powerful tools for viral
gene therapy:

1) Unlike many other viruses, AAVs are not associated with human disease, thus
considered as non-pathogenic making them “safe” viral vector for genetic
therapy?293.294;

2) AAVs are unable to replicate on their own and require the presence of an
“helper” virus for propagation. In the absence of this helper virus, AAVs remain
stable and enter in latent stage within host genome, reducing the risk of
insertional mutation?°3;

3) AAVs can infect a wide variety of cell types allowing them to target many types
of tissues and organs. (e.g.: AAV-2 can transduce muscle, liver, brain, retina
and lungs?%;

4) AAVs have capacity to stay for a long period in nuclei without any toxicity 2°5;

5) The small genome size facilitates their genetic manipulation2% .

1.2. Recombinant AAVS (rAAVs)

Triple co-transfection is the most used technique to produce rAAVs. This method
involves co-transfection of HEK293 cells with three plasmids (Fig. 29)2°7:

1) A helper plasmid that delivers E2A, E4, VA RNA genes of the Adenovirus;

2) A plasmid that expresses the Rep and Cap genes;

3) And a plasmid that harbors the transgene of interest flanked by ITR.

However, other techniques have also been developed to improve efficiency and

stability such as adenovirus-HEK293, recombinant herpes simplex virus-HEK293 and

recombinant baculovirus-Spodoptera frugiperda (Sf9)3%8.
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(2HEK293 cells with plasmids
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1.3. Ways to administrate rAAVs to the CNS

There are three different ways to administer recombinant AAV to the CNS:
intraparenchymal, intra CSF, and intravenous administration (Fig. 30).
Intraparenchymal delivery is the most popular route that uses a stereotaxic framed
surgical system to deliver high concentrations of vectors directly to target regions of
the brain, providing increased precision and successful use in various areas like the
striatum and thalamus. Intra-CSF administration allows more widespread distribution
into the brain or spinal cord via the intrathecal, intracerebroventricular, and
intracisterna magna routes, but may provoke a more severe immune response.
Intravenous administration, the least invasive, relies on the ability of AAV9 and
AAVrh10 serotypes to cross the blood-brain barrier, but requires high doses and can
result in hepatotoxicity and an immune response, although these effects are rare

thanks to effective immunosuppression strategies?299.300,

Intraparenchymal delivery Intracerebroventricular delivery
< v
% . \,\ Gl rg,{:
& 72
‘\¥—< . ~— )
) », Intracisterna magna delivery

Intravenous delivery  wy=n
) a=t= Spine cord delivery

Figure 30: Different way to administrate rAAV. (Adapted from Kang et al. 2023)
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1.4. rAAVs in clinical applications

AAVs have already shown promising results in several clinical studies for several CNS
diseases, such as neurodegenerative diseases, and neuromuscular diseases.
Currently, there are three FDA-approved, commercially available AAV drugs focus on

neurological disorders:

e Upstaza® for aromatic L-amino acid decarboxylase (AADC) deficiency

AADC deficiency is due to a mutation in the dopa decarboxylase (DDC) gene that
produces the AADC enzyme. This enzyme is important to produce dopamine for
controlling movement. Patients with AADC deficiency don’t have a properly working
enzyme conducting to a low dopamine production in the brain. This therapy consists
of an AAV which deliver DDC gene into nerve cells to produce the missing and enabling

dopamine production3°1,

e Luxturna® for inherited retinal dystrophy (IDR)

IDR is due to a mutation in retinal pigment epithelium-specific protein 65-kD (RPE65)
gene which leads to a complete blindness in untreated patients. This therapy uses
AAV to deliver a functioning copy of RP65E in retinal cells. These improvements were

durable for 4 years after treatment302.303,

e Zolgensma® for spinal muscular atrophy (SMA)

SMA is caused by a defect in human survival motor neuron (SMN1) gene. SMA is a
genetic disease that causes muscle weakness and infant with SMA leads to disability
and death before the age of 2 years. This therapy consists of AAV which is
administrated as one time intravenously to deliver a functional copy of SMN1 gene to
motor neuron cells, improving survival and motor function. These improvements were

durable for 5 yearss04,
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RESULTS

3. Presentation and contribution to the manuscript

In this part we will present and discuss in detail the findings of our paper entitled
“Development of an intraventricular Adeno-Associated Virus-based labeling
strategy for glioblastoma cells nested in the subventricular zone”, published by
Lombard & Isci et al. in 2024 in Neuro-Oncology Advances. This project formed the
basis of Arnaud Lombard’s thesis, who designed and implemented the entire study.
He primarily conducted the initial experiments with GB1 cells, collected the results, and
analyzed all the data. Initially, my role in the study focused on performing in vitro
experiments to select the AAV that best transduced GB1 cells. Finally, | conducted
additional in vitro and in vivo experiments, including those with TO33 and T049-LRLG,
two in-house patient-derived GBM cell cultures. Finally, | analyzed all new results, co-
wrote the manuscript with Arnaud Lombard and Virginie Neirinckx, and was

responsible for the submission.
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Abstract

Background. Glioblastoma (GBM) is a dreadful brain tumor, with a particular relationship
to the adult subventricular zone (SVZ) that has been described as relevant to disease
initiation, progression, and recurrence.

Methods. We propose a novel strategy for the detection and tracking of xenografted GBM
cells that locate in the SVZ, based on an intracerebroventricular (icv) recombinant adeno-
associated virus (AAV)-mediated color conversion method. We used different patient-
derived GBM stem-like cells (GSCs), which we transduced first with a retroviral vector
(LRLG) that included a lox-dsRed-STOP-lox cassette, upstream of the eGFP gene, then
with rAAVs expressing the Cre-recombinase. Red and green fluorescence is analyzed in
vitro and in vivo using flow cytometry and fluorescence microscopy.

Results. After comparing the efficiency of diverse rAAV serotypes, we confirmed that the
in vitro transduction of GSC-LRLG with rAAV-Cre induced a switch from red to green
fluorescence. In parallel, we verified that rAAV transduction was confined to the walls of
the lateral ventricles. We therefore applied this conversion approach in two patient-
derived orthotopic GSC xenograft models and showed that the icv injection of an rAAV-
DJ-Cre after GSC-LRLG tumor implantation triggered the conversion of red GSCs to
green, in the periventricular region. Green GSCs were also found at distant places,
including the migratory tract and the tumor core.

Conclusions. This study not only sheds light on the putative outcome of SVZ-nested
GBM cells, but also shows that icv injection of rAAV vectors allows to trasnduce and
potentially modulate gene expression in hard in hard-to-reach GBM cells of the
periventricular area.

Key points

e This study details a new AAV-based method to specifically detect and
track glioblastoma cells that nest in the subventricular zone.

e GBM cells nesting in the SVZ shortly leave this region to migrate
towards other brain areas. includina the initial tumor core.




Importance of the study

Many studies support that the adult subventricular zone (SVZ) can be considered as a specific
niche allowing glioblastoma (GBM) initiation, progression, and recurrence. In this context, we
aimed to develop a new strategy to label and track the SVZ-nested GBM cells in a preclinical
patient-derived orthotopic xenograft model. Such tools that allow to reliably detect hard-to-
reach GBM cells in the SVZ will help to shed light on their contribution to disease progression
and relapse, and open new perspectives on the genetic modulation of these SVZ-nested cells

in a therapeutic context.

Glioblastoma (GBM) is the most frequent
malignant brain tumor with dismal prognosis.
After a maximal safe debulking surgery and
subsequent  radio-chemotherapy!,  tumors
repeatedly relapse, typically in the margin of the
resection cavity but also at more distant places?2.
This secondary progression of the disease
seems to originate from the persistence of
tumor cells that escaped surgery, resisted
treatment, and initiated new tumor formation.
Those specific features have classically been
associated with GBM stem-like cells (GSCs),
long considered as significant actors in tumor
maintenance and recurrences.

The subventricular zone (SVZ) is a
neurogenic area in the adult mammalian brain,
running along the lateral walls of lateral
ventricles (LV)4. Adult neural stem cells (NSCs)
that locate in this region have been extensively
characterized in mice, and were also detected
in the SVZ of the adult human brains. Increasing
clinical evidence highlighted that the proximity
of GBM tumors with the SVZ was associated
with greater tumor invasivenessé and poor
prognosis?®. Different studies demonstrated
that the accumulation of mutations in SVZ
NSCs result in glioma initiation in genetically
engineered mouse models™:11. In 2018, Lee et
al. demonstrated that NSCs carrying low-level
driver gene mutations (e.g. TP53, PTEN, EGFR
and TERT) are detected in the SVZ of GBM
patients, and match with the mutational burden
of the tumors. They also used genetic models to
show that NSCs with key driver mutations
migrate out of the SVZ and develop GBM-like
tumors at distant areas’2.

Using glioma patient-derived orthotopic
xenograft (PDOX) models, we and others

previously revealed glioma cell chemoattraction
and infiltration within the SVZ13.14, These SVZ-
nested GBM cells display stem-like features?s,
and show modified sensitivity to ionizing
radiation (IR)'6. Another study suggested that
SVZ-nested GBM cells support tumor
resistance to chemotherapy!'”. As a whole,
these data point out the key contribution of the
SVZ in GBM initiation and progression, and
putatively in GBM recurrence.

In this context, we aimed to establish an
experimental model to specifically detect and
tract SVZ-nested GBM cells in a PDOX setting.
We designed a model that consists in the
engraftment of patient-derived GBM stem-like
cells (GSCs) that are initially red, and
conditionally turn green upon invasion in the
SVZ where they would be transduced by an
adeno-associated viral (AAV) vector. AAVs are
small, non-pathogenic single-stranded DNA
(ssDNA) viruses and recombinant AAV (rAAV)
vectors have been extensively tested as gene
delivery carriers in experimental as well as
clinical investigations. In our approach, GSCs
were transduced with a retroviral vector
including a floxed dsRed/STOP cassette,
upstream of the eGFP gene. Upon
intracerebroventricular (icv) injection of rAAV
delivering the Cre recombinase in the
periventricular areas, the floxed dsRed/STOP
cassette is excised to allow the expression of
eGFP. In this study, we first validated the rAAV-
mediated color conversion in vitro, and further
showed how SVZ-nested GSCs can be
detected and tracked in vivo, using regular
microscopy but also tridimensional lightsheet
microscopy after brain tissue clarification.
Altogether, these results validate the
establishment of an rAAV-based tracking
method of GSCs that relocate in the SVZ, and
pave the way for further investigation of the SVZ
role in GBM biology.



Materials and Methods

Patient-derived GBM stem-like cells (GSCs)
(GB118.19, T033 and T049) were established
from residual tumor tissue after surgical
resection, in  collaboration  with  the
Neurosurgery department of the Liege
University Hospital (CHU), and the University
Hospital Biobank (BHUL, Liege, Belgium), in
accordance with the legal regulations on
residual human body material. Relevant data on
TO033 and T049 patients and GSC cultures are
found in Table S1).

GSCs were cultured as neurospheres in serum-
free medium, consisting of DMEM/F12
containing 1x B27 without vitamin A (Thermo
Fisher), 1% Penicillin-Streptomycin  and
supplemented  with  recombinant human
epidermal growth factor (EGF) 20 ng/mL, and
recombinant human fibroblast growth factor 2
(FGF-2), 10 ng/mL (Preprotech). For two-
dimensional cultures, GB1 cells were cultured in
DMEM supplemented with 5% fetal bovine
serum (FBS) (Lonza) for the time of the
experiment. Mycoplasma tests were performed
on a regular basis. In culture, cells were
maintained in a 5% CO- humidified incubator, at
37°C.

Production of the LRLG retroviral vector: HEK-
293T cells were co-transfected together with
gene transfer plasmid pMSCV-lox-
dsRed/STOP-lox-eGFP-Puro-WPRE  [LRLG,
Addgene plasmid # 3270120, packaging plasmid
[CellBiolabs # RV-111] and a VSV-G encoding
plasmid.  Retroviral  supernatants  were
collected, concentrated, filtrated (0.22 yM) and
used to transduce GB1, T0O33 and T049 cells.

Production of recombinant adeno-associated
viral (rAAV) vectors: Briefly, pAAV-CMV-
mRFP1, pAAV-EF1A-Cre-T2A-eYFP or pAAV-
EF1a-Cre plasmids were co-transfected into
293AAV Cell Line (Cell Biolabs, AAV-100)
together with a helper plasmid (Part No. 340202
VPK-401 kit) and REP-Cap plasmid (various
serotypes: pAAV-1, pAAV-2, pAAV-5, pAAV-8,
pAAV-9, pAAV-102! and pAAV-DJ, an artificial
capsid that was generated by DNA family

shuffling technology). After collection of the cell
supernatant, rAAV vectors were titrated using
ABM good kit (#GE931) at a concentration of
1E+12 genome copy/mL (GC/mL) (see
Supplementary methods).

For the screening of rAAV serotypes, 50.000
naive GB1 cells were seeded in 6-well plates
then cultured either in 2D or in 3D. After 6 hours,
culture medium was supplemented with 2.5uL
(2.5E+09gc) of rAAVs from different serotypes
(1,2,5,8,9, 10, DJ), expressing RFP. After 72
hours, cells were collected in 500uL of PBS and
RFP expression was analyzed using a Fortessa
flow cytometer (BD Biosciences) and FlowJo
software.

For the in vitro color conversion protocol,
50.000 GB1-LRLG, T033-LRLG and T049 cells
were seeded in 6-well plates and supplemented
with 2.5uL (2.5E+09gc) rAAV-DJ-Cre, rAAV-1-
Cre or r-AAV-5-Cre. At day 3 or 7 of exposition,
cells were collected in 500uL of PBS or
maintained in culture for 7 additional days with
fresh medium without rAAVs (to reach day 14).
At each time point, cells were observed in live
fluorescent imaging, DsRed and eGFP positivity
was assessed by flow cytometry (Fortessa, BD
Biosciences) and analyzed on FlowJo software.

Intracranial transplantation of GSC-LRLG:
Crl:NU-Foxn1nu female mice were positioned in
a stereotactic frame upon maintained isoflurane
anesthesia. A hole was drilled on the skull bone
(coordinates from bregma: 0.5 mm AP, +2 mm
ML, 2.5 mm DV) and 50.000 GB1-LRLG or
100.000 TO33-LRLG cells suspended in 2 ul
PBS were injected into the right striatum, as
previously described?22.

Intraventricular rAAV injection: At 1 week or 4
weeks post-transplantation, a hole was drilled
on the skull bone. Then, 1 pyL (1E+09gc) of
rAAV-DJ-Cre-eYFP  (to  evaluate  virus
spreading without tumor) or rAAV-DJ-Cre (to
excise the floxed cassette in tumor cells) were
injected into the left lateral ventricle
(coordinates from bregma: 0.2 mm AP, +0.8




mm ML, 2 mm DV). The needle was left in place
for 2 minutes to prevent backflow before
withdrawal.

Mice were anaesthetized with an injection of
Nembutal® (Pentobarbital 60 mg/mL, Ceva
Sante Animal) before an intracardiac perfusion
with NaCl 0.9% (VWR International) followed by
ice-cold PFA 4% in PBS. Brains were collected,
postfixed in 4% PFA overnight at 4°C and then
conserved in PBS at 4°C for a maximum of 7
days.

Brain tissue clearing: Clarification of the right
and left half-brains was performed as described
before23. First, a 4°C-cocktail of hydrogel
monomers (acrylamide with bisacrylamide),
formaldehyde and thermally triggered initiators
is infused into the tissue, for 24 hours. Then, the
hydrogel polymerization is triggered at 37°C for
3 hours, followed by brain extraction and
washing in borate-buffered 4% sodium-
dodecyl-sulfate (SDS) solution at 37°C for 24h.
After that, the brain is cleared using X-Clarity™
Tissue Clearing System Il in an Electrophoretic
Tissue Clearing Solution for 24 hours at room
temperature, to remove the lipids without losing
native tissue components. The resulting lipid-
extracted and structurally stable tissue—
hydrogel hybrid is then washed in PBS with
0,1% of Triton X-100, for 2 days at room
temperature, and finally stored in PBS-azide at
4°C. Then, half-brains are immersed in a
refractive index (RI) homogenization solution
(Refractive Index Matching Solution; Rl~1.460)
to render it transparent to light.

Lightsheet microscopy: Half-brain images were
acquired with a dual illumination lightsheet Z1
fluorescence microscope (Zeiss), equipped with
a 5x/0.16 NA dry objective at a zoom of 0.36.
Samples were illuminated with 515 nm at 15%,
561 nm at 20% and 638 nm at 15% lasers. 1240
x 1240 pixel images (scaling x,y = 2.538 pym)
were acquired using 2 sCMOS (pco.edge)
camera with 30 ms exposure time. For Z-stack
imaging, between 500 and 650 slices were
acquired with a 9 ym z-step size. Images were
stitched and reconstructed using Arivis Vision
4D software. Images were analyzed using
Imaris (version 9.0) software and referenced

using Allen Mouse Brain Atlas. To determine
the distance between the LV and the
transduced cells in the CP, we reconstructed
the whole volume of the LV by contouring it on
serial coronal sections (every 10um) and
measured the distance to the surface of the
reconstructed LV volume.

Immunohistochemistry and fluorescence on
brain sections: Brain tissue was processed as
described above. 14 pm-thick coronal brain
slices were generated with a cryostat and
stored at -20°C. Xenografted TO33-LRLG cells
were detected with human Vimentin antibody,
with the Enzo PolyView IHC kit, according to the
manufacturer’s instructions. Brain slices were
permeabilized and blocked with PBS + 0,3%
Triton-X100 + 10% donkey serum for 1 hour and
then incubated with anti-eGFP antibody
overnight at 4°C. After washing steps with PBS,
slides were incubated for 1 hour with Cy5-
conjugated secondary antibody, to ensure the
specificity of the signal (Jackson
ImmunoResearch Laboratories). Antibodies
against Ki67 and SOX2 were used for
costainings. Nuclei were counterstained with
DAPI  (Sigma). Image acquisition was
performed with an epifluorescence microscope
(Zeiss Apotome) and analyzed on ImagedJ (Fiji)
software (see Supplementary methods).
Immunofluorescence on cells: 20.000 GB1 cells
were transduced with rAAVs expressing RFP
(serotypes 1, 2, 5, 8, 9, 10 and DJ). After 72
hours, cells were fixed with paraformaldehyde
(PFA) 4% and incubated with anti-RFP antibody
diluted in PBS + 0.1% donkey serum and 0.1%
Triton X-100, followed by a second incubation
with Rhodamine red X-conjugated antibodies
(Jackson  Immunoresearch  Laboratories).
Nuclei were counterstained with Hoescht
(Thermo Fisher Scientific cat#62249), and
images were acquired with a Zeiss Axiolmager
Z1 epifluorescence microscope (see
Supplementary methods).

Statistics were realized thanks to GraphPad
Prism v8. Normality was assessed by a
Shapiro-Wilk test and either Student-t test, one-



way ANOVA or 2way ANOVA were performed
for group comparisons. Statistical significance
was set at 0.05. Data are indicated as mean +/-
standard deviation, with the number of
independent experiments/animals indicated as
N in the figure legends.

Patient tissue was obtained in collaboration with
the Neurosurgery department of the Liege
University Hospital (CHU), and the University
Hospital Biobank (BHUL, Liege, Belgium), in
accordance with the legal regulations on human
body material. This study was approved by the
local human ethics committee.

Crl:NU-Foxn1nu female mice were purchased at
Charles River laboratories, housed in group of
four individuals (ZTO: 7am, ZT12: 7pm). Mice
health status was evaluated daily, and body
weight was recorded every week. Tumor
endpoint and animal sacrifice was considered at
the first signs of significant discomfort or
suffering. No mice had to be sacrificed at an
early timepoint in this study. All animal
experiments were approved by the ethical
committee of the University of Liege (local
protocol number 1737).

Results

First, we determined the efficiency of various
AAV serotypes in transducing patient-derived
GSCs in vitro. As a first screening, GB1 cells
were infected with rAAVs from seven different
serotypes (rAAV-1, rAAV-2, rAAV-5, rAAV-8,
rAAV-9, rAAV-10 and rAAV-DJ) all expressing
the red fluorescent protein (RFP), and then
analyzed by flow cytometry (Fig1, A). In 2D-
culture conditions, the percentage of RFP+ GB1
cells after three days was higher than 50% with
rAAV-1 (97.7841,77%), rAAV-5 (67.23+4,42%)
and rAAV-DJ (60,0941,29%). In contrast, the
transduction  efficiency was  significantly
reduced for rAAV-2, rAAV-8, rAAV-9, rAAV-10
(p<0,0001) (Fig1, B & FigS1 A,C). When GB1
cells were cultured in 3D neurospheres, the
percentage of RFP+ tumor cells was again

higher for rAAV-1 (64,69+5,1%), rAAV-5
(56,98+4,1%) and rAAV-DJ (60,11+8,3%), with
again a significantly reduced transduction for
rAAV-2, -8, -9, and -10 (p-values ranging from
<0.05 to <0,001) (Fig1, C & FigS1, B-C). Those
results were confirmed with an anti-RFP
immunostaining performed on coated GB1 cells
after three days of exposition to rAAV-1, rAAV-
5 and rAAV-DJ (Figl, C). Altogether, we
concluded that rAAV-1, rAAV-5 and r-AAV-DJ
are the most efficient serotype for GSC
transduction in vitro.

Prior to applying the red-to-green conversion in
an in vivo setting, we verified the ability of the
rAAV serotypes 1, 5 and DJ to induce such
conversion in patient-derived GSCs in culture.
T0O33, TO49 and GB1 GSCs were stably
transduced with a retroviral vector including a
floxed dsRed/STOP cassette, upstream of the
eGFP gene (LRLG vector). TO33-LRLG, T049-
LRLG and GB1-LRLG were further exposed to
rAAV-1-Cre, rAAV-5-Cre or rAAV-DJ-Cre (Fig2,
A). Globally, all rAAV serotypes induced a
progressive color conversion of TO33-LRLG,
from dsRed+ (red) to dsRed+*/GFP+ (orange)
and finally eGFP+ only (green) (Fig2, B-E). At
14  days, the rAAV-DJ-Cre induced
75,92+5,24% eGFP+ cells in T033-LRLG, which
is significantly higher than rAAV-5-Cre
(56,87+4,20%; p=0.0193), and slightly
increased compared to rAAV-1-Cre
(62,99+10,91%; p=0.0309). The % of eGFP+
cells was significantly higher at day 14
compared to day 7 in rAAV-DJ-Cre transduced
TO33-LRLG (p=0.0314) (Fig2, F-G). A similar
time-dependent color conversion was observed
upon transduction of T049-LRLG with the three
rAAV serotypes (Fig2, H-J). The rAAV-DJ-Cre
induced 81,7845,42% eGFP+ cells at day 14,
while lower number of eGFP+ were induced
with rAAV-5-Cre (66,45+11,39%; p=0.2419),
and with rAAV-1-Cre (69;49+6,36%; p=0.1324).
Again, the % of eGFP+ cells was significantly
higher at day 14 compared to day 7 in rAAV-DJ-
Cre transduced T049-LRLG (p=0.0027) (Fig2,
K-L). We also tested the rAAV-DJ-Cre in GB1-
LRLG and observed a progressive increase of
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Figure 1:rAAV-1, rAAV-5 and rAAV-DJ efficiently transduce patient-derived GBM stem-like cell (GSC) cultures.
(A) Flowchart representing the rAAV-RFP transduction of GSCs for the screening of most efficient serotypes (created
with BioRender®). (B) % GB1 cells expressing RFP in 2D-culture after a three-day exposition to rAAVs (n=3
independent experiments) (one-way ANOVA, p-values for each comparison in FigS1, A). (C) Immunofluorescent
staining of the RFP protein (red) after rAAV-DJ-RFP transduction of GB1 cells (Scale bar = 50 ym). (D) % GB1 cells
expressing RFP in 3D-culture after a three-day exposition to rAAVs (n=3 independent experiments) (one-way ANOVA,

p-values for each comparison in FigS1, B).

eGFP+ cells, reaching 63.36+£0.14% at day 14
(Fig S1, D-E). Based on these results, we
concluded that the three rAAV serotypes
adequately transduce GSC-LRLG and induce
red-to-green conversion in vitro, with the rAAV-
DJ emerging as the most efficient.

After injection in the brain, the dissemination of
the AAV-DJ serotype is reported as more
confined compared to other serotypes?!. Here,
we wanted to evaluate the spreading of rAAV-
Cre vectors upon intracerebroventricular (icv)
injection, to assess whether rAAV transduction
would be restricted to the walls of the lateral
ventricles. rAAV-1-Cre-eYFP, rAAV-5-Cre-
eYFP and rAAV-DJ-Cre-eYFP were icv injected
in naive nude mice (n=3 mice per group), and
brains were collected 1 week after injection.
Imaging of the brain sections showed that eYFP
signal is tightly limited to the borders of the
lateral ventricles (Fig3, A), which would ensure
that rAAV transduction of GBM cells in a
xenograft model would be restricted to cells
within the SVZ.

Furthermore, we could analyze mice that were
icv injected with rAAV-DJ-Cre-eYFP, at 4 weeks
post-injection, after brain tissue clearing and
lightsheet microscopy, to precisely quantify
rAAV spreading at longer term. We determined
the volume of YFP-positive signal for different
regions adjoining the lateral (LV) and the third
(V3) ventricles (n=5 mice) (Fig3, B). Medially to
the LV, we observed YFP-positive signal in the
Lateral Septal nucleus (LSc) (Fig3, B-C, yellow
arrow). Laterally to the LV, YFP-positive signal
was detected in a few layers of cells in the SVZ
and in the medial part of the caudoputamen
(mCP), anteriorly (Fig3, B-C, orange arrow) and
in its dorsolateral part (dICP), posteriorly (Fig3,
B-C, purple arrow). In the nearby of LV posterior
wall, we also highlighted the transduction of few
cells in the fimbria (Fi) (Fig3, B-C, red arrow)
and in the Ammon’s horn of the hippocampus
(HPF), where the YFP+ area was the larger
(Fig3, B,-C green arrow). Some isolated cells in
the corpus callosum (CC) (Fig3, B-C, grey
arrow) were also detected. The YFP+ area was
significantly higher in the HPF compared to the
mCP (p=0.0409), to the Fi (p=0.0236) and to the
CC (p=0.0268), which suggests that cells are
more likely transduced in structures enriched in
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Figure 2: rAAV-1, rAAV-5 and rAAV-DJ efficiently convert GSC-LRLG cells in culture from dsRed* to eGFP+.
(A) Flowchart representing of dsRed gene excision and fluorescent eGFP gene expression in GSCs induced by
rAAV-mediated Cre recombinase (created with BioRender®). (B) Representative imagines of the dsRed and eGFP
signals in TO33-LRLG cultures transduced with rAAV-DJ-Cre, over 14 days. (C-D-E) % T033-LRLG cells that are
found dsRed+ (red), dsRed+/eGFP+ (orange) or eGFP+ only (green) at 3, 7 and 14 days post-transduction with rAAV-
1-Cre (C), rAAV-5-Cre (D) and rAAV-DJ-Cre (E). (NT= non transduced, at day 0). (F) % eGFP+ T033-LRLG cells
over time, with the three rAAV serotypes (n=3 independent experiments). (G) Results from the 2way ANOVA,
providing the statistical effect of the serotype and the effect of time. (H-I-J) % T049-LRLG cells that are found dsRed+
(red), dsRed*/eGFP+ (orange) or eGFP+ only (green) at 3, 7 and 14 days post-transduction with rAAV-1-Cre (H),
rAAV-5-Cre () and rAAV-DJ-Cre (J) (NT= non transduced, at day 0). (K) % eGFP+ T049-LRLG cells over time, with
the three rAAV serotypes (n=3 independent experiments). (L) Results from the 2way ANOVA, providing the statistical
effect of the serotype and the effect of time.
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Figure 3. The rAAV-DJ-Cre-eYFP has LV-restricted spreading 1 week after icv injection and disseminates to
adjacent neuron-rich structures after 4 weeks. (A) rAAV-1-eYFP, rAAV-5-eYFP and rAAV-DJ-eYFP remain
confined to the lateral ventricle walls one week after icv injection. Images are representative of n=3 mice per serotype
tested (scale bars = 100 ym). (B) Sagittal views at the VL medial wall (400 ym laterally to Bregma), through the VL
(1mm laterally to Bregma) and at the VL lateral wall (1500 ym laterally to Bregma) to visualize YFP+ cells (scale bars
= 400pm). (C) Comparison of the volume (in um3) of YFP fluorescence in transduced areas in the LV neighboring
(n=5 mice) (one-way ANOVA, p-values for each comparison in FigS2, A). (D) Longest distance (um) between the
further YFP+ cells in the mCP and dICP and the lateral wall of the VL (n=5). Legend: LSc : lateral septal nucleus,
mCP : medial caudoputamen, dICP : dorsolateral caudoputamen, Fi : fimbria, CC : corpus callosum, HPF :
hippocampus.
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Figure 4. rAAV-DJ-Cre icv injection induces red-to-green conversion of GB1-LRLG that reached the
subventricular zone (SVZ) in an orthotopic xenograft model. (A) Flowchart representing the experimental
workflow. GB1-LRLG cells were implanted in nude mice and rAAV-DJ-Cre-YFP was icv injected at week 6 (group I)
or week 12 (group Il). Then mice were sacrificed at week 10 or week 16 respectively. (B) Analysis of right
hemispheres with a lightsheet microscope, highlighting dsRed and eGFP-positive tumor areas. (C) Quantification of
the dsRed-positive tumor area in mice from groups | and Il (Mann-Whitney U-test, n=8 mice per group). (D)
Quantification of the eGFP-positive tumor area in mice from groups | and Il (n=8 mice per group). (E) Correspondence
between dsRed+ and eGFP+ volumes in group Il animals (linear regression).
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Figure 5. rAAV-DJ-Cre icv injection induces red-to-green conversion of T033-LRLG that reached the
subventricular zone (SVZ) in an orthotopic xenograft model. (A) Flowchart representing the
experimental workflow. TO33-LRLG cells were implanted in nude mice and rAAV-DJ-Cre-YFP was icv
injected intraventricularly at week 5, and mice were sacrificed at week 6. (B-C) Immunofluorescence
stainings of eGFP+ (green) and dsRed+ (red) cells in different regions of the mouse brain (right striatum,
right lateral ventricle, left lateral ventricle). Sections of three different animals are displayed (scale bar = 50

or 100 pum).



neuronal bodies (HPF, LSc, CP), rather than in
white matter tracts (Fi, CC). Finally, we
measured the longest distance between the LV
and the transduced cells in the mCP
(P25<median<P75: 128,75<162,5<182um) and
in the dICP (210um-294:m-531,67um) (Fig3,
D). This data shows that 4 weeks after injection,
the rAAV-DJ-C-eYFP spreads towards other
structures distant from the LV, although below
five hundred micrometers.

Previous work from our group has shown that
GB1-LRLG cells form a symptomatic tumor
upon implantation in the striatum of nude mice
within 12 to 16 weeks, associated to an invasion
of the subventricular zone (SVZ)22. Hence, we
icv injected the rAAV-DJ-Cre at week 6 after
GB1-LRLG cell engraftment, before SVZ
invasion (group I, n=8 mice), and at week 12,
after SVZ invasion (group Il, n=8 mice). We
finished the experiment 4 weeks later,
respectively at week 10 (group I) and at week
16 (group Il) (Fig4, A). Brain tissue was cleared,
and the right hemispheres were imaged with a
lightsheet microscope, and analyzed with
Imaris® software, for highlighting dsRed+ and
eGFP+ tumor cells. As expected, the median
volume of dsRed-positive tumors in the CP was
reduced in group | umd (P25<median<P75:
2.40<5.73<6.66 x107um3) compared to group Il
(2.23<9.88<2.23x10°um3) (p=0.0016) (Fig4, B-
C). In group |, we did not observe any contact of
the tumor with the SVZ and no eGFP+ signal
was detected (Fig4, B-D). However, we
observed eGFP+ signal in most animals from
group Il (volume of P25<median<P75:
1.25<5.88<9.74 x108um3), especially those with
the largest dsRed+ tumor volume (R2:0.58,
p=0.0267) (Fig4, D-E).

We also tested the ability of the rAAV-DJ-Cre to
promote red-to-green conversion in another
GSC intrastriatal xenograft, within a different
timeframe. At 6 weeks, TO033-LRLG cells
establish a large infiltrating tumor that invade
both the right and left LV lateral walls via the
corpus callosum (FigS2). The rAAV-DJ-Cre was
icv injected in the left LV at week 5 post-

engraftment (Fig5, A). One week later, mice
were sacrificed, and brains collected.
Immunostainings showed dsRed+ TO33-LRLG
cells scattered in the right hemisphere, as well
as in the right and left LV. Not only are eGFP+
cells detected near the left LV, but also in the
proximity of the right LV and within the tumor
core (Figs, B-C). These eGFP+ cells are
SOX2+ and Ki67+, which indicates a maintained
potential for proliferation (Fig6). These results
support the hypothesis that dsRed+ tumor cells
develop and migrate out of the tumor mass to
reach the LV walls, where they switch from
dsRed+ to eGFP-+. Interestingly, these eGFP+
cells appear to leave the LV and reinfiltrate the
initial tumor core. In absence of tumor cells in
the LV surroundings (i.e. for tumors that did not
grow sufficiently large), we did not see any
eGFP+ cell at all (FigS3), which is in line with the
restricted diffusion of the rAAV and further
supports the specificity of the SVZ-located
transduction.  Altogether, these  results
demonstrate the relevance of an icv AAV-based
color conversion approach to detect GBM cells
that invade the LV wall/SVZ. These results also
shed light on the putative role of SVZ-nested
GBM cells in tumor evolution and recurrence.

Discussion

Many studies have evidenced the key
contribution of the subventricular zone (SVZ) of
the adult brain in glioblastoma (GBM) initiation,
maintenance and recurrence. At the clinical
level, the proximity of GBM tumors with the SVZ
(SVZ+ GBM) has been associated with worse
prognosis’®, and different experimental
findings have demonstrated the protective role
of the SVZ environment against therapy'6.17.
SvVZ+ GBM is associated to particular
methylation signatures24, and recent single cell
transcriptomic data suggest a differential cell
type enrichment and related therapeutic
vulnerabilities?s. Such data fosters deeper
investigation of the molecular mechanisms that
underlie the influence of SVZ environment on
GBM cell fate and phenotype, and the
development of experimental tools to do so. In
this study, we harnessed different types of viral
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Figure 6. Characterization of eGFP+ T033-LRLG cells. Immunofluorescence costainings of SOX2 and Ki67
(white) with eGFP+ (green) and dsRED+ (red) cells in different regions of the mouse brain implanted with TO33-
LRLG and one week after rAAV-DJ-Cre icv injection. Sections of three different animals are displayed (scale bar =

100 um).



vectors to label and track GBM cells invading
the SVZ in an orthotopic xenograft model. Using
a color-conversion approach, we observed that
implanted dsRed+ patient-derived GBM stem-
like cells (GSCs) do infiltrate the brain and
reach the SVZ where they turn eGFP+, with the
help of a recombinant adeno-associated viral
(rAAV) delivering a Cre recombinase inside the
lateral ventricle. To our knowledge, this study
proposes an original approach to study SVZ-
nested GBM cells, and also is the first to
suggest that GBM cells nesting in the SVZ may
actually leave this region to repopulate other
brain areas. Of note, this experimental strategy
is versatile, and the SVZ-restricted color-
conversion approach could be further refined.
Whereas a similar LRLG vector-based method
has previously been used for monitoring
transduction  efficiency26, or for lineage
tracing??, other studies further exploited this
strategy, to monitor environmental influences
on cancer cells, i.e. for fate-mapping post-
hypoxic breast cancer cells and investigating
their phenotype and role in the metastatic
process, using a HIF1a-dependent expression
of Cre recombinase2829. Such conditional Cre
expression may also be applied and highly
relevant in the exploration of SVZ molecular
influences on GBM cells. For example, it would
be interesting to use a Cre recombinase that
would be dependent on a particular component
in the cerebrospinal fluid, or in the SVZ
vasculature, to assess how these are
influencing GBM cells nested in the
periventricular area.

The many natural and engineered rAAV capsid
serotypes that are reported or under ongoing
development have distinct but overlapping
tropisms and distribution 3031, Whereas we here
selected AAV-DJ as an efficient serotype for
GSC transduction among a panel of AAV
serotypes, other novel rAAV constructs may be
envisaged for specific properties, e.g. restricted
surface of action, or more specific GBM cell
transduction. A recent  high-throughput
screening of 177 AAV capsid variants has
shown that AAV1-P5 most effectively
transduces NSCs in the naive adult brain after
icv injection, and these can be tracked up to
their final destination in the olfactory bulb32. The

AAV-SCH9 also efficiently transduces adult
NSCs23. To what extent this NSC-oriented
tropism would be recapitulated on SVZ-nested
GSCs remains to be investigated.

The transgene of interest may also be replaced,
e.g. for modulating gene expression in the
target cells in a therapeutic purpose, for
inducing cell death, reducing proliferation or
stimulating immune recognition. For instance,
AAV intraventricular injection has already been
described in GBM models, e.g for the delivery
of interferon y (IFNy). A first report show that icv
AAV2/rh8-IFNy preferentially distributes in the
corpus callosum and the hippocampus, similar
to what we observed here with AAV-DJ (at
lower viral titration), and reduces tumor growth
in a U87 modeld4. Later, they showed that icv
AAV9-IFNy reduced tumor growth and
increases survival in an invasive patient-derived
xenograft model, as well as in an
immunocompetent model, and synergizes with
temozolomide treatment3. AAV9 armed with
the sTRAIL proapoptotic protein has also shown
promising therapeutic effect in GBM models,
upon systemic injectionsé. It would be of huge
interest to induce therapeutic genes in SVZ-
nested GBM cells to ascertain their contribution
to tumor resistance to treatment and
recurrence.

In addition to these molecular developments
that could apply to this approach, we also point
out the importance of considering clinically
relevant, therapy-like models to be combined to
our color-conversion protocol. For example, it
would be interesting to observe whether
eGFP+, SVZ-relocated GBM cells are able to
repopulate an experimental resection cavity, for
instance using microsurgery models37.
Altogether, this work exposes the development
of an rAAV-based approach for the specific and
restricted labelling of GBM cells that get in close
contact with the subventricular zone (SVZ),
after tumor development in a xenograft mouse
model. This experimental approach is highly
relevant to the clinical context describing the
poor prognosis associated with GBM proximity
to the SVZ. This versatile model could be
optimized for both investigational and
therapeutic perspectives and will help to shed



light on the spatiotemporal aspects of GBM 3.33.

progression and recurrence.
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RESULTS

4. Discussion

The use of the CRE-Lox system to specifically label and track tumor cells in an in vivo
environment represents a significant methodological advance in the context of GBM.
This strategy makes it possible not only to visualize the location of labeled cells, but
also to study their phenotype in response to specific biological signals acting locally in
vivo. This innovative approach makes it possible to explore the dynamics of tumor cells
in detail. Using this method, we could, for example, isolate eGFP+ and dsRED+ cells
ex vivo to characterize and compare them in depth. This approach has already been
successfully implemented in our laboratory in a previous project. More precisely, we
could study the genomic instability of these cells after irradiation and TMZ treatment,
by analyzing the expression of DNA double-strand break markers, such as yH2AX and
53BP1. Moreover, in vivo studies could be conducted to compare not only the viability,
proliferation rate of eGFP+ and dsRED+ cells (with or without irradiation + TMZ), but

also analyze their migration and invasion capacity.

¢ GBM cells invade the SVZ and rapidly leave this area

Moreover, this study makes a significant contribution by demonstrating the ability of
GBM cells to migrate bidirectionally between the tumor mass and the SVZ, a previously
unexplored dynamic. This observation could be helpful to decipher mechanisms
underlying GBM recurrence. Our previous reports showed that tumor cells can invade
the brain parenchyma using white fibers to nest in the SVZ. However, we had not yet
demonstrated that these cells could leave this area, and invade other regions, including
the initial tumor mass. We hypothesize a possible phenotypic modulation of SVZ-
nested GBM cells, which would adopt an increased aggressiveness. This observation
challenges our understanding of cellular plasticity in GBM and highlights the ability of
tumor cells to modify their migration trajectory in response to specific environmental
stimuli. Therefore, again it would be interesting to extract and analyze/compare these
eGFP* and dsRED* cells to better understand the molecular events and the impact of
the GBM TME on these cells. Further characterization could reveal therapeutic targets

and clarify the molecular basis of their migration.
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Moreover, the clinical correlation between the proximity of GBM cells to the SVZ and
an unfavorable prognosis highlights the clinical importance of our study. Furthermore,
observations on the resistance of cells nested in the SVZ to radiotherapy underline the

importance of the development of new SVZ-targeted treatments.

¢ Methods for rAAVs delivery into the brain, in the context of GBM

The intracerebroventricular injection allows effective drug delivery into the brain
through the cerebrospinal fluid (CSF), overcoming the limitations of local injections that
cannot target and eliminate infiltrating GBM cells. Unlike systemic injections, which can
cause toxicities to other organs, this method offers better specificity and minimization
of adverse effects by allowing more direct and controlled delivery of therapeutic agents
into the brain. Since the safety of intracerebral injection has already been studied in
others context and shown to be effective in recent clinical trials, this tool could also

serve as a therapeutic strategy.

Currently, advanced medical devices (e.g. Ommaya® reservoir) are designed
specifically for intracerebral delivery on a chronical basis, rather than an acute one 3%,
Indeed, this device allows chronic access to the intrathecal space via an
intraventricular catheter, providing an effective and safe method to deliver treatments
directly into the brain. Recently, a clinical trial demonstrated the feasibility and safety
of this device for injecting CAR-T cells targeting EGFRVIII for patients with recurrent
GBM, marking a significant advance in the treatment of this complex disease3°. This
fits perfectly with the goals and future perspectives of this project. By using this
intrathecal delivery approach demonstrated in these recent clinical trials, our research
could potentially improve the precision and efficiency of targeting these difficult-to-

reach GBM cells via the use of rAAVSs.
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¢ Genes of interest for possible therapeutic rAAVs in the future

The genes of interest that could be expressed by rAAVs may include inhibitors of cell
proliferation, cell migration, angiogenesis or even stimulators of the immune response,

to offer new treatment avenues.

Among possible options, miRNAs targeting GBM-specific oncogenes and pro-
apoptotic factors like TRAIL (TNF-Related Apoptosis-Inducing Ligand) could be
expressed via AAV to induce GBM cell death. It has been shown that miR-7 can inhibit
tumor growth by targeting signaling pathways involved in survival and proliferation. It
also enhances the sensitivity of cancer cells to apoptosis, making it particularly
effective against GBM that are resistant to TRAIL. In this context, Bhere et al.
engineered an AAV encoding miR-7 and investigated the efficacity of a combined
treatment involving stem cell releasing soluble for of TRAIL and AAV-miR-7 in GBM.
Their results showed that the combined treatment induces a downregulation of EGFR
and the phosphorylated form of Akt and activates NF-kB pathway. This leads to an
upregulation of the death receptor 5 (DR5) to sensitize GBM cells to TRAIL. In addition,
they demonstrated that a single administration of AAV-miR-7 significantly reduces
tumor volume and increases DR5 expression, thereby increasing cell death via TRAIL
and significantly improving mouse survival®®’. This construct could be interesting since
we have demonstrated that SVZ-nested cells were more resistant to irradiation. SVZ-
nested GBM cells may also be resistant to apoptotic death via TRAIL. This method

could be considered after resection surgery to eliminate the remaining cells.

In the same perspective, several studies have generated AAVs encoding molecules
inducing cell death. Mizuno et al. designed an AAV that encodes a suicide gene, the
herpes simplex virus thymidine kinase gene (HSV-tk) to evaluate its effect in GBM.
The results showed complete regression and prolonged survival after multiple
injections of this AAV-tk followed by intraperitoneal administration of ganciclovir3e,
Zhong et al. used an AAV delivering the Apoptin peptide and showed a decrease in

tumor growth and prolonged survival in treated mice. They show that injection of AAV-
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apoptin into the left hemisphere effectively prevented ipsilateral tumor growth but was

not sufficient to prevent distal tumor growth in the contralateral hemisphere3°.

Furthermore, immunomodulatory cytokines, such as interferon-beta (IFN-8), IL12 and
IL15, can be generated as part of an AAV vector to stimulate and enhance an antitumor
immune response. Meijer et al. demonstrated that peritumoral parenchymal
transduction with AAV-hIFN-B was effective in eradicating tumor cells. However, the
high infiltrative and migratory nature of GBM cells can leave a significant number of
tumor cells outside the treatment area. Therefore, they decided to treat mice with this
AAV but this time by icv injection and they showed that the treatment not only prevents
tumor growth but also improves mice survival?’®. Guhasarkar et al. Evaluates the
therapeutic efficacy of systemic injection of AAV-hIFN-B in an invasive orthotopic
model of GBM. The results showed that the treatment leads to a complete regression
of tumors in a dose-dependent manner3'!. These results are totally related to our
method and summarizes our technique. Again, we could consider using such a type of

AAYV and injecting it icv, in order to kill eGFP+ cells that are difficult to access.

Moreover, anti-angiogenic factors like anti-VEGF could be expressed via AAV to
reduce angiogenesis. Hicks et al. engineered an AAV vector encoding for
bevacizumab, an anti-human VEGF monoclonal antibody. Local administration to the
area of GBM xenograft reduced tumor growth in vivo and increased survival. Moreover,

they confirmed these results with early passage GBM patient derived cells3'2,

In order to limit tumor invasion, the team of Yanamandra et al. studied the effect of an
AAV that expresses tissue factor pathway inhibitor-2 (TFPI-2), a protein that plays a
role in the degradation of the extracellular matrix. The results showed that in vitro use
of AAV-TFPI-2 leads to a reduction in capillary formation and in vivo the treatment

inhibited the formation of microvessels and significantly reduced tumor growth313.
The integration into our AAV molecules with the specific capacity to inhibit tumor
growth, induce cell death or suppress migration represents a promising strategy for

our future research. By exploiting these advanced methods, we could precisely target
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tumor cells that are particularly difficult to access and potentially responsible for
recurrence. The application of this approach in addition to standard treatment
procedures would not only improve the efficacy of treatment by eliminating the last

remaining residual cells but also minimize recurrences.
In conclusion, this study opens new perspectives for the labeling, monitoring and

treatment of GBM cells nested in the SVZ, thus offering a promising tool for the

development of targeted therapies.
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Il Nanobody-based retargeting of an oncolytic herpesvirus for
eliminating CXCR4+ GBM cells: A proof of principle (Sanchez Gil et al.
2022)

1. Presentation and contribution to the manuscript

In this chapter, we will briefly present the main findings of our article entitled
“Nanobody®-based retargeting of an oncolytic herpesvirus for eliminating
CXCR4+ GBM celis: A proof of principle (Sanchez Gil et al. 2022)". This paper led
by the laboratory of Catherine Sadzot (GIGA-highlights the in vitro and in vivo efficiency
of CXCR4-based, Nanobody®-retargeted and armed oncolytic herpesvirus (0HSV) in
GBM. Our main role was to generate an oncolytic virus against CXCR4+ GBM cells.
The objective was to generate an oncolytic virus specifically targeting GBM cells
expressing CXCR4, to induce their death by cell lysis and apoptosis via the secretion
of the soluble form of TRAIL protein. We focused on CXCR4 as it is expressed by GBM
cells and involved in the SVZ-oriented invasion. In this work, we first attempted to
study the effectiveness of retargeting to CXCR4 GBM cells and the arming with TRAIL.
Subsequently, we evaluated the therapeutic efficacy of this retargeted oHSV using an
orthotopic GBM xenograft model. This proof-of-concept study suggests that
Nanobodies® specific for various GBM cell markers could be used to retarget and
“personalize” oHSVs, providing a potential complement to current standard therapeutic

approaches.
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Nanobody-based retargeting of an oncolytic
herpesvirus for eliminating CXCR4™*
GBM cells: A proof of principle

Judit Sanchez Gil,! Maxime Dubois,! Virginie Neirinckx,? Arnaud Lombard,** Natacha Coppieters,” Paolo D’Arrigo,'
Damla Isci,” Therese Aldenhoff,> Benoit Brouwers,” Cédric Lassence,' Bernard Rogister,* Marielle Lebrun,'

and Catherine Sadzot-Delvaux!

!Laboratory of Virology and Immunology, GIGA Infection, Inflammation and Immunity (GIGA 13), University of Liége, 4000 Liége, Belgium; *Laboratory of Nervous

System Disorders and Therapy, GIGA-Neurosciences, University of Li¢ge, 4000 Liege, Belgium; *Department of Neurosurgery, CHU of Liege, 4000 Li¢ge, Belgium;

“Department of Neurology, CHU of Li¢ge, 4000 Liege, Belgium

Glioblastoma (GBM) is the most aggressive primary brain tu-
mor in adults, which remains difficult to cure. The very high
recurrence rate has been partly attributed to the presence of
GBM stem-like cells (GSCs) within the tumors, which have
been associated with elevated chemokine receptor 4 (CXCR4)
expression. CXCR4 is frequently overexpressed in cancer
tissues, including GBM, and usually correlates with a poor
prognosis. We have created a CXCR4-retargeted oncolytic
herpesvirus (oHSV) by insertion of an anti-human CXCR4
nanobody in glycoprotein D of an attenuated HSV-1
(AICP34.5, AICP6, and AICP47), thereby describing a proof
of principle for the use of nanobodies to target oHSVs toward
specific cellular entities. Moreover, this virus has been armed
with a transgene expressing a soluble form of TRAIL to trigger
apoptosis. In vitro, this oHSV infects U§7MG CXCR4" and pa-
tient-derived GSCs in a CXCR4-dependent manner and, when
armed, triggers apoptosis. In a U87MG CXCR4" orthotopic
xenograft mouse model, this oHSV slows down tumor growth
and significantly improves mice survival. Customizing oHSVs
with diverse nanobodies for targeting multiple proteins
appears as an interesting approach for tackling the heterogene-
ity of GBM, especially GSCs. Altogether, our study must be
considered as a proof of principle and a first step toward person-
alized GBM virotherapies to complement current treatments.

INTRODUCTION

The chemokine receptor 4 (CXCR4), first described for its role in
leukocyte trafficking or HIV infection,' is a largely studied
G-protein-coupled receptor that activates various signaling pathways
upon binding of its unique ligand CXCL12, also known as stromal-
cell-derived factor 1. CXCR4 overexpression has been reported in a
wide range of tumors, including glioblastoma multiforme (GBM),”™
and increasing evidence has suggested its central role in cancer pro-
gression.® Multiple preclinical or clinical studies have demonstrated
that the disruption of CXCR4 downstream signaling via several ap-
proaches (CXCR4 short hairpin RNA [shRNA], CXCL12 mimetic

peptide, anti-CXCR4 antibodies, or nanobodies) diminishes tumor
growth and synergizes with chemo- or radiotherapy.” "

GBM is the most frequent primary malignant brain tumor, classified
by the World Health Organization as a grade 4 glioma.'* Despite
standard therapies that associate surgical resection with radio- or
chemotherapy, the prognosis remains dramatically poor, with a me-
dian survival of 16 months from diagnosis.'” GBM is indeed highly
diffuse and tumor cells infiltrate healthy brain tissue, making the total
resection of the tumor rather difficult or even impossible. GBM recur-
rences frequently develop within the margin of the resection cavity or
at distant sites.'® In addition, GBM is characterized by a high degree of
heterogeneity at the genetic, epigenetic, and transcriptomic levels.
Many studies reported the presence of self-renewing, multipotent sub-
sets of GBM cells endowed with high tumorigenic capacity, considered
as GBM stem-like cells (GSCs)."” "' GSCs have been associated with
the expression of specific markers, form tumorospheres in vitro
upon limiting dilution, and are able to initiate a tumor when serially
transplanted in mice brain. GSCs have long been considered as key ac-
tors in GBM relapse, and the mechanisms underlying GSC develop-
ment, maintenance, and phenotypic plasticity yet remain intensively
investigated.”” We previously have shown that, upon GBM xenotrans-
plantation, CXCR4" GSCs escape the tumor core and reach the sub-
ventricular zones (SVZs) based on a CXCR4/CXCL12-dependent
signaling,”">*> GSCs hosted in the SVZ display an improved DNA dou-
ble-strand break repair and hence are resistant to radiotherapy.”**’
These observations have been confirmed in GBM patients, in which
GSCs can be found both in the tumor core, where the hypoxic envi-
ronment constitutes an appropriate niche, and in the SVZ, reinforcing
the role of these CXCR4" cells in GBM recurrence.*>”” Importantly, a
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high expression of CXCR4 positively correlates with tumor size, tumor
progression, recurrence, and ultimately with patient survival.> Tar-
geting GSCs and particularly CXCR4" cells therefore provides an op-
portunity to reach tumor cells that escape current treatments.”®

Over the last decade, virotherapy has emerged as a promising
approach for cancer treatment.”’ Oncolytic viruses (OVs) are
currently at different stages of preclinical investigations, and
numerous clinical trials are ongoing. In the context of GBM, virother-
apy and oncolytic herpesviruses (o0HSVs) in particular are currently
being evaluated as an alternative or complementary therapeutic
approach for patients resistant to traditional therapies.” oHSV effi-
cacy depends on the capacity of the virus to specifically infect cancer
cells. However, it is estimated that about 20% of the GBM cells are not
efficiently infected by oHSV, partly due to a low expression of CD111
(nectin-1, one of the HSV-1 natural receptors).zg’30 A virus able to
target cancer cells and GSCs in particular through its interaction
with a membrane protein specifically expressed by these cells would
thus allow to reach cells that have escaped standard therapeutic ap-
proaches. One strategy for oHSV retargeting is to replace the domain
responsible for glycoprotein D (gD) interaction with its natural
cellular receptors by a ligand able to interact with a protein of interest
expressed by the target cells. Single-chain immunoglobulin (scFv) or
ligands, such as cytokines or peptides, have been successfully intro-
duced in gD to target cancer cells.”’ ~*® Nanobodies are a single heavy
variable domain of camelid antibodies and constitute an interesting
alternative to retarget an oHSV. They can be selected from a synthetic
or immune library with a huge diversity and can recognize cryptic an-
tigens with a high affinity. These nanobodies therefore open the pos-
sibility to develop a panel of tailored oHSVs for personalized therapy.

In this context, we have developed, as a proof of principle, an onco-
lytic HSV-1 specifically targeting CXCR4, thanks to the insertion in
gD of an anti-human CXCR4 nanobody previously described for its
capacity to efficiently recognize CXCR4 (W02016156570Al). This vi-
rus (0HSV/Nb-gD) has been further armed with a transgene express-
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ing the soluble form of TRAIL (oHSV/Nb-gD:sTRAIL), whose effi-
cacy to trigger the extrinsic apoptosis pathway has been previously
documented.”’~** We demonstrated that the engineered virus infects
U87MG CXCR4" and patient-derived GSCs in a CXCR4-dependent
manner and can replicate efficiently in these cells and lead to STRAIL
expression, thereby triggering apoptosis. When used in an in vivo or-
thotopic xenograft GBM model, oHSV/Nb-gD armed or not with
sTRAIL had a clear impact on tumor progression and significantly
improved mice survival. These results confirm nanobodies as appro-
priate tools for retargeting oHSVs toward specific cell subsets and
constitute a proof of principle of an oHSV design strategy that could
be considered for personalized treatment.

RESULTS

Construction of a nanobody-retargeted and armed oncolytic
herpesvirus

To specifically target GBM cells expressing CXCR4, we engineered an
oHSYV that was first detargeted from its natural receptors HVEM and
nectin-1, prior to being retargeted to CXCR4 (Figure 1). These mod-
ifications were introduced within fQuick-1 (kind gift from Prof. E.A.
Chiocca), a bacterial artificial chromosome (BAC) containing the
HSV-1 genome (strain F; AICP34.5/AICP6/EGFP"). This backbone
was further deleted from US12 coding for ICP47, this deletion being
important to partly overcome the attenuation resulting from y34.5
deletion.*' The detargeting and retargeting was achieved by replacing
the residues 2-24 of gD within the HVEM-binding domain by an
anti-human CXCR4 nanobody."” In addition, the residue 38 of gD
was mutated (Y38C) to impair gD interaction with nectin-1, another
natural receptor.43 Moreover, two mutations (D285N and A549T)
shown to improve the fusion capacity of glycoprotein B (gB) were
introduced in UL27.** Finally, the virus was armed with a transgene
expressing STRAIL" under the control of a nestin promoter. After
transfection of these constructs into Vero cells previously transduced
with the human CXCR4, oHSVs were produced in the supernatant
and further purified and titrated. In this publication, they are referred
to as oHSV/gD (non-retargeted; non-armed), oHSV/Nb-gD (CXCR4
retargeted; non-armed), and oHSV/Nb-gD:sTRAIL (CXCR4 retar-
geted; STRAIL armed).

Efficacy of the CXCR4 retargeting

To verify the detargeting efficacy, J1.1-2 hamster cells resistant to
HSV due to the lack of HVEM or nectin-1 expression at the cell sur-
face,"* as well as their modified version J/A and J/C expressing,
respectively, human HVEM* or nectin-1** (kind gift from Prof. G.
Campadelli Fiume), were infected with oHSV/gD or oHSV/Nb-gD
(MOL: 0.01, 0.1, and 1). Contrary to oHSV/gD, which led to
numerous infectious foci in J/A and J/C, no foci were detected
upon oHSV/Nb-gD infection, demonstrating that oHSV/Nb-gD
was properly detargeted (Figure 2A). To evaluate the capacity of
OHSV/Nb-gD to specifically infect CXCR4" cells, glioblastoma
U87MG cells that express CXCR4 at a very low level (Figures SIA
and S1B) were transduced with a lentivirus expressing the human
CXCRA4. The ectopic expression of CXCR4 was confirmed by flow cy-
tometry (Figures S1A and S1B). U87MG and U87MG CXCR4" were
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(J1.1 HVEM*), and J/C (J1.1 nectin-17) cells infected for 72 h
at different MOls with the recombinant oHSVs expressing
either wild-type (WT) gD (oHSV/gD) or gD modified by the
insertion of an anti-hCXCR4 nanobody (oHSV/Nb-gD).
Both viruses express EGFP under the control of pICP8, allow-
ing the visualization of infected cells by epifluorescence mi-
croscopy. Scale bars represent 5 mm. (B and C) Retargeting
was evaluated on U87MG (B) and US7MG CXCR4* (C) cells.
Cells were plated in 96-well plates, infected with oHSV/gD or
0oHSV/Nb-gD (MOI 0.1) and incubated in Incucyte S3 for real-
time analyses during 72 h. EGFP expression and cell

- O o 0 confluency were quantified every 6 h. Circles represent the
‘g...o-"O"O ratio between the green and the phase area expressed as

the mean + SEM of four wells. Statistical significance
was determined by ordinary two-way ANOVA with
Bonferroni multiple comparisons of means with a single
pooled variance (ns, non-significant; * p < 0.05, ** p < 0.01,
*** p < 0.0001). Images were taken every 6 h, and
representative images taken at 72 hpi are shown. Scale
bars represent 2 mm. Additional representative whole-well
images taken at 24, 48, and 72 h are shown in Figure S2.
See also growth curve of oHSV/gD and oHSV/Nb-gD in
U87MG CXCR4* cells in Figure S3

O+ oHSV/Nb-gD

US7MG CXCR4* (MOI: 0.1)

oHSV/gD oHSV/Nb-gD oHSV/gD

then infected with oHSV/gD or oHSV/Nb-gD (MOL: 0.1), and the
level of infection was evaluated by real-time GFP imaging and quan-
tification with Incucyte S3 (Figures 2B, 2C, and S2). As expected,
oHSV/gD efficiently replicated in both cell lines independently of
CXCR4 expression. On the contrary, oHSV/Nb-gD infection re-
mained very low in U87MG cells, with only very few cells infected,
as reflected by a very weak EGFP expression and no statistical differ-
ence with the non-infected cells. This clearly contrasted with
numerous foci and overtime increasing EGFP signal in oHSV/Nb-
gD-infected US7MG CXCR4" cells, confirming that oHSV/Nb-gD
infection relies on the expression of CXCR4. Importantly, the efficacy
of infection of oHSV/gD and oHSV/Nb-gD in U87MG CXCR4" cells
was similar. This was further confirmed by a growth curve of both
oHSVs in U87MG-CXCR4" cells. No statistical difference was
observed (Figure S3).

CXCR4-dependent infection of patient-derived GSCs by oHSV/
Nb-gD

The efficacy of oHSV/gD and oHSV/Nb-gD was further evaluated
on four different GSC cultures (T08, T013, T018, and T033) directly
established from residual GBM tissue obtained from surgical resec-
tion (Department of Neurosurgery, CHU Liége, Belgium) and main-

OHSV/Nb-gD

tained as tumorospheres. In opposition to
U87MG cells, GSCs express high levels of
SOX2, POU3F2, and SALL2 (Figure S4). The
percentage of CXCR4" cells among the four
different GSC cultures analyzed by flow cytom-
etry was highly variable (Figures 3A and 3B).
While less than 3% of T08 cells were positive
for CXCR4, around 75% of T033 expressed this chemokine receptor,
T013 and TO018 being intermediate. As expected, the endogenous
expression of CXCR4 was much lower than the ectopic expression
by U87MG CXCR4" cells (Figures 3A and 3B). To evaluate the ef-
ficacy of the retargeted oHSV and to compare it with the non-retar-
geted virus efficacy, primary GSCs were cultured as tumorospheres
and infected with oHSV/gD or oHSV/Nb-gD (10° plaque-forming
units [PFUs]/mL). Forty-eight hours post-infection, cells were disso-
ciated and the percentage of EGFP-positive cells was analyzed by
flow cytometry.

Interestingly, the percentage of 0HSV/Nb-gD-infected cells clearly re-
flected the level of CXCR4 expression (Figure 3C). T033 that ex-
presses CXCR4 at a high level was the most infected (34.8% of
EGFP cells on an average; 48 h post-infection [hpi]), while less than
2% of T08 cells that do not express CXCR4 or express it at a very
low level were positive for EGFP. As expected, in most primary cells,
oHSV/gD led to a higher percentage of infected cells compared with
oHSV/Nb-gD (Figures 3C and S5). However, an Incucyte S5 overtime
analysis of T033 cells infected with a high titer (107/mL) indicated
that both the dynamics and the EGFP fluorescence were similar for
both viruses (Figure S6). Finally, it is worth mentioning that, although
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Figure 3. Efficacy of the oHSV retargeting in patient-derived GSCs

(A) Patient-derived GSCs (T08, T013, TO18, and T033), US7MG, or U87TMG CXCR4* cells were cultured as tumorospheres and further dissociated for flow cytometry
quantification of the percentage of cells expressing CXCR4 (APC™) at the cell membrane. Bars represent the means + SEM of four independent experiments. Statistical
significance was determined by Kruskal-Wallis (primary cells, *p < 0.01) or Mann-Whitney (U87MG cells, *p < 0.05) test. (B) Overlayed histograms of a representative analysis
allowing the comparison between endogenous and ectopic CXCR4 expression. Stemness features (expression of SOX2, POUF3, and SALL2) analyzed by qRT-PCR are
depicted in Figure S4. (C) Tumorospheres cultured in 24-well plates were infected with oHSV/gD or oHSV/Nb-gD (10° PFUs/mL). Forty-eight hours post-infection, cells were
dissociated and the EGFP fluorescence was analyzed by flow cytometry. Bars represent the means + SEM of three independent experiments. Statistical significance was
determined by ordinary two-way ANOVA with Bonferroni’s multiple comparisons of means (*“p < 0.01). Raw data (overlaid histograms) representative of one experiment are
shown in Figure S5. (D) Tumorospheres cultures in 24-well plates and infected for 48 h by oHSV/Nb-gD (1 0° PFUs/mL) were either analyzed by epifluorescence for EGFP
detection (left panels) or fixed forimmunostaining of nestin (white) or CXCR4 (red) and GFP detection (green). Nuclei were labeled with DAPI (blue). Images were recorded with
a NIKON A1R confocal microscope. Scale bars represent 100 um. See also Figure S6 for real-time EGFP quantification and images of TO33 tumorospheres infected with
oHSV/gD or oHSV/Nb-gD at a higher titer (10" PFUs/mL).

all primary cell lines were infected by the non-retargeted virus, its ef-  In parallel, tumorospheres were infected with oHSV/Nb-gD (10°
ficacy greatly varied, with T013 being significantly less infected than ~ PFUs/mL) for immunostainings. Forty-eight hours post-infection,
the other cell lines. epifluorescence observation of oHSV-infected tumorospheres
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Figure 4. Efficacy of the oHSV arming

(A) The replication efficacy of the non-armed (0HSV/Nb-gD) and sTRAIL-armed
(oHSV/Nb-gD:sTRAIL) oncolytic viruses was evaluated with a growth curve assay.
U87MG CXCR4* cells were infected at a MOI of 1, and supernatant was harvested
24,48, and 72 h post-infection and used for titration as previously described.*® The
number of foci was calculated based on Incucyte S3 imaging. Bars represent the
means + SEM (PFUs/mL) of three independent experiments. The lack of statistical
difference is confirmed by unpaired t test analysis. (B) PARP and caspase 3
cleavage was evaluated by western blot analysis on total cell extracts from US7MG
CXCR4* cells infected for 18 h by oHSV/Nb-gD or oHSV/Nb-gD:sTRAIL (MOI: 0.5
or 1). gD and a-tubulin detection were used as infection or loading control,
respectively. (C) Apoptosis was measured at different time points by flow cytometry
using annexin V/DAPI labeling of U87MG CXCR4™" cells infected by oHSV/Nb-gD or
oHSV/Nb-gD:sTRAIL (MOI: 5). The percentage of apoptotic cells corresponds to
early (annexin V*/DAPI") and late apoptotic (annexin V*/DAPI*) cells. Percentages
of apoptotic cells upon infection at other MOI (1, 5, and 10) are shown in Figure S7.
In parallel, cells were incubated with resazurin to evaluate the viability upon oHSV
infection. Bars (percentage of apoptotic cells) and dots (percentage of viability)
represent the means + SEM of three independent experiments. Statistical signifi-

revealed that EGFP intensity was very low in T08 and much brighter
in T033, confirming that the level of infection reflects the level of
CXCR4 expression (Figure 3D, left panels). Tumorospheres were
then fixed for immunostainings. Confocal microscopy of oHSV/
Nb-gD-infected tumorospheres sections confirmed that only very
few TO8 cells were EGFP*, while more infected cells were observed
in T013, T018, and T033 tumorospheres (Figure 3D). Although no
clear co-localization between EGFP and CXCR4 was observed at
the cellular level, infected cells were usually observed in the
CXCR4" area.

In vitro evaluation of the efficacy of the sTRAIL arming
oHSV/Nb-gD, shown to be efficiently retargeted and to specifically
infect CXCR4" cells, was further armed with the gene coding for
SsTRAIL under the control of the nestin promoter to trigger apoptosis
upon viral infection. First, we showed that the armed and non-armed
OHSVs replicated with the same efficacy in Vero CXCR4" (data not
shown) or US7MG CXCR4" cells (Figure 4A), demonstrating that
the arming does not impair oHSV replication. The efficacy of sSTRAIL
to trigger the apoptosis pathway was analyzed either by western blot-
ting or using an annexin V/DAPI assay, while the viability was eval-
uated by measuring the cellular metabolism with resazurin. The
expression of sTRAIL upon infection of U87MG CXCR4" by
OoHSV/Nb-gD:sTRAIL led to the cleavage of PARP and caspase 3,
while no cleavage was observed upon oHSV/Nb-gD infection (Fig-
ure 4B). The annexin V/DAPI assay further confirmed apoptosis in
oHSV-infected U87MG CXCR4" cells. sSTRAIL-induced apoptosis
was detectable 48 hpi and reached significance only 72 hpi, with an
average of 36% of apoptotic cells upon oHSV/Nb-gD:sTRAIL infec-
tion compared with 12% upon oHSV/Nb-gD infection (Figure 4C).
At 72 hpi, the percentage of apoptotic cells upon oHSV/Nb-
gD:sTRAIL infection increased according to the MOI, which was
not the case with the non-armed oHSV (Figure S7). Interestingly,
the viability of the cells infected by oHSV/Nb-gD or oHDSV/Nb-
gD:sTRAIL measured 24, 48, or 72 hpi was not statistically different
(Figure 4C).

When used to infect patient-derived GSCs tumorospheres, oHSV/
Nb-gD:sTRAIL led to the expression of gD and sTRAIL as measured
by qRT-PCR, and this expression was significantly higher in T033 tu-
morospheres (Figures 4D and 4E).

Evaluation of the therapeutic efficacy of oHSV/Nb-gD and oHSV/
Nb-gD:sTRAIL using an orthotopic xenograft GBM model

The capacity of oHSV/Nb-gD and oHSV/Nb-gD:sTRAIL to impact
tumor growth was evaluated in vivo using an orthotopic xenograft

cance was determined by ordinary two-way ANOVA with Bonferroni’s multiple
comparisons of means (***p < 0.001). (D and E) Patient-derived GSCs (T08, TO13,
TO18, and TO33) were cultured as tumorospheres in 24-well plates and infected with
OHSV/Nb-gD or oHSV/Nb-gD:sTRAIL (10° PFUs/mL). gD and sTRAIL relative
expression was analyzed 48 hpi by qRT-PCR as illustrated by a representative
experiment. gD (D) and sTRAIL (E) mRNA level in oHSV/Nb-gD:sTRAIL-infected TO8
are considered as the baseline (ND, not detected).
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(A) Schematic representation of the experimental settings. Nude mice were engrafted with U87MG CXCR4*Luc™ cells and virus or PBS was injected in the tumor on day 7.
Mice were sacrificed on day 22 (n = 9 in each group). (B) Mice were regularly weighed, and for each mouse, the weight change is expressed as a percentage to the weight on
day 0, considered as equal to 100%. (C) Bioluminescence activity was recorded with Xenogen IVIS 50 on day 6, 13, and 20 after engraftment. See also Figure S9 for biolu-
minescence imaging. (B) and (C) represent the means + SEM (n = 9 in each group). Statistical significance was determined by two-way ANOVA with Tukey’s multiple com-
parisons of means (*p < 0.05; **p < 0.01; **p < 0.001). (D-F) On day 22, brain from five mice were sectioned for immunostaining of human vimentin and the measurement of
the tumor volume by 3D reconstruction (D) Data represent the means + SEM. Statistical significance was determined by Kruskal-Wallis test (“p < 0.05). Representative pic-
tures of serial sections of two mice/group as well as the estimated volume of the corresponding tumor are shown in (E). In parallel, brain from the four other mice were divided
into three parts (frontal, middle, and occipital), which were frozen and treated independently for RNA extraction and gRT-PCR analysis of hCXCR4 expression (F). For each
sample, PBS-treated mice (middle sample) are considered as the baseline. Bars represent the means + SEM. Statistical significance was determined by two-way ANOVA
with Tukey’s multiple comparisons of means with a single pooled variance (*p < 0.05; **p < 0.01).

GBM mouse model. A first experiment was set up with engraftment of
5 x 10* U8MG CXCR4*Luc" into the right striatum under stereo-
tactic control (Figure S8A). PBS or oHSVs (1.4 x 10° PFUs in
2 pL) were injected within the tumor on day 16. Weekly biolumines-
cence analysis revealed a very rapid tumor growth in all groups, even
beyond oHSV intratumoral injection, although tumor growth ap-
peared slightly reduced in oHSV/Nb-gD- or oHSV/Nb-gD:sTRAIL-
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treated mice compared with PBS-treated mice (Figure S8B). From
day 19 on, PBS-treated mice health status rapidly evolved toward a
critical point that justified sacrifice on day 24 (Figure S8C). Although
not conclusive, these results paved the way for the design of another
experiment, in which PBS or oHSVs (1.4 x 10° PFUs in 2 pL) were
injected on day 7 after engraftment of 5 x 10* US7MG
CXCR4"Luc" GBM cells (Figure 5A). Body weight was monitored
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every 2™ day, and bioluminescence recording was performed weekly
to evaluate the tumor size evolution. On day 22, mice were anesthe-
tized and either perfused with saline solution only (for RNA extrac-
tion from brain tissue) or followed by paraformaldehyde to allow im-
munostaining analyses. Contrary to oHSV-treated mice which
temporarily lost weight just after virus infection but showed a contin-
uous weight gain until the end of the experiment, PBS-treated mice
displayed a clear weight loss from day 20 on (Figure 5B). On day 6,
the tumor size appeared homogeneous among groups, with no signif-
icant difference in the bioluminescent signal (Figures 5C and S9A).
On day 13, bioluminescence in PBS-treated mice dramatically
increased up to day 20, whereas the signal in oHSV-treated mice re-
mained similar to day 6 or even decreased, becoming even undetect-
able in some mice (Figure 5C). All mice were sacrificed on day 22, and
brains were harvested for either anti-human vimentin immunohisto-
chemical staining and tumor size measurement (five mice/group) or
RNA extraction and qRT-PCR analyses (four mice/group). The size
of the tumor, calculated by measuring the area positive for human vi-
mentin on serial sections and 3D volume reconstruction, clearly
showed a significant impact of both oHSV/Nb-gD and oHSV/Nb-
gD:sTRAIL treatment, even if no significant difference was observed
between the two viruses (Figures 5D and 5E). For RNA extraction,
right hemispheres, in which the cells were engrafted, were divided
into three parts (frontal, middle, and occipital). Human CXCR4
expression, reflecting the presence of implanted human CXCR4"
GBM cells, was evaluated in each block individually and expressed
as the relative expression to the level of expression in the middle
part of PBS-treated mice brains (Figure 5F). Overall, human
CXCR4 expression was significantly decreased in oHSV-treated
mice compared with PBS-treated mice. In both oHSV-treated groups,
differences in the level of expression of hCXCR4 were observed be-
tween the three blocks, with a higher abundance of human transcripts
detected in samples corresponding to the frontal and middle samples,
covering the initial site of engraftment. These results were confirmed
by gRT-PCR for human nestin and TBP (data not shown) and
corroborated bioluminescence analyses that showed some signal,
although quite low in oHSV-treated mice (Figure S9A). At the end
of the experiment (15 days after virus injection), we were unable to
detect gD or sTRAIL neither by immunohistochemistry nor by
qRT-PCR (data not shown).

To verify whether, in vivo, oHSVss effectively replicate in tumor cells
and sTRAIL is expressed, this experiment was repeated with the same
settings, but mice were sacrificed 2 days after virus injection. Right
hemispheres were divided into three parts (frontal, middle, and occip-
ital), and total RNA was extracted from the brain tissue. gD and
STRAIL relative expression measured by qRT-PCR demonstrated
the presence of gD transcripts in brains injected with oHSV/Nb-gD
and oHSV/Nb-gD:sTRAIL, while sTRAIL transcripts were detected
only in the oHSV/Nb-gD:sTRAIL group (Figures S9B and S9C).

Finally, a survival assay was set up with similar experimental settings
(Figure 6A). U87MG CXCR4 Luc” cells were injected under stereo-
tactic control. All mice developed tumors (Figure S10A) and viral sus-

pension, or PBS was injected within the tumor on day 7. Body weight
was monitored every 2" day, and mice were sacrificed when showing a
significant weight loss or severe clinical signs. From day 19, all PBS-
treated mice continuously lost weight, while oHSV-treated mice
started to lose weight only on day 29, with the mice still alive
35 days after infection continuing to gain weight (Figure S10B). Again,
tumor size appeared similar in all groups just before (day 5) virus in-
jection (Figures 6B and S10A). However, one week after the intratu-
moral injection (day 13), bioluminescence signal in oHSV-treated
mice was significantly reduced compared with the PBS group. In these
oHSV-injected tumors, bioluminescence was very low and even unde-
tectable in four of six and three of five mice in oHSV/Nb-gD and
oHSV/Nb-gD:sTRAIL, respectively (Figures 6B and S10A). However,
no significant difference was observed between oHSV/Nb-gD and
oHSV/Nb-gD:sTRAIL-treated mice (Figure 6B). Importantly, while
all PBS-treated mice died between day 21 and 27, the oHSV-treated
mice death was significantly delayed, with the first deaths observed
on day 31 (Figure 6C). At day 61, one of six oHSV/Nb-gD- and two
of five oHSV/Nb-gD:sTRAIL-treated mice were still alive.

Taken together, all these results show that oHSV/Nb-gD and oHSV/
Nb-gD:sTRAIL are suited for intratumoral injection in GBM ortho-
topic models and exert a potent oncolytic activity in vivo.

DISCUSSION

GBM remains the most aggressive form of adult brain cancer, associ-
ated with a dismal prognosis. Therapeutic failure and high recurrence
rate endorse the need for novel, alternative, or add-on approaches to
improve the standard-of-care therapy. GBM exhibits a wide cellular
diversity, with malignant cells being highly heterogeneous in terms
of molecular profile, phenotype, tumorigenic potential, and resistance
to treatment. Such heterogeneity is largely accountable for tumor
recurrence.

GSCs display stemness features, appear more resistant to radio- and
chemotherapies, and are endowed with increased tumorigenicity.”’
Targeting GSCs thus appears as an opportunity for new therapeutic
approaches. A wide variety of therapeutic strategies aiming to target
GSCs have been evaluated in preclinical models and are being clini-
cally translated.”® However, considering the biological complexity
and phenotypic plasticity of those cells, the main hurdle is to target
GSCs without impairing normal tissue. In the perspective of eradi-
cating peculiar GBM cell entities, such as GSCs, highly specific and
targeted strategies should be considered.

Oncolytic virotherapy has been proposed as a promising avenue for
GBM therapy, and herpesviruses offer numerous opportunities for
tailored design and targeting strategies. oHSVs are the first viruses
approved by the U.S. Food and Drug Administration (FDA) for viro-
therapy. Their mechanism of cell entry is well documented”' and can
be modified to restrict oHSV entry into cells that specifically express a
receptor of interest at their surface. oHSV retargeting requires the
replacement of the viral glycoprotein domain important for their
interaction with either the heparan sulfate or the natural receptors
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by a ligand specific for a protein of interest. Single-chain antibodies
(scFv), cytokines, or specific ligands have been described for their
efficacy to retarget oHSV.”' * In our study, we describe oHSV retar-
geting using a nanobody. Nanobodies correspond to the single heavy
variable domain of camelid antibodies. They can be quite easily ob-
tained by screening either immune or artificial libraries characterized
by a huge sequence diversity and thereby constitute an interesting tool
for oHSV customization and specific targeting.
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Figure 6. Survival assay upon oHSV/Nb-gD or oHSV/
Nb-gD:sTRAIL treatment

(A) Schematic representation of the survival assay
experimental settings. (B) Bioluminescence activity of
nude mice engrafted with 5 x 10% U87MG CXCR4 Luc*
cells was recorded with Xenogen VIS 50 on day 5
(2 days before treatment) and 13 (6 days after treatment).
Bars represent the means + SEM. Statistical significance
was determined by two-way ANOVA with Tukey’s multi-
ple comparisons of means. (**p < 0.01). See also Fig-
ure S10B for bioluminescence imaging. (C) Probability
of survival of mice treated with PBS (n = 7), oHSV/Nb-
gD (n = 6), or oHSV/Nb-gD:sTRAIL (n = 5). The red arrow
indicates the day of treatment (day 7). Statistical signifi-
cance was determined by log rank (Mantel-Cox) test
(***p < 0.0001). See also Figure ST0A for weight follow-
up.

(based on health status)

In this study, GBM has been chosen as a model
to evaluate the nanobody-based oHSV retarget-
ing. As a proof of principle, we considered to
genetically engineer an oHSV whose gD is
modified by the insertion of a nanobody able
to recognize hCXCR4, a chemokine receptor
expressed on several GBM cell subtypes,
including GSCs. CXCR4 has been associated
with cancer cell proliferation, tumorigenesis,
and migration, and its expression correlates
with a poor prognosis.” In addition, we have
previously shown CXCR4" cells as able to
move away from the tumor core and specifically
invade the subventricular zones,”’ and targeting
of CXCR4 therefore appears as an encouraging
approach. The CXCR4-retargeted oHSV des-
cribed in this paper (namely oHSV/Nb-gD)
has been engineered from an attenuated back-
bone (AICP34.5, AICP6, and AICP47), whose
safety in GBM treatment has been largely docu-
mented."’ Other oHSVs retargeted to the
epidermal growth factor receptor (EGFR), the
human receptor tyrosine-protein  kinase
erbB-2 (hHER2), the interleukin-13 recep-
tor, the epithelial cell adhesion molecule
(EpCAM), or the urokinase plasminogen acti-
vator receptor; all described to be overexpressed
in cancer tissues have been constructed and
characterized.”’ *® Contrarily to the oHSVs described in this paper,
all these retargeted viruses were engineered in a non-attenuated
HSV background, inducing a higher level of viral replication. Howev-
er, their safety only relies on the tight control of their entry into cancer
cells and consequently requires an absence or a very low expression of
the target of interest on healthy cells. Similarly, the CXCR4-retargeted
oHSVs entry depends on the capacity of the virus to specifically
interact with a receptor, but its attenuated character limits its
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replication in non-cancer cells, improving its safety. We show that the
CXCR4-retargeted virus (oHSV/Nb-gD) can specifically infect in a
CXCR4-dependent manner, not only U87MG CXCR4" but also pa-
tient-derived GSCs, despite a much lower CXCR4 endogenous
expression. In vitro, when armed with a secreted form of TRAIL
(oHSV/Nb-gD:sTRAIL), this virus is able to trigger apoptosis. The
replication of these oncolytic viruses in cells transduced with
CXCR4 is not impaired by the retargeting or the arming. Importantly,
when inoculated at high titers (10" PFUs/mL) on primary GBM cells
expressing a high level of endogenous CXCR4 (T033), both the retar-
geted and the non-retargeted viruses show the same kinetics and the
same efficacy of infection.

When used in vivo in an orthotopic xenograft model of GBM, in
which U87MG CXCR4" cells were engrafted, both sSTRAIL-armed
and non-armed oHSVs were able to limit the tumor progression
and to significantly improve mice survival. Even though sTRAIL
triggers apoptosis in vitro, its impact in the xenograft model seems
to be limited. Contrarily to the sTRAIL-armed oHSV previously
described in the literature and whose expression is driven by the
HSV immediate-early promoter IE4/5,””*" sTRAIL expression in
OHSV/Nb-gD:sTRAIL is driven by the nestin promoter. Although
nestin is overexpressed in most GBM tumors,”® it might not be
activated at the same level in all GBM cells and hence be too
restrictive for an optimal expression of sTRAIL. Moreover,
in vitro, the percentage of apoptotic cells as measured by flow cy-
tometry does not reflect the strong impact of oHSV infection on
U87MG viability (Figure 4C). The oncolysis mediated by the virus
itself may hide the sTRAIL-induced apoptosis when high MOI are
used.””** The efficacy of the arming should be further evaluated
in vivo in the xenograft model after engraftment of patient-derived
GSCs. If needed, a stronger promoter should be considered to
drive STRAIL expression. U87MG CXCR4" cells engrafted in the
xenograft model have a very rapid growth kinetics. Such a rapid
growth can hamper the total elimination of the tumor after a single
virus injection and could explain the regrowth observed in some
mice. In this context, it would be worth evaluating the impact of
repeated injections or of continuous delivery of the virus thanks
to a mini-osmotic pump system.’’ In addition, the role of the tu-
mor microenvironment and especially of the innate immune
response should not be underestimated. oHSV virotherapy has
been shown to rapidly activate natural killer (NK) cells that
diminish the virotherapy efficacy,” while adenovirus virotherapy
has been shown to induce a phenotypic shift of macrophages
from pro-tumoral M2-like toward the anti-tumoral and pro-in-
flammatory MI-like phenotype.”® A deeper characterization of
the tumor microenvironment upon virotherapy will provide
important information that might help to improve the treatment.

Animportant issue that must be carefully studied when targeting tumor
cells is the fact that healthy cells might express the protein of interest
and thus be infected by the oncolytic virus. Although in our study
oHSVs are attenuated, this issue must be taken into consideration.
CXCR4 is mainly expressed in the bone marrow or lymphoid

tissues and poorly expressed in the brain (https://www.proteinatlas.
org/ENSG00000121966-CXCR4). Taking into consideration that the
oHSV is injected within the tumor, CXCR4 expression on non-tumoral
cells in the vicinity of the tumor must, however, be considered. Based on
publicly available patient-derived transcriptomic data, CXCR4 is ex-
pressed in malignant cells, in endothelial cells within the tumor, and
on tumor-associated macrophages (TAMs) and tumor-infiltrating lym-
phocytes (TILs).” The capacity of the CXCR4-retargeted virus to infect
and potentially destroy these cells, especially endothelial cells and M2-
like macrophages, would certainly be of interest; still, the benefit and risk
balance has to be assessed very carefully. Unfortunately, the anti-
hCXCR4 nanobody used in this study does not recognize the murine
CXCR4, which limits the questions that could be addressed in the hu-
man GBM xenograft model. We are currently screening a nanobody li-
brary to identify nanobodies that recognize both the human and murine
CXCR4 receptor. Such nanobodies would allow not only to address
important issues, such as the undesired targeting of healthy cells, but
also to evaluate the importance of the immune response and particularly
of the adaptive immune response, this latest requiring a syngeneic GBM
murine model.

Altogether, the results described in this proof of principle study show
that the retargeting of oHSVs by the insertion of a nanobody appears
highly encouraging and constitutes an interesting approach for the
targeting of GBM cell subsets, e.g., GSCs, expressing specific proteins
of interest. Our data support the idea that a set of nanobodies specific
for diverse GSCs markers may be used to customize oHSVs that could
be exploited as an add-on to complement the current standard-of-
care therapeutic approaches.

MATERIAL AND METHODS

Cell lines

Vero cells (ATCC; no. CCL-81) and human glioblastoma U87MG
(ATCGC; no. HTB-14) cells were maintained in Dulbecco’s modified Ea-
gle medium (DMEM) (Biowest, VWR Inernational, Leuven, Belgium)
supplemented with 10% fetal bovine serum (FBS). J1.1-2 cells are
HSV-1-resistant baby hamster kidney cells lacking both HVEM and
nectin-1, two natural HSV-1 receptors. J/A and J/C cells are J1.1 trans-
duced with HVEM and nectin-1, respectively (kind gift of Prof. G. Cam-
padelli-Fiume [University of Bologna, Italy]). They were cultured with
DMEM supplemented with 5% of FBS. J/A and J/C cells were treated
with 400 pg/mL of G418 (Invivogen, Belgium). Vero CXCR4™ and
U87MG CXCR4" obtained by transduction of a lentivirus (Viral Vector
platform, University of Liége) were treated with 20 ng/mLand 10 ng/mL
of blasticidin (Invivogen, Belgium), respectively. Primary GBM primary
cultures (T08, T013, T018, and T033) were established from freshly re-
sected human GBM tissue obtained from GBM patients. They were
cultured as tumorospheres in stem cell medium (DMEM/F-12 with
GlutaMAX [Gibco, Fisher Scientific, Belgium] supplemented with
B27 [1/50] without vitamin A [Gibco, Fisher Scientific, Belgium], 1%
penicillin-streptomycin ~ [Biowest, VWR Inernational, Leuven,
Belgium], 1 pg/mL of heparin [no. 7692.1; Carl Roth, Belgium], human
EGF [20 ng/mL; BioLegend, Amsterdam, The Netherlands], and BFGF
[20 ng/mL; BioLegend, Amsterdam, The Netherlands]).
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Table 1. Primers used for qRT-PCR

Reverse

5-TTATCTTCACGAGCCGCAGG-3'

5-TGTGTTGCTTCTTCCTCTGGT-3"

5-TTTCACGTTTGCAACTGTCC-3'

5-GGCAGAAAGCTGTCCAAGTC-3'

5GGAGTGGTAGTGGAGGTGGA-3'

5-CCTTGGATGTGGTAGCCGTTT-3'

Forward
HSV-1 gD 5'-GCCCCGCTGGAACTACTATG-3'
STRAIL 5'-CATCGAGAACGAGATCGCCC-3'
sOx2 5 AGTCTCCAAGCGACGAAAAA-3'
POU3E2 5'-CTGACGATCTCCACGCAGTA-3'
SALL2 5 ACTCCTCTGGGGTGACCTTT-3'
188 5-AACTTTCGATGGTAGTCGCCG-3'
hTBP 5'-ACAGCCTGCCACCTTACG-3'

5 TGCCATAAGGCATCATTGGACTA-3'

Construction of recombinant oHSVs

Recombinant viruses were engineered in fHsvQuik-1 BAC contain-
ing an attenuated strain F HSV-1 (Ay34.5, AUL39, GFP*; kind gift
from A. Chiocca from the University of Pittsburgh, USA). Recombi-
nants were obtained by the two-step Red recombination technique
“en passant.””’ ICP47 deletion was done as described by Todo
et al.”® The detargeting of gD from its natural receptors was per-
formed according to Uchida et al."’ For retargeting, we inserted a
patented sequence coding for a nanobody against human CXCR4
receptor (CXCR4-NB; WO2016156570A1) in the gD coding
sequence. The “arming” sequence containing a soluble form of
TRAIL (sTRAIL)* under the nestin promoter was inserted before
the ICP6 promoter as shown in Figure 1. A double mutation
(D285N and A549T) was inserted within gB to compensate the
loss of infectivity generally observed upon gD retargeting.*
CXCR4" Vero cells were plated in 6-well plate at 40% confluence
and transfected with 3 pug of BAC using JETPEI (Polyplus, Illkirch,
France). Viral replication was detected 48 h after transfection by the
visualization of fluorescent foci. Virus stocks were produced and
concentrated as previously described.” Briefly, cells were infected
at Jow MOI (0.005) and cultured for 4 to 5 days at 33°C. The day
before the experiment, cells were treated with 0.45 M of NaCl
and 100 pg/mL of dextran sulfate. Supernatant was collected and
centrifuged at 2,200 g for 10 min at 4°C and then filtered with
0.8-um filter to discard cell debris. Then, viral particles were ultra-
centrifugated at 47.850g at 4°C using Beckman SW27 rotor. Centri-
fugated virus was resuspended in PBS with 10% glycerol, aliquoted,
and stored at —80°C. Plaque assay in Vero CXCR4" was used to
titrate the virus and determine the amount of PFUs/mL.*

Viral growth assay

U87MG CXCR4" or Vero CXCR4" cells were seeded in a 12-well
plate and infected with oHSV/gD, oHSV/Nb-gD, or oHSV/Nb-
gD:sTRAIL at a MOI of 1 for 24, 48, or 72 h. Supernatant was then
harvested, and titer (PFUs/mL) was determined by plaque assay as
previously described.”” The number of foci was calculated based on
Incucyte S3 imaging.

Entry assay

J1.1-2, J/A, and J/C cells were seeded in a 24-well plate the day
before infection. Cells were infected with a MOI of 1, 0.1, and
0.01. After 48 h, cells were fixed with 4% paraformaldehyde and
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washed with PBS. Images were collected with the Incucyte S3
(Sartorius).

gRT-PCR
Total RNA was isolated using the RNA isolation Nucleospin kit (Ma-
cherey-Nagel) according to the manufacturer’s protocol. Five hun-
dred nanograms of RNA was reverse transcribed using RevertAid
H Minus First Strand cDNA Synthesis Kit (Thermo Scientific) with
random primers (for gD or sSTRAIL transcripts detection) or oligo-
dT primers (for stemness markers transcripts detection). TBP or
18S were used as controls. qRT-PCR reaction samples were prepared
as follows: 4 pL of the diluted cDNA (2.5 ng in total for gD and
sTRAIL or 10 ng in total for stemness markers) were mixed with
5 pL of SYBR green (TAKYON, Eurogentec, Liege, Belgium) and
0.2uM of each primer in a final volume of 10 pL. Primers used for
transcripts detection are described in Table 1. Quantitative real-
time PCR was done using the Roche LightCycler 480 (3 min at
95°C of activation; 45 cycles: denaturation 95°C, 3 s; hybridization
and elongation 60°C, 25 s).

Flow cytometry

For CXCR4 detection by flow cytometry, cells were plated in 6-well
plate 2 days before analysis or cultured as tumorospheres. Tumoro-
spheres and cells cultured as monolayers were washed with PBS and
dissociated by incubating the cells for 10 min at 37°C with Accutase
(Biowest, Nuaillé, France). Dissociated cells were centrifugated at
350g for 5 min at 4°C and washed with flow cytometry buffer (PBS
with BSA 1%, EDTA 1 mM, and ADE 0.1%). Five microliters of anti-
gen-presenting cell (APC)-conjugated anti-CXCR4 antibody
(BioLegend, Amsterdam, the Netherlands) were added to 1 x 10° cells
in 100 pL of flow cytometry buffer (dilution 1/20) and kept at 4°C for
1 h in the dark. Cells were washed by adding 1 mL of flow buffer and
centrifugated at 400g for 4 min at 4°C. After a second wash, cells were
resuspended in 200 pL of flow buffer and directly analyzed with the
FACS CANTO II (BD Biosciences). Data were analyzed with FlowJo
software.

Annexin/DAPI assay

For annexin V/DAPI apoptosis assay, 92,000 cells were seeded in a
12-well plate and infected with a MOI of 1, 5, or 10 for 72 h. Cells
were collected and resuspended in 140 pL of 1X Binding Buffer (ref.
556,454; BD Pharmingen). Ten microliters of DAPI (Invitrogen;
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1:100) and 5 pL of annexin V-PE (ref. AB 2869071; BD Biosciences)
were added, and cells were incubated for 15 min at room tempera-
ture (RT) in the dark. Finally, 200 pL of 1X Binding Buffer was
added and samples were directly analyzed with the FACS
FORTESSA (BD Biosciences). Data were analyzed with FlowJo
software.

Viability assay

U87MG and U87MG CXCR4" cells were plated in a 12-well plate
and infected with the different viruses at a MOI of 5. Measure of
viability was done at 24, 48, and 72 hpi by evaluating the metabolic
activity using a resazurin assay. At each time point, media were
removed and replaced by 500 pL of resazurin (20% [v/v] in
DMEM-10% FBS), and cells were further incubated for 4 h at
37°C. Metabolized media were transferred into a 96-well flat-bot-
tom black plate and read (A ex = 535 nm; A em = 595 nm) using
the multi-mode microplate reader (FilterMax F5). Results are ex-
pressed as a percentage of the control.

Real-time measure of the GFP fluorescence

U87MG and U87MG CXCR4" cells were plated in a 24-well flat bot-
tom plate (46,000 cells/well). After 24 h of monolayer culture, cells
were infected with oHSV/gD or oHSV/Nb-gD (MOI: 0.1) and incu-
bated in the Incucyte S3 for real-time analyses of the mean EGFP fluo-
rescence intensity with the whole well module (magnification 4x).

Patient-derived GSCs were seeded in 96-well round bottom plate
(100,000 cells/well) in stem cell medium. Twenty-four hours after
seeding, tumorospheres were infected with oHSV/gD or oHSV/Nb-
gD (10* PFUs/well) and incubated in the Incucyte S5 for a real-
time analysis of the mean EGFP fluorescence intensity with the
organoid module (magnification 4x).

Immunofluorescence staining on tumorospheres

Tumorospheres were infected with 10° PEUs/mL. Forty-eight hours
post-infection, cells were washed and fixed with 4% paraformalde-
hyde for 20 min and incubated overnight with 20% PBS-sucrose
before being embedded with colored OCT (Neg-50). Spheroids
were cut into 5-pm-thick cryosections (Microm HM 560, Thermo
Scientific) and placed onto SuperFrost slides (Thermo Scientific).
Sections were permeabilized with 0.3% Triton X-100 PBS solution
for 10 min, and unspecific binding sites were blocked with 5%
BSA for 30 min. Tumorospheres sections were incubated overnight
at 4°C with primary antibodies diluted in 5% BSA (rabbit anti-
CXCR4 [ref. AB124824; Abcam; 1:200]; mouse anti-nestin [ref. sc-
23927; Santa Cruz; 1:250]). After two washes, slides were incubated
for 1 h at RT in the dark with secondary antibodies (goat anti-
mouse Alexa Fluor 633 and goat anti-rabbit Alexa Fluor 568;
1:500). Nuclei were stained by incubation with Hoechst for
10 min at 1:50,000. Finally, Mowiol (Sigma) was added, and sections
were covered by a coverslip. Images were recorded with Nikon A1R
confocal microscope. Figures were composed and examined with
Image]J software.

Western blot assay

Cells were lysed with radioimmunoprecipitation assay (RIPA)-modi-
fied buffer (50 mM of Tris-HCI, 150 mM of NaCl, 1 mM of EDTA, 1%
NP40, and 0.25% of DOC). Eighty micrograms of proteins were
loaded on a 6% (for PARP and gD detection) or 12% (for caspase 3
and a-tubulin detection) SDS-acrylamide gel. After electrophoresis,
proteins were transferred on a polyvinylidene fluoride (PVDF) mem-
brane (GE Healthcare) according to standard protocols. Mouse anti-
gD was used to determine viral infection level (ref. sc-21719; Santa
Cruz; 1:1,000), and rabbit anti-PARP (ref. 9532; Cell Signaling;
1:1,000) and mouse anti-caspase 3 (CC3) (ref. ALX-804-305; Enzo,
Life Sciences, Brussels, Belgium; 1:1,000) were used to detect the acti-
vation of the apoptotic pathway. Mouse anti-a-tubulin (ref. T6199;
Sigma, 1:2,000) was used as loading control. Horseradish peroxidase
(HRP)-conjugated anti-rabbit-immunoglobulin G (IgG) (ref. 7074;
Cell Signaling) and HRP-conjugated anti-mouse-IgG (ref. 7076;
Cell Signaling) were used as secondary antibodies. Signals were re-
vealed using enhanced chemiluminescence (ECL) and imaged with
LAS4000 charge-coupled device (CCD) camera (GE Healthcare).

In vivo experiments

Adult 6 weeks female immunodeficient Crl:NU-Foxnlnu mice
(Charles River Laboratories, Brussels, Belgium) were used for xeno-
graft experiments. The athymic nude mice were housed in sterilized,
filter-topped cages at the Animal Facility at the University of Liege,
and all experiments were performed as previously approved by the
Animal Ethical Committee of the University of Liege, in accordance
with the Declaration of Helsinki and following the guidelines of the
Belgium Ministry of Agriculture in agreement with European Com-
mission Laboratory Animal Care and Use Regulation. Intrastriatal
grafts were performed following the previously described proced-
ures.”’ Briefly, 50,000 U87MG CXCR4*Luc" cells resuspended in
2 pL of PBS were injected into the right striatum of mice previously
anesthetized with an intraperitoneal injection of a Rompun (Seda-
tivum 2%; Bayer, Brussels, Belgium) and Ketalar (ketamine 50 mg/
mL, Pfizer, Brussels, Belgium) solution (V/V) prepared just before in-
jection. Injection was performed according to stereotactic coordinates
(0.5 mm anterior and 2.5 mm lateral from the bregma and at a depth
of 3 mm), allowing a precise and reproducible injection site. Later, on-
colytic viruses resuspended in 2 puL of PBS were injected, under
similar anesthesia, within the tumor using the same stereotactic coor-
dinates. Mice health status was evaluated daily, and mice were
weighed regularly.

Bioluminescence activity

Immunodeficient nude mice bearing intracranial U87MG
CXCR4"Luc” xenografts were injected intraperitoneally with beetle
luciferin potassium salt (ref. E1605; Promega; 150 mg/kg). Under
anesthesia using 2.5% isoflurane, mice were imaged with a camera-
based bioluminescence imaging system (Xenogen IVIS 50; exposure
time 1 min, 15 min after intraperitoneal injection). Regions of interest
were defined manually, and images were processed using Living Im-
age and IgorPro Software (v.2.60.1). Raw data were expressed as total
counts/s or total counts/min.
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Brain tissue processing and tumor volume measurement

Mice were euthanized with intraperitoneal (i.p.) injection of Euthasol
Vet (140 mg/kg) and intracardiac perfusion of ice-cold saline solution,
followed by paraformaldehyde 4% in PBS (for histology). Brains were
extracted, placed in sucrose 30% for tissue cryopreservation, and
sectioned into 14-pum-thick serial sections using a cryostat. Tumor vol-
ume analysis was performed by immunohistochemistry for human vi-
mentin detection (mouse anti-human vimentin; MAB3400; Merck;
1:200) with PolyviewPlus HRP-DAB kit (Enzo Life Sciences, Brussels,
Belgium). Tumor was delineated based on anti-vimentin positivity.
Ten to twelve serial brain sections were analyzed using the Mercator
software (ExploraNova, La Rochelle, France). 3D reconstitution and
extrapolation of tumor volume were performed using Map3D software.

Statistical analysis

All statistical analyses were performed using GraphPad Prism 9. Data
are displayed as mean + SEM. Depending on the experiments, paired t
test, Kruskal-Wallis, or two-way ANOVAs were performed as indi-
cated in the figure legends. Statistical significance of survival assay
was analyzed by log rank (Mantel-Cox) test.
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1. ACKR3 and GBM Biology

The main project of my thesis aimed to study chemokine-chemokine receptors dialog
in GBM, with a particular emphasis on the ACKR3 receptor, to better understand their

expression and roles in disease progression.

To provide a patient-oriented perspective on the expression and function of chemokine
receptors in GBM, we conducted an initial in silico analysis. This study highlighted the
importance of chemokine receptor CXCR4 which was predominantly overexpressed in
GBM samples and played a crucial role in angiogenesis, cell invasion and treatment
resistance. The ACKRS3 receptor was also found to be significantly expressed in GBM
samples, particularly in the regions with microvascular proliferation. ACKR3-
expressing cells were mainly identified as astrocytic cells, neoplastic cells, and
vascular cells. In the second in silico study, we included the study of chemokines to
analyze chemokine-receptor interactions in GBM. We noticed that, although tumor
cells were the more abundant in the TME, they were not involved in intercellular
interactions based on chemokines and their receptors. In other words, the
chemokine/chemokine receptor dialog appears to mainly concern immune and

inflammatory cells in the GBM TME (e.g. T lymphocytes and/or myeloid cells).

The results of this thesis strongly suggest that, although the ACKRS3 receptor is
expressed in GBM tissue, its role seems less central than that of CXCR4. Our
experimental analyzes indeed show that ACKR3 expression in resected tumors is
mainly observed in TME cells, including monocytes, lymphocytes and NK cells, rather
than in tumor cells themselves. Additionally, our results suggest that the
CXCL12/ACKRS signaling axis may not be as crucial for GBM as other identified axes,
such as CCL5/CCR1 and CXCL16/CXCR6. Considering these results, it would be
relevant to redirect research towards the CCL5/CCR1 and CXCL16/CXCR®6 signaling
axes, which appear to play a more significant role in GBM immunity. A more in-depth

exploration of these axes could open new therapeutic avenues. Regarding ACKR3,
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although its direct role in GBM tumor cells appears at least so far limited, its expression
in TME immune cells suggests that it may be interesting to better understand its
potential role in the GBM TME.

In conclusion, this thesis provided new insights into the expression and role of
chemokine receptors in GBM. Although the ACKR3 receptor is not a major player in
GBM tumor cells, its potential role in the TME and in the CXCL12/CXCR4 signaling
modulation deserves special attention. These discoveries open new perspectives for
the development of targeted therapies and for a better understanding of the

interactions between tumor cells and the immune system in GBM.

¢ Experimental strengths and limitations of the project

Research particularly in the field of GBM is evolving at a sustained pace, requiring
constant adaptation of experimental methods and models. At the time, our laboratory
had chosen to focus on the study of the CXCR4 receptor within tumor cells themselves,
an approach that was in line with the knowledge and advances available at that time.
In line with this research, we decided to adopt a similar approach to study the ACKR3
receptor. However, GBM research has evolved considerably, and it is now impossible
to conceive of studying GBM cells without considering the TME, which plays a major

role in tumor progression.

During my years in the laboratory, | contributed to generating a bank of patient-derived
GBM stem-like cell (GSC) models, an important step forward in understanding GBM
and consolidating the results obtained with GBM lines. Previously, in vivo experiments
were mostly performed with U87, the human GBM cell line. Although these cells are
still widely used due to their ease of manipulation, they have notable limitations as a
model for GBM research. Indeed, U87 cells do not faithfully produce the complexity
and diversity of human GBM, forming often after xenografting experiments, massive
and homogeneous tumors that do not fully reflect reality. | have played a key role in
establishing xenograft models using patient-derived GBM cells. Unlike U87, these

patient-derived GSCs form tumors with a slow development time but are much more
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representative of the biological characteristics of GBM. These tumors are not only
more invasive, but they also better reflect the complexity and clinical challenges
associated with GBM, thus providing a more accurate model to study GBM. Finally,
such a collection of in-house GSC cultures is a key asset for our laboratory and already

has offered a lot of opportunities for sharing material and starting collaborations.

o Perspectives — New models and approaches

Despite their usefulness and being considered a better model compared to cell lines,
patient-derived GSCs have also limitations. Indeed, these models, although they offer
a more faithful representation of GBM, fail to fully reproduce the complexity of the TME.
In addition, these experiments are mostly conducted in immunodeficient mouse
models, which again means that tumors are developed in models lacking a fully
functional immune system. Again, this lack of an immune system is a weakness,
limiting the ability of the models to reflect real immunological interactions. It therefore
becomes necessary to continue to develop more sophisticated models such as the
generation of organoids or other more complex models capable of recapitulating not
only intra- and inter-tumoral heterogeneity but also the tissue architecture that best
reflects the reality observed in the patient.

Currently, we have started to generate organoids from patient tumors, based on the
work of Jacobs et al. 20203'4. Immunofluorescence experiments were performed to
characterize the cell types composing these organoids, revealing the presence of cells
positive for the markers GFAP, Ibal, KI67, Sox2, CD31 and Nestin. It would be
particularly interesting to analyze their immune cell composition, with the aim of
deepening our understanding of the complexity of the TME. Ideally, these organoids
would be generated directly from patient biopsies and then immediately grafted into
the brain of nude mice, without long culture period. This would allow us to work with a
more advanced model, which would more faithfully reproduce the TME of GBM.
However, although this approach is promising, it presents significant logistical
challenges. To implement it, it is necessary to have nude mice available every time a
patient undergoes resection surgery, which is complicated by the fact that surgeries

are rarely planned in advance. Carrying out such experiments would therefore be
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difficult, given that we do not have an animal facility for breeding nude mice so far.
Finally, humanized mice could represent an interesting alternative to this approach
although it is important to note that the cost of these models is particularly high, so is
the difficulty in their establishment. Their use would allow the integration of a human

immune system, thus offering an even more faithful model to study the TME of GBM.

Furthermore, our results, corroborated by numerous studies, show that ACKR3 is
highly expressed not only by the cerebral vasculature but also by astrocytic cells; this
opens the way to new research perspectives, including the study of the impact of
endothelial cells by establishing co-cultures with cells derived from GBM patients.
Innovative advances have recently emerged in the field of models used to study GBM.
For example, one team developed a vascularized tumoroid model to study TME signals
related to angiogenesis in GBM. This model consists of GBM spheroids and
endothelial cells (HUVECs), embedded in a fibrin gel containing dermal fibroblasts.
Although it does not recreate the BBB, the model is sophisticated enough to reproduce
features of angiogenesis®'>. More recently, another team designed 3D scaffolds
mimicking the brain microvasculature to explore the response of co-cultured GBM cells
and endothelial cells to proton radiation. This 3D GBM model constitutes a valuable
tool for in vitro studies®'®. In parallel, another team created a 3D model of perivascular
niche using hydrogel, umbilical vein endothelial cells and GBM cells. After 14 days of
culture, these researchers observed changes in HUVEC networks, differentiation of
GBM cells and an increase in the concentration of certain chemokines such as
CXCL12 and TGFbs'7,

It would also be relevant to generate co-cultures between astrocytes and GBM cells to
better understand the interaction between these cells and to identify the precise role
of ACKRS in this context. Stanke's team developed an innovative co-culture protocol
to study the effects of astrocyte contact on GBM using layer-by-layer assembly and
microvasculature-guided patterning. This model could be used in our research to study
changes in the molecular biology of GBM due to astrocyte contact®'8. Yang et al.
explored how tumor-associated astrocytes influence treatment resistance in GBM.

These researchers co-cultured eGFP+/Luc GBM cells with immortalized astrocytes
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(TNC-1) and treated these cells with TMZ and analyzed cell viability by quantifying
luciferase expression. The results showed that astrocytes significantly increased the
survival of GBM cells after TMZ treatment®'°. Better yet, a team designed a heterotypic
3D spheroid model integrating GBM cells with astrocytes and endothelial cells to better
simulate the cellular components of the TME and study their impact on the expression
of stem cell markers. The researchers highlighted an increase in the expression of

stem cell markers32°,

In conclusion, all these new methods represent major advances in the modeling of the
GBM TME. By combining innovative approaches, such as co-culture models,
multicellular spheroid models, tumor organoid models, we can reproduce in laboratory
more faithfully the complete architecture of the molecular biology of the TME. These
innovations will not only allow us to better understand the interactions between tumor
cells and stromal or endothelial cells but also to simulate with greater precision the

physiological conditions present in vivo.

2. AAV project

This second part of my thesis is conceptually linked to the first part. Indeed, we
conclude from the part that the TME could play an essential role in the tumor
development and in the case, of the GBM, in the tumor relapses. In this second part
of my thesis, we set up a method to analyze in detail the influence of the specific brain
area: the sub-ventricular zone or SVZ. In the AAV project, we have indeed developed
an innovative technique to specifically target GBM cells that have invaded the
subventricular zones. This method not only allowed us to validate our previous work,
which showed that these GBM cells were able to migrate from the tumor mass to the
SVZ, but also confirmed what we had so far only hypothesized: migrating cells do
not remain indefinitely in the SVZ. Indeed, after nesting in this neurogenic zone, they
seem to quickly leave the SVZ to return to the tumor mass. This observation is
particularly interesting because it suggests a dynamic cycle between the tumor mainly
established in the striatum and the SVZ. It seems that tumor cells could use the SVZ

as a “temporary refuge” to overcome harmful therapeutic effects like radiotherapy or
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chemotherapy or to become more aggressive before reintegrating the tumor. This
mechanism could play an important role in the survival and radioresistance of tumor

cells as well as the formation of recurrences.

However, as with the ACKRS project, it remains crucial to validate these findings using
the new AAV targeting method. Previous research in our laboratory had already
demonstrated that SVZ-nested cells were particularly resistant to radiotherapy
compared to their counterparts remaining in the tumor mass and that they actively
participated in the recurrence. Now, using this new targeting method, we can confirm

and consolidate these results with increased precision.

e Perspectives

This model opens fascinating perspectives to deepen our understanding of cellular
dynamics within brain tumors, regarding eGFP+ cells that have migrated to the SVZ
and dsRED+ cells that remained at the injection site or which have invaded other parts
of the central nervous system. The opportunity to compare these two distinct cell
populations in detail is invaluable and would allow us to identify tumor cell
modification(s) induced by the SVZ-microenvironment. By conducting transcriptomic
and proteomic analyses, we could precisely determine how eGFP+ have been
modified and moreover, if those cells play a crucial role in the tumor recurrence
process. These cells could also be specifically isolated by a fluorescence cell-sorting
approach and then be characterized in vitro, to assess their proliferative, invasive and
migratory character in comparison to red cells. One example based on the previous
results described by the host laboratory is to confirm whether and understand how
these cells, after migrating to the SVZ, have a better capacity to repair their DNA
compared to dsRED+ cells that remained in the main tumor. Geno-transcriptomic and
functional analyses could reveal key differences in how these cells respond to cellular

damage.

We could also consider grafting TO33 LRLG cells into mouse models, allowing the

formation of a tumor that contacts the ventricles, followed by the injection of an AAV
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targeting cells that have migrated into the SVZ. After resection surgery to remove the
main tumor mass, we could evaluate the ability of eGFP+ tumor cells to regenerate a
post-surgery tumor. To push the experiment even further, mice could also be subjected
to a radiation protocol combined with TMZ treatment, thus simulating current therapy
conditions. This approach would allow us to observe whether cells that have

encountered the SVZ show resistance to treatments, compared to dsRED+ cells.

In conclusion, such a study could provide important information on the role of migrating
cells in tumor recurrence and open the door to therapeutic strategies based once again
on the AAV method. By specifically targeting these residual cells after standard
treatment combining resection and radiochemotherapy, we could consider inducing
their cell death by integrating a pro-apoptotic gene into the AAV vector. This approach
could offer an innovative method to improve clinical outcomes by reducing the risk of

GBM recurrence.
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