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Preface

This Special Issue explores the brain tumor microenvironment, a complex interplay crucial for

tumor behavior. We aim to achieve the following: characterize tumor microenvironment features;

investigate cell–environment interactions; identify novel therapeutic targets; understand the role

of extracellular vesicles; develop and validate preclinical models; and integrate advanced imaging.

Gliomas, like glioblastoma, pose significant challenges due to their aggressive nature and resistance

to therapies. By understanding the microenvironment, we can develop more effective treatments,

improve patient outcomes, and advance our understanding of tumor biology.

This Special Issue is for neuroscientists, oncologists, radiologists, immunologists,

pharmacologists, and researchers. This work builds upon research emphasizing the heterogeneity

of the brain tumor microenvironment, the importance of patient-derived models, the role of

extracellular vesicles in tumor progression, and the potential of artificial intelligence. By exploring

these intricate interactions, we can unlock new avenues for therapeutic intervention and ultimately

improve patient outcomes.

This Special Issue aims to serve as a valuable resource for advancing our understanding of this

critical aspect of brain tumor biology.

Annunziato Mangiola and Gianluca Trevisi

Guest Editors

ix





Citation: Trevisi, G.; Mangiola, A.

Editorial for Special Issue “Brain

Tumor Microenvironment”. Cancers

2024, 16, 3864. https://doi.org/

10.3390/cancers16223864

Received: 12 November 2024

Accepted: 15 November 2024

Published: 18 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Editorial

Editorial for Special Issue “Brain Tumor Microenvironment”
Gianluca Trevisi 1,2,* and Annunziato Mangiola 1

1 Department of Neurosciences, Imaging and Clinical Sciences, G. D’Annunzio University Chieti-Pescara,
66100 Chieti, Italy

2 Neurosurgical Unit, Ospedale Spirito Santo, 65122 Pescara, Italy
* Correspondence: gianluca.trevisi@unich.it

The tumor microenvironment (TME) is a complex interplay of cells, extracellular
matrix, and signaling molecules that significantly influences tumor growth, invasion, and
resistance to therapy. This Special Issue delves into the intricate relationship between brain
tumors and their surrounding microenvironment, shedding light on critical factors that
drive tumor progression and resistance to treatment.

A comprehensive understanding of the TME is crucial for developing effective thera-
peutic strategies. Xiao et al. [1] highlight the heterogeneity of the TME in brainstem gliomas,
a particularly challenging type of brain tumor. By classifying these tumors based on their
TME characteristics, this study provides valuable insights for developing targeted therapies
that can exploit the specific vulnerabilities of each TME subtype.

Glioblastoma, the most aggressive primary brain tumor, is one of the main focuses of
this issue. Nickl et al. [2] explore the use of patient-derived tumor models to study the TME.
These models offer a unique opportunity to understand the complex interplay between
tumor cells and their microenvironment, including the role of immune cells, stromal cells,
and extracellular matrix components. By studying these interactions, researchers can identify
potential therapeutic targets and develop novel strategies to overcome treatment resistance.

Extracellular vesicles (EVs) are emerging as key players in cancer progression [3].
Jackson et al. [4] demonstrate how EVs secreted by medulloblastoma cells can promote
tumor metastasis by activating specific proteins on their surface, such as matrix metallopro-
teinases. Targeting these EVs may offer a promising approach to prevent tumor spread and
improve patient outcomes.

Artificial intelligence is revolutionizing cancer research. Alturki et al. [5] present a
novel method for classifying brain tumors using deep learning techniques. By analyzing
large datasets of imaging and genomic data, this approach can identify subtle patterns that
may be missed by traditional methods, leading to a more accurate and earlier diagnosis of
brain tumors.

Panigrahy et al. [6] explore the use of magnetic resonance spectroscopy (MRS) to
monitor treatment response in pediatric diffuse intrinsic pontine gliomas (DIPG). By mea-
suring metabolic changes within the tumor, MRS may provide valuable insights into tumor
progression and treatment effectiveness. This non-invasive technique can help clinicians
assess treatment response and adjust treatment plans accordingly.

Brosch et al. [7] investigate the role of sugar transporters in glioblastoma cell migration.
By understanding how these transporters fuel tumor cell movement, we may be able to de-
velop novel strategies to inhibit tumor invasion and metastasis. Targeting these transporters
may offer a promising approach to limit tumor spread and improve patient survival.

Genoud et al. [8] provide a comprehensive review of current therapeutic strategies
for glioblastoma, emphasizing the importance of targeting the TME. By understanding the
complex interactions between tumor cells and their microenvironment, we can develop
more effective treatments. This review highlights the potential of targeting immune cells,
stromal cells, and signaling pathways within the TME to improve treatment outcomes.

Cancers 2024, 16, 3864. https://doi.org/10.3390/cancers16223864 https://www.mdpi.com/journal/cancers1
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The peritumoral brain zone (PBZ) is a critical region surrounding the tumor core that
plays a significant role in tumor recurrence. Trevisi and Mangiola [9] review the biology of
the PBZ, highlighting its unique microenvironment and its impact on tumor progression.
Targeting the PBZ may offer a promising strategy to prevent tumor recurrence and improve
patient survival.

Hypoxia, a condition characterized by low oxygen levels, is a common feature of solid
tumors, including brain tumors. Shi et al. [10] review the role of hypoxia and cancer stem
cells in glioblastoma development. Hypoxia can promote the survival and self-renewal of
cancer stem cells, which are thought to be resistant to treatment and contribute to tumor
recurrence. Targeting hypoxia and cancer stem cells may offer a novel approach to improve
treatment outcomes.

The extracellular matrix (ECM) provides structural support and regulates cell behavior.
Marino et al. [11] review the role of the ECM in glioblastoma, highlighting its modifications
in the tumor microenvironment and its impact on tumor progression. Targeting the ECM
may offer a promising strategy to inhibit tumor invasion and metastasis.

In conclusion, this Special Issue highlights the critical role of the TME in brain tumor
progression. By understanding the complex interactions between tumor cells and their
microenvironment, we can develop more effective therapies to improve patient outcomes.
Future research should continue to investigate the TME and identify novel therapeutic
targets to combat brain tumors.

Conflicts of Interest: The authors declare no conflicts of interest.
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Simple Summary: Cell migration is the main obstacle to the treatment of highly invasive brain
cancer glioblastoma multiforme (GBM). We investigated in vitro the potential role of two solute
carrier proteins (SLCs), SLC5A1 and SLC5A3, and their respective substrates, glucose and inositol, in
GBM cell migration. We found that GBM cell motility was increased by medium supplementation
with glucose and inositol and was strongly impaired by inhibition of SLC5A1/3 proteins. Using
conventional and super-resolution fluorescence microscopy, we showed that both SLCs were not
only highly expressed in migrating GBM cells, but they also localized to the lamellipodia, i.e., the
migration-governing cell protrusions. Taken together, our data suggest that SLC5A1 and SLC5A3 are
involved in GBM cell migration, presumably by mediating solute transport, osmotic water fluxes and
thus local volume regulation in the lamellipodium.

Abstract: (1) Background: The recurrence of glioblastoma multiforme (GBM) is mainly due to
invasion of the surrounding brain tissue, where organic solutes, including glucose and inositol, are
abundant. Invasive cell migration has been linked to the aberrant expression of transmembrane
solute-linked carriers (SLC). Here, we explore the role of glucose (SLC5A1) and inositol transporters
(SLC5A3) in GBM cell migration. (2) Methods: Using immunofluorescence microscopy, we visualized
the subcellular localization of SLC5A1 and SLC5A3 in two highly motile human GBM cell lines.
We also employed wound-healing assays to examine the effect of SLC inhibition on GBM cell
migration and examined the chemotactic potential of inositol. (3) Results: While GBM cell migration
was significantly increased by extracellular inositol and glucose, it was strongly impaired by SLC
transporter inhibition. In the GBM cell monolayers, both SLCs were exclusively detected in the
migrating cells at the monolayer edge. In single GBM cells, both transporters were primarily localized
at the leading edge of the lamellipodium. Interestingly, in GBM cells migrating via blebbing, SLC5A1
and SLC5A3 were predominantly detected in nascent and mature blebs, respectively. (4) Conclusion:
We provide several lines of evidence for the involvement of SLC5A1 and SLC5A3 in GBM cell
migration, thereby complementing the migration-associated transportome. Our findings suggest that
SLC inhibition is a promising approach to GBM treatment.

Cancers 2022, 14, 5794. https://doi.org/10.3390/cancers14235794 https://www.mdpi.com/journal/cancers3
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1. Introduction

Glioblastoma multiforme (GBM) is a high-grade astrocytoma with a dismal prognosis.
Even after surgical resection and radiochemotherapy, the median survival time for patients
does not exceed 15 months [1,2]. Recurrence is mainly due to the diffuse invasion of tumor
cells into the surrounding brain tissue [3,4]. Thus, considerable efforts have been made to
inhibit GBM cell migration [5–7], with many studies focusing on cytoskeletal dynamics at
the leading edge of lamellipodium [8–12].

In addition to lamellipodia and ruffles [13], the leading edge of migrating cancer
cells frequently displays transient spherical protrusions of the plasma membrane, known
as “blebs” [5,14]. Preceding bleb nucleation, the actin cortex underlying the membrane
becomes locally ruptured or detached, allowing the formation of membrane protrusion.
Blebs, initially devoid of filamentous actin, then rapidly inflate and eventually, upon
reconstruction of the actin cortex, contract and disappear [15,16].

According to the osmotic engine migration model [17], a variety of membrane trans-
porters and channels enable a net water/solute-exchange at the anterior and posterior end
of the cell. Interestingly, an increasing number of studies on highly motile cancer cells
have reported a polarized distribution of water and ion channels, collectively known as the
migration-associated transportome [17,18].

In addition to inorganic ions, various small organic osmolytes (SOOs) are also involved
in the cell volume regulation of mammalian cells [19]. Among the most abundant SOOs in
the human brain are glucose [20,21] and inositol [22–25]. Aberrant inositol levels have been
linked to glial proliferation, high-grade astrocytoma and glioblastoma multiforme [26,27],
and the increased glucose uptake of cancer cells has been studied extensively [28].

Cellular glucose and inositol uptake occur via specific transporters belonging to
the solute carrier (SLC) 5-gene family [29,30]. SLC5A1, also known as sodium/glucose
cotransporter 1 (SGLT1), mediates the cellular uptake of glucose, whereas inositol transport
through cell membranes is achieved by SLC5A3, also known as sodium/myo-inositol
cotransporter (SMIT1). Increasing evidence points to the involvement of SLCs in cancer
progression. Not only are many SLC-transporters upregulated in tumor cells [31,32], but
recently, they have come into focus as a marker of cancer phenotype [33,34]. Interestingly,
both SLC5A1 and SLC5A3 are highly expressed in various types of cancer [35].

While glucose is the main metabolic substrate required for cancer cell survival and
proliferation [36], inositol serves as an important osmolyte in cell volume regulation and
fluid homeostasis, particularly in the brain [37]. Inositol is also the precursor of phos-
phatidylinositol 4,5-bisphosphate (PIP2), known as a key signaling lipid in cancer cell
migration [38].

However, little is known about the subcellular expression of the glucose and inositol
transporters SLC5A1 and SLC5A3 and their possible involvement in GBM cell migration.
In this study, we thus examined the impact of glucose and inositol, as well as SLC inhibition,
on the migration of two highly motile glioblastoma cell lines, DK-MG and SNB19. We
also visualized, using immunostaining and fluorescence microscopy, the intracellular
localization of both transporters in migrating and non-motile GBM cells.

2. Materials and Methods
2.1. Cell Culture

Both human glioblastoma (GBM) cell lines, DK-MG and SNB19, were acquired
from DSMZ (Braunschweig, Germany) and routinely cultured under standard conditions
(5% CO2, 37 ◦C) in complete growth medium (CGM), consisting of Dulbecco’s modified
Eagle’s medium (DMEM, Sigma, Deisenhofen, Germany) supplemented with 10% FBS.
Cells were used at low (<15) passages after thawing. In addition, they were authenticated

4
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on the basis of morphology, expression of PTEN and p53, and growth curve analysis and
were regularly tested for Mycoplasma (MycoAlert; Lonza, Rockland, ME, USA).

2.2. Immunostaining

DK-MG or SNB19 cells were seeded at either 5 × 104 or 5 × 103 cells per well, respec-
tively, on eight-well chambered cover glasses (Sarstaedt, Nümbrecht, Germany) and then
washed in pre-warmed (37 ◦C) phosphate-buffered saline (PBS). Cells were fixed using a
PBS solution containing 0.25% glutaraldehyde and 4% paraformaldehyde (methanol-free)
for 10 min at room temperature. Cells were then washed thrice in PBS for 5 min. Perme-
abilization was performed with 0.1% Triton X-100 in PBS for 10 min, followed by three
washing steps with PBS for 5 min. Thereafter, the samples were incubated with blocking
buffer containing 5% bovine serum albumin (BSA; Sigma Aldrich, St. Louis, MO, USA) in
PBS for one hour. Following the blocking phase, cells were incubated for one hour with
either rabbit SMIT1 antibodies (Abcam, Cambridge, UK) or goat SGLT1 antibodies (Everest
Biotech, Bicester, UK) diluted 1:400 in blocking buffer. After incubation with primary
antibodies, the samples were washed 3 times in PBS for 5 min. The cells were stained by
incubating them in blocking buffer with 1:200-diluted Alexa Fluor (AF) 532-conjugated goat
anti-rabbit IgG (Thermo Fisher Scientific, Waltham, MA, USA), AF488-conjugated rabbit
anti-goat IgG (Thermo Fisher Scientific, Waltham, MA, USA), AF647 AffiniPure F(ab’)2
fragment donkey anti-rabbit IgG (Jackson ImmunoResearch, Ely, UK) or AF647-conjugated
donkey anti-goat IgG (Invitrogen, Waltham, MA, USA) for 1 h, respectively. Finally, the
cells were washed 3 times with PBS. For actin-staining experiments, cells were additionally
incubated overnight with phalloidin-conjugated AF647 or AF532 (Thermo Fisher Scientific,
Waltham, MA, USA) diluted 1:200 in PBS at 4 ◦C and washed with PBS prior to measure-
ment. For microtubule staining, following SLC staining, the cells were incubated for 1 h
in mouse anti-β-tubulin antibodies (Sigma Aldrich, St. Louis, MO, USA) diluted 1:200 in
blocking buffer.

Immunostaining of wounded cell monolayers was performed by seeding 5 × 105 (DK-
MG) or 2× 105 (SNB19) cells per well on eight-well chambered cover glasses and incubated
under standard conditions. Upon reaching confluence, the monolayer was scratched with
a pipette tip and the culture medium was replaced to remove the detached cell debris. The
cells were then incubated for 3 h under standard conditions until staining was performed,
as described above.

2.3. Cell Volumetry

Volumetric measurements were performed to analyze cell volume regulation upon
exposure to inositol, glucose, mannitol and sucrose, as described previously. [19,39] Briefly,
detached cells were placed in an observation chamber and allowed to adhere to a poly-
D-lysine-coated glass slide for 10 min prior to observation. Images were taken at 10-s
intervals for 20 min. During measurement, the medium was replaced using a syringe
pump with a perfusion speed set to 20 µL/s. Cell volume changes were induced by
applying SOO solutions of 150 mOsm. Perfusion media (pH 7.4) contained 4.6 mOsm of
K2HPO4/KH2PO4, 0.1 mM CaAc2 and 0.02 mM MgAc2, yielding ~5 mOsm of inorganic
electrolytes. Each experiment was carried out at least 3 times. Starting 30 s into video
recording, 0.5 mL SOO solution was pumped through the chamber. Frames 1–3 served
as a reference for isotonic cell volume (V0). Cell volume was determined by assuming
spherical geometry and measuring the cross-section area with a custom-made ImageJ
plugin [19]. From these volumetric data, we used the following equation to calculate the
SOO-dependent regulatory volume decrease (RVD) inhibition index [40]:

ICRVD =

(
v20 − v0

v5 − v0

)
∗ 100% (1)

with ν0 = 1 as normalized isotonic cell volume and ν5 and ν20 as the normalized cell
volumes after 5- and 20-min exposure to hypotonic medium, respectively. As pointed
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out elsewhere [40], an ICRVD ≈ 0 means complete recovery of initial cell volume, while
ICRVD = 100% shows that RVD was abolished and the cells remained swollen. An ICRVD
larger than 100% indicates continuous secondary swelling.

2.4. Confocal Laser Scanning Microscopy (CLSM)

Confocal fluorescence images were acquired with a Zeiss confocal LSM 700 microscope
using a Plan-Apochromat 63×/1.40 oil immersion objective (Zeiss, Jena, Germany) and
argon laser light excitations at 488, 555 and 639 nm. Image processing was carried out with
ImageJ software.

2.5. dSTORM (Direct Stochastic Optical Reconstruction Microscopy)

Reversible photoswitching of the dyes AlexaFluor 647 and AlexaFluor 532 was per-
formed in a photoswitching buffer containing 100 mM mercaptoethylamine (Sigma) in
PBS at pH ~7.4. A detailed experimental setup for dSTORM was described previously [41].
Measurements were performed in 8-well chambered cover glasses (Sarstaedt, Nümbrecht,
Germany). For localization data processing and image reconstruction, the open access
software rapidSTORM 3.2 was used, as previously described [42,43]. Image processing
was performed with ImageJ. Localization densities were determined via an in-house de-
veloped Python-based DBSCAN (“Density Based Spatial Clustering of Applications with
Noise”) algorithm.

2.6. Gene Expression Profiling Interactive Analysis of SLC5A1 and SLC5A3 in GBM

The bioinformatics tool Gene Expression Profiling Interactive Analysis (GEPIA2 [44],
http://gepia.cancer-pku.cn/index.html (accessed on 24 February 2021)) was used to ana-
lyze patient survival data and tumor-vs.-normal differential expression data from the freely
accessible data banks Genotype-Tissue Expression project (GTEx) and The Cancer Genome
Atlas (TCGA) regarding SLC5A1- and SLC5A3-expression in GBM cells.

2.7. Wound Healing Assay

Cell migration rates were analyzed via a scratch assay. One day prior to measure-
ments, 4 × 105 cells/mL were seeded in a Petri dish (diameter 35 mm) in 2 mL of CGM
supplemented with 30 mM glucose (GLU) or inositol (INO). CGM supplemented with
30 mM of metabolically inert mannitol (MAN) served as a tonicity control. Before starting
the video microscopy experiments, several wounds were introduced into the confluent
cell monolayer by gentle scratching with a pipette tip, followed by removal of culture
media, a washing step with PBS and addition of the respective SOO-supplemented media.
Afterwards, the cells were placed for 18 h in an incubator (37 ◦C, 5% CO2, 20% O2) with
an integrated camera (Biostation IM-Q, Nikon, Melville, NY, USA). For the inhibition
experiments, 50 nM of phlorizin was present 3 h prior to and during the video recording.
Phlorizin is a competitive inhibitor of SLC5A1 [45] and inhibits SLC5A3 [46]. For each
experimental condition, ~10 regions of interest (ROI) were recorded for 18 h. Images of
each ROI were acquired every 10 min with an image resolution of 1600 × 1200 and a pixel
size of 0.44 µm2/pixel. The wound closure rate (µm2/min) for each condition was then
determined as previously described [5,7].

2.8. Statistical Analysis

Data are presented as mean ± SE unless otherwise noted. A Student’s unpaired t-test
was performed when statistical comparisons were made between two sets of data. A
p-Value of <0.05 was considered significant and indicated by “*” where applicable.

3. Results

Increasingly, aberrant expression of the SLC5 sub-family members has been linked to
cancer cell invasion and metastasis [33]. Biopsy analysis of GBM also revealed expression of
the proteins SLC5A1 and SLC5A3 in brain tumors (Supplementary Materials Figure S1A,B).
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Moreover, glucose and myo-inositol, the substrates of these transporters, are abundant in
brain tissue, with inositol even serving as an NMR biomarker in GBM diagnostics [27,47].
However, little is known about the role of these solutes’ transport in GBM cell invasion
and migration. We therefore examined in two highly motile GBM cell lines, DK-MG and
SNB19, (1) the impact of elevated concentrations of glucose and inositol on the migratory
activity by wound healing assays, (2) the subcellular expression patterns of SLC5A1 and
SLC5A3 proteins by fluorescent immunostaining and (3) the GBM membrane permeability
for glucose and inositol by osmotic swelling assay.

3.1. Wound-Healing and Chemotaxis Assays

Using time-lapse video-microscopy, we first examined the wound closure rates in DK-
MG and SNB19 cell monolayers exposed to slightly hypertonic growth media supplemented
with 30 mM glucose or inositol. In the hypertonic control experiments, the medium was
instead supplemented with 30 mM of metabolically inert mannitol (Figure 1A,B). The data
for the wound healing assay on both cell lines are statistically summarized in Figure 1C,D.

Figure 1. Wound healing assays of DK-MG and SNB19 cells incubated in culture medium supple-
mented with either mannitol, glucose or inositol or treated with phlorizin. Representative phase
contrast images of wounded DK-MG (A) and SNB19 (B) cell monolayers shown in the left and
middle columns were acquired at 0 and 10 h. The white color in the RHS column of A and B
represents the cell-free area, and the black and gray colors denote cell-covered areas at 0 and 10 h,
respectively. (C,D) Bar graphs summarizing the impact of organic solute-supplemented medium or
phlorizin on the wound closure rate of DK-MG (C) and SNB19 cells (D), expressed in percentage
difference to control. Each bar represents the mean ± SE of at least three independent experiments
conducted in quadruplicate. “**” and “***” denote p < 0.01 and p < 0.001, respectively; “n.s.” means
“not significant”.
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We found that glucose significantly accelerated the wound closure in both DK-MG
and SNB19 cell monolayers by 91% and 39%, respectively, as compared to isotonic controls.
Likewise, inositol also increased the wound closure rate in DK-MG and SNB19 monolayers
by 52% and 33%, respectively.

In contrast, although some studies have reported that medium tonicity impacts cell
migration [17,48], we found that increasing extracellular osmolarity via metabolically inert
mannitol did not affect GBM migration rates (Figure 1C,D). The increased migration speed
in cells incubated in inositol- and glucose-supplemented medium thus cannot be attributed
to higher medium osmolarity but stems from the specific osmolyte used as supplement.

Medium supplementation with 50 nM phlorizin, an inhibitor of both SLC5A1 [45]
and SLC5A3 [46], significantly impaired the migration of both cell lines (Figure 1). Thus,
phlorizin-treated DK-MG (Figure 1C) and SNB19 cells (Figure 1D) exhibited 34% and
10% decreased wound healing rates, respectively, as compared to drug-free controls. The
inhibitory effect of phlorizin on the wound closure of both cell lines persisted even in the
presence of supplemental solutes, including mannitol, glucose or inositol.

The faster cell migration in the presence of inositol revealed by the wound-healing
assay prompted us to explore whether inositol can act as a chemoattractant. To this end,
we conducted a chemotaxis assay of individual DK-MG cells (Figure 2A) in a microfluidic
channel, along which an inositol gradient of 30 mM/100 µm was maintained. Because
of their directionally persistent migration [5], DK-MG cells appeared most suitable for
chemotaxis experiments. Single-cell migration was examined with the in-house modified
software Time Lapse Analyzer, which yields individual cell trajectories (Figure 2B,C)
along with data on migration speed and directionality (Figure 2E). In agreement with our
previous study [5], individual DK-MG cells display a single large lamellipodium with
multiple transient blebs, easily identified in phase contrast microscopy as dark spherical
protrusions at the leading edge (Figure 2A).

Figure 2. Chemotaxis experiments via µ-slide assays. (A) DK-MG cells were automatically tracked by
the software TLA, which is able to consistently detect the cells center. Scale bar: 10 µm. (B,C) Plotting
of the single tracks in a coordinate system shows directional movement, but without favoring
the movement along the gradient, which increased from left to right in the x-axis. Ncontrol = 24,
Ninositol = 42. Endpoints were only partially marked for better visibility of tracks at the center.
(D) Definition of directionality. (E) Cell directionality and total velocity were calculated. Differences
in directionality were not significant, while the presence of SOOs slightly increased cell velocity
(±SD). However, Student’s t-test showed p-values of >0.05, making the differences insignificant.
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As is evident from the tracking diagrams in Figure 2C, which show no preferential
migration along the applied inositol gradient, this solute does not exert any chemotactic
effect on DK-MG cells. However, consistent with the strongly polarized morphology of
DK-MG cells, cell tracking (Figure 2B,C) reveals a relatively high degree of migration
directionality (>0.65, Figure 2E), defined as the net distance from the starting position
divided by the length of the total distance (Figure 2D). While the directionality of DK-MG
cells exposed to inositol showed no significant difference from controls (Figure 2E), the
final positions of a large portion of inositol-treated DK-MG cells were more distant from
the starting point (Figure 2B,C, respectively). These findings, statistically summarized in
Figure 2E, imply a higher migration speed of individual DK-MG cells in the presence of
inositol, which is in line with the results of wound healing in DK-MG cell monolayers
(Figure 1).

3.2. SLC5A1 and SLC5A3 Preferentially Localize to the Leading Edge of GBM Cells

Confocal laser-scanning microscopy of immuno-stained wounded DK-MG cell mono-
layers revealed that both transporter proteins were predominantly expressed in cells
constituting the edge of the monolayer facing the wound area (Figure 3A). In contrast,
cell-covered areas within the cell monolayer, consisting of non-motile cells, were virtually
devoid of both transporters (bottom half of Figure 3A). This is even more evident from the
intensity profiles (Figure 3B) of the boxed areas in Figure 3A, which shows that the fluores-
cence signals of both transporters reach their peak values at ~5 µm from the wound border.
Thereafter, SLC5A1 fluorescence gradually decreases up to the distance of ~10 µm and
finally falls to background level at ~35 µm, which roughly matches the lateral dimension of
a single adherent DK-MG cell (see below Figure 5A). In contrast, the SLC5A3 signal already
vanished ~10 µm from the wound border, indicating that expression of this transporter is
confined to the leading cell edge. Qualitatively similar fluorescence distributions of both
transporter proteins were found in the wounded SNB19 cell monolayers (Figure 3C,D).

Figure 3. Representative LSM images of a DK-MG (A) and a SNB19 (C) cell monolayer, stained for
SLC5A1 and SLC5A3 3 h after wounding. (B,D) Intensity profiles of the boxed area in A and C.
Cells at the wound edge (0–~35 µm) display marked fluorescence signal peaks facing the cell-free
area. In contrast, confluent cells were almost devoid of SLC5A1 and SLC5A3 signals. Scale bar in
(A,C): 30 µm.
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Prompted by the above findings in multicellular monolayers, we further analyzed the
subcellular distribution of SLC5A1 and SLC5A3 in single migrating DK-MG and SNB19
cells. In a previous study [5], we found that the two cell lines differed greatly in morphology
and migration behavior. DK-MG cells maintained a unipolar morphology with a single
lamellipodium, leading to directionally persistent migration. In contrast, the randomly
migrating SNB19 cells displayed multiple lamellipodia.

In the following single cell immunofluorescence experiments, in addition to SLC
protein, we also stained actin filaments in order to visualize the morphological details of
the leading cell edge, such as lamellipodia, ruffles and blebs. In particular, actin staining in
DK-MG cells, exhibiting high blebbing activity at the leading edge of the lamellipodium [5],
allowed us to infer the stage of the bleb life cycle from the thickness of its actin cortex [15,49].
To visualize in real time the formation of the actin cortex in the blebs of DK-MG cells, we
performed dual live-cell fluorescence labeling of the cell membrane and actin (Figure 4).
Judging from the membrane staining (green signal in Figure 4A), the bleb indicated by the
arrow increases rapidly in size (Figure 4A, 5 s) and reaches its maximum diameter 25 s
after the onset of bleb expansion. During the expansion phase (Figure 4A, time < 25 s),
the bleb did not display any significant actin fluorescence. Only during the following
retraction phase, i.e., between 25 and 90 s (Figure 4A), the actin cortex becomes visible
and its thickness increases as bleb retraction progresses (Figure 4A, 130 s). The biphasic
kinetics of bleb growth to the maximum volume of 120 fL at ~30 s and retraction during
the following ~2 min are statistically (N = 8) summarized in Figure 4B, while Figure 4C
shows the time courses of the actin and membrane signal densities within the bleb area.
Interestingly, the kinetics of the membrane signal density (green symbols in Figure 4C)
matches well the bleb volume kinetics (Figure 4B). In sharp contrast, actin signal density
gradually increases during both the growth and retraction phases, which is consistent with
the role of acto-myosin contraction in bleb shrinkage [49,50].

Figure 4. Membrane blebs in DK-MG cells. (A) Live-cell imaging of a representative blebbing DK-MG
cell stained for F-actin (magenta) and plasma membrane (green) reveals individual bleb dynamics
over time (white arrow). Scale bar: 10 µm. (B) Statistically summarized biphasic kinetics of membrane
and F-actin formation shows a temporal shift in bleb growth. (C) Plotting of fluorescence intensity of
plasma membrane and F-actin signals in individual blebs over time reveals a lag in F-actin signal
build-up compared to the plasma membrane.
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In light of the above live-cell observations (Figure 4) and data reported elsewhere [15,49],
the absence of cortical actin in the fixed immunostained cells shown below signifies nascent
blebs in the growth phase, whereas a thicker actin cortex indicates matured retracting
blebs. We found that in DK-MG cells, SLC5A1 frequently localized to nascent expanding
blebs, readily identifiable by the absence of cortical actin (Figure 5A,a). In contrast, SLC5A3
exclusively localized to mature, retracting blebs, evident from their thick actin cortex
(Figure 5C,c), whereas nascent blebs were virtually devoid of SLC5A3. This is particularly
evident from the samples co-stained for both transporter proteins (Figure 5E). Interestingly,
SLC5A1 and SLC5A3 co-localized only in smaller, retracting blebs, but not in the large
anterior nascent blebs (Figure 5e).

Figure 5. Confocal fluorescence images of DK-MG and SNB19 cells co-stained for F-actin and
SLC5A1 (A,B), F-actin and SLC5A3 (C,D) or SLC5A1 and SLC5A3 (E,F). Co-localization of SLC5A1
and SLC5A3 is depicted in white. SLC5A1 predominantly localized to the cell compartments involved
in migration, i.e., lamellipodia (B–F) and blebs (A,C,E). Lowercase letters show magnifications of
the boxed regions in (A–F). Both transporter proteins display colocalization in lamellipodial tips of
SNB19 cells (arrows in f). Scale bars: 15 µm in (B–F), 10 µm in (A,C,E), 5 µm in (d), 2.5 µm in (a–c,e,f).

In agreement with our previous study [5], single SNB19 cells displayed a multipo-
lar morphology with numerous lamellipodia (Figure 5B,D). In addition to the diffuse
fluorescence of actin-rich membrane ruffles (magenta in Figure 5B,D), the tips of lamel-
lipodia exhibited marked expression of both transporter proteins SLC5A1 and SLC5A3
(Figure 5B,D, respectively). Co-staining of SLC5A1 with SLC5A3 reveals multiple spike-
like membrane protrusions, most likely representing filopodia extending upward from
the lamellipodial tip (arrows in Figure 5f). In contrast to the differential localization of
SLC5A1 and SLC5A3 in DK-MG cell blebs (Figure 5e), the two transporter proteins strongly
co-localized in the lamellipodial tips of SNB19 cells (Figure 5F).

Irrespective of the supplementing solute (mannitol, glucose or inositol), cultivation in
slightly hypertonic (+30 mOsm) growth medium did not noticeably affect the intracellular
distribution patterns of the two transporter proteins in both DK-MG and SNB19 cell lines,
as seen, respectively, in Supplementary Materials Figures S2 and S3. Thus, similar to
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isotonic controls, hypertonically cultured DK-MG cells expressed SLC5A1 throughout the
entire lamellipodium, including the membrane of the anterior-most nascent blebs, which,
however, were completely devoid of SLC5A3. Interestingly, even slight hypertonicity seems
to affect the morphological appearance of the leading edge of DK-MG cells, where one or a
few giant blebs of irregular shape are evident (yellow arrows in Figure S2), formed, most
likely, by fusion of several regular-sized blebs, as seen in isotonic cells (Figure 5 and white
arrows in Figure S2).

Interestingly, LSM images of DK-MG cells exposed to 50 nM phlorizin 16 h prior
to fixation displayed barely any SLC5A1 and SLC5A3 signal at the leading edge of the
cell compared to untreated controls (Supplementary Materials Figure S2). Furthermore,
phlorizin-treated DK-MG cells showed virtually no migratory blebs. In contrast, phlorizin-
treated SNB19 cells showed both SLC5A1 and SLC5A3 signals throughout their multiple
lamellipodia (Supplementary Materials Figure S3). However, phlorizin apparently impairs
the formation of filopodia (Supplementary Materials Figure S3, inset).

Fluorescence staining of the microtubule protein β-tubulin, involved, among other
functions, in intracellular vesicle trafficking [51,52], reveals the microtubular cytoskeleton
as a pervasive cytosolic network in both DK-MG (Figure S4A,D) and SNB19 cell lines
(Figure S4G,J). Interestingly, SLC5A1 strongly co-localizes with tubulin in large nascent
blebs of DK-MG cells (yellow arrows, Figure S4B), whereas SLC5A3, confined to mature
blebs, displays no such co-localization with tubulin (Figure S4D–F). In SNB19 cells, mi-
crotubules extend up to the lamellipodial tips, where they co-localize with both SLC5A1
(Figure S4G–I) and SLC5A3 (Figure S4J–L).

3.3. Super-Resolved (dSTORM) Images of SLC5A1, SLC5A3, F-Actin and Tubulin

In addition to conventional microscopy, we employed super-resolution microscopy
to visualize, with molecular resolution, the localization of both transporter proteins in
blebbing DK-MG cells along with actin and tubulin cytoskeleton, as shown in Figure 6.
In agreement with our CLSM data (Figure 5), DK-MG cells display by far the highest
localization density of SLC5A1 (~1.8 × 103 loc/µm2) in the membrane of large expanding
blebs devoid of actin cortex (Figure 6C,D). For comparison, the bulk cytosol and the bleb
interior exhibit much lower SLC5A1 densities of ~102 and ~3 × 102 loc/µm2, respectively
(Figure 6D).

Unlike SLC5A1, SLC5A3 shows its highest localization density in the membrane
of small, retracting blebs (Figure 6G; ~2.0 × 104 loc/µm2), exceeding by 1–2 orders of
magnitude the density of SLC5A3 protein reported for the basal membrane of osmotically
stressed HEK293 cells [19]. In contrast, blebs in the early stage of retraction, discernable by
their newly formed thin actin cortex, exhibit barely any SLC5A3 signal (~3 × 102 loc/µm2,
Figure 6E,F). These results suggest that SLC5A3 expression in the bleb membrane increases
during bleb retraction.

Although the bulk cytosol exhibits only sparse localization of SLC5A3 (~1.3× 103 loc/µm2),
numerous spherical structures in the cytosol with a diameter of ~0.5 µm (Figure 6I) contain
large amounts of SLC5A3 (Figure 6H). The very high SLC5A3 density of ~2.3× 104 loc/µm2

found in the cytosolic spherical structures is strikingly similar to that observed in the
membrane of mature retracted blebs (Figure 6H), which suggests that these SLC5A3-rich
structures represent endocytic vesicles involved in SLC5A3 recycling. This notion is further
reinforced by the close localization of SLC5A3 vesicles to microtubules (Figure 6J), a well-
known component of vesicle trafficking [51,52]. Finally, in agreement with our LSM images
(Supplementary Materials Figures S2 and S3), dSTORM revealed a dense intertwined
meshwork of microtubules, most notable in the lamellae of DK-MG cells, with individual
microtubules even extending to the anterior-most blebs. The pronounced microtubular
network is indicative of high vesicular trafficking activity in the lamellipodium, which is
also evident from phase-contrast live-cell imaging (Supplementary Materials Video S1).
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Figure 6. Two-color dSTORM analyses of SLC5A1 and SLC5A3 in DK-MG cells. (A) Representative
dSTORM image of a DK-MG cell co-stained for SLC5A1 and F-actin. (B,C) Magnifications of the
boxed regions in (A), depicting blebs with (B) or lacking (C) an actin cortex. (D) SLC5A1-localizations
per µm2 in different cell compartments corresponding to the boxed regions in (A). The highest
localization densities were found in the membrane of blebs most distant from the main cell body.
(E) Representative dSTORM image of a DK-MG cell co-stained for SLC5A3 and F-actin. (F,G) Mag-
nifications of the boxed regions in (E), depicting distal blebs lacking SLC5A3 signal (F) and blebs
in various life cycle stages (G). (H) SLC5A3-localizations per µm2 in different cell compartments
corresponding to the boxed regions in (E). The highest localization densities were found in the
membrane of blebs closest to the main cell body (F), as well as in vesicle-like structures close to the
cell periphery (J). (I) Representative dSTORM image of a DK-MG cell co-stained for SLC5A3 and
β-tubulin. (J) Vesicle-like SLC5A3 structures localized in close vicinity to microtubules. (K,L) Micro-
tubules extending into the outermost leading edge, virtually devoid of SLC5A3. Scale bars: 5 µm
in (A,E,I); 2 µm in (B,C,F,G), 1 µm in (K,L); 500 nm in (J).

3.4. Osmotic Swelling Assay for Glucose and Inositol

The high expression of both transporter proteins SLC5A1 and SLC5A3 in the mem-
branes of GBM cells (Figure 5) is likely associated with substantial membrane permeability
to the respective transporter substrates. To probe the solute permeability of the cell mem-
brane, we performed osmotic cell swelling experiments in hypotonic solutions containing
either glucose, inositol, mannitol or sucrose as the major solute.

Cell volume changes were monitored by video microscopy following the rapid transfer
of cells from isotonic CGM (~300 mOsm) to a hypotonic sugar solution. Figure S5 shows
the mean volumetric response of the two cell lines to various sugar solutions with the
same osmolality of 150 mOsm. Independent of the sugar used, the sudden exposure to
hypotonicity caused both GBM cell lines to swell rapidly within the first 3–5 min from their
original isotonic volume V0 to the Vmax level due to the fast water influx driven by the
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applied osmotic gradient. Hypotonic solutions of all tested sugars gave rise to qualitatively
similar rates and magnitudes (~20%) of initial swelling in both cell lines.

The data in Figure S5A,B reveal striking differences between the disaccharide sucrose
and the monomeric sugars and sugar-alcohols, including glucose, inositol and mannitol,
in respect to their effects on the secondary cell volume changes. After the fast initial
swelling in hypotonic sucrose solution, both cell lines underwent a regulatory volume
decrease (RVD), during which they shrank gradually, fully recovering their original isotonic
volume (V0) within ~15–20 min despite persisting hypotonicity. RVD relies on the release
of cytosolic solutes through swelling-activated membrane pathways accompanied by
osmotically obligated water efflux, which allows cells to recover their original isotonic
volume [19,53]. In agreement with our findings for DK-MG and SNB19 cells presented here
(Figure S5) and elsewhere [54], other cell lines, including glioma cells, are able to quickly
readjust their volume in anisotonic media via several mechanisms, including chloride
pathways and aquaporins [55–57], only in the presence of membrane impermeable solutes,
such as dimeric sugars, sucrose or trehalose [39].

In sharp contrast to the disaccharide sucrose, the monomeric sugars partially (manni-
tol) or completely abolished the RVD (glucose and inositol) in DK-MG cells (Figure S5A).
In SNB19 cells, glucose, mannitol and inositol not only abolished RVD, but even induced
secondary swelling (Figure S5B). As shown elsewhere [58], RVD inhibition is based on
the uptake of extracellular monomeric sugars into the cytosol through swelling-activated
membrane pathways. The influx of permeable extracellular solutes compensates for the
loss of cytosolic osmolytes, thus preventing RVD. As expressed by Equation (1) (see Mate-
rials and Methods), the extent of RVD inhibition by various solutes is indicative of their
membrane permeabilities [40]. Accordingly, an ICRVD ≈ 0 means complete recovery of
initial cell volume by RVD, i.e., in the presence of the impermeable sucrose. The range
0 < ICRVD < 100% indicates partial-to-complete RVD inhibition. Highly permeable solutes,
such as glucose, mannitol and inositol in SNB19 cells, cause secondary cell swelling and
thus exhibit ICRVD >> 100% (200–222%).

The values of ICRVD [%] calculated with Equation (1) from the data in Figure S5A
yield the following descending rank order of solute permeability in DK-MG cells: inositol
(90%) ≈ glucose (78%) > mannitol (41%) > sucrose (0%). In contrast to DK-MG cells, glucose
displayed by far the highest permeability among the tested solutes in SNB19 cells: glucose
(222%) > inositol (209%) > mannitol (~200%) >> sucrose (~0%). Taken together, the data in
Figure S5 suggest that even a slight cell volume increase of ~25% rendered the GBM cell
membranes highly permeable to glucose and inositol. Similar to the hypotonic activation
of SLC5A3 in HEK293 cells [19], swelling-activated pathways for glucose and inositol in
GBM cells reported here might also include SLC5A1 and SLC5A3 transporters.

4. Discussion

Our findings, briefly summarized below, suggest that SLC5A1 and SLC5A3 are
involved in GBM cell migration. Medium supplementation with glucose and inositol
increased migration rates in both cell lines by 33–91% above the respective controls
(Figure 1C,D). The significant increase in wound healing rate displayed by DK-MG and
SNB19 cells (+52% and +33%, respectively) in the presence of inositol (Figure 1C,D) is
likely connected to inositol serving as a precursor of phosphatidylinositol 4,5-bisphosphate
(PIP2), a key signaling lipid in cancer cell migration [38]. The observed increased migration
rate of GBM cells exposed to glucose (+91% in DK-MG cells; +39% in SNB19 cells) can be ex-
plained by the metabolic promotion of invasive cancer cell behavior by this solute. Indeed,
elevated glucose levels are known to promote cancer cell migration [59–61]. In contrast,
the SLC inhibitor phlorizin [45,46] decreased migration rates by 10–36% (Figure 1C,D).
As shown in Supplementary Materials Figures S2 and S3, phlorizin altered the expres-
sion of SLC5A1 and SLC5A3 at the leading edge of both tested cell lines compared to
the respective untreated controls. In agreement with our findings, Gao et al. (2019) [62]
also reported that phlorizin decreased the expression of SLC proteins in cancer cells. In-
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terestingly, the highly invasive [6] SNB19 cells exposed only to phlorizin displayed the
lowest reduction in motility (−10%) of all experimental conditions involving inhibition.
This corroborates our previous finding that SNB19 cells react only moderately to phar-
macological inhibition of migration [5,7]. Our immunostaining of wounded GBM cell
monolayers (Figure 3A,C) revealed that both SLC5A1 and SLC5A3 are highly expressed
only in migrating cells at the monolayer edge but not in the non-motile cells within the
confluent monolayer (Figure 3B,D). Interestingly, a variety of studies have demonstrated
that such extensive remodeling of membrane solute channel expression, as seen in edge
cells, is also observed during epithelial-mesenchymal transition (EMT) [63], a crucial factor
in cancer cell metastasis and wound healing [64,65].

Our immuno-staining experiments on single, actively migrating DK-MG and SNB19
cells lend further support to the involvement of SLC transporters in GBM cell migration. As
seen in Figures 5 and S2–S4, both SLC5A1 and SLC5A3 are predominantly expressed in the
lamellipodia (Figure 5B,D,F) and blebs (Figure 5A,C,E), i.e., the expanding cell protrusions
known for driving cell migration [18,50,66].

Interestingly, lamellipodia expansion by local volume increase can be achieved by the
import of solutes and osmotically obliged water influx [66]. Furthermore, SLC5A1 has
been shown to be involved in glucose-driven modulation of membrane protrusions [67].
As we have shown in Supplementary Materials Figure S5, both DK-MG and SNB19 cell
membranes are highly permeable to glucose and inositol. The presence of SLC5A1 and
SCL5A3 in the lamellipodial tips of SNB19 cells (Figure 5b,f) thus points to the possible
involvement of these transporters in the local volume increase required for lamellipodium
protrusion during cell migration.

As pointed out elsewhere [18], cell migration requires the concerted activity of various
channels and transporters belonging to diverse protein families. Efficient cell migration
thus necessitates not the isolated function of a single channel or transporter but the interde-
pendent activity of a transport protein network.

The involvement of aquaporins in bleb formation and blebbing activity [68–70] sug-
gests that water flux through the bleb membrane may also play a key role in migratory cell
blebbing. Since SLC5A1 was detected in nascent blebs devoid of actin cortex (Figure 5a), we
can infer that this glucose transporter present in the bleb membrane during bleb expansion
enabled the uptake of extracellular glucose, leading to the osmotically obligated water
influx (facilitated by aquaporins), i.e., local volume increase. The high SLC5A1 levels
in nascent blebs were confirmed by our nanoscale imaging (Figure 6A), in which only
expanding blebs displayed a marked SLC5A1 signal (Figure 6C). Additionally, the cytosol
in expanding blebs displayed significantly higher amounts of SLC5A1 compared to the
cytosol of the main cell body (Figure 6D), possibly due to the dissociation of SLC5A1 from
the bleb membrane.

In contrast to SLC5A1, the inositol transporter SLC5A3 was found only in smaller
retracting blebs with a reestablished actin cortex (Figures 5c,e and 6G), while the anterior-
most blebs were virtually devoid of the SLC5A3 signal (Figure 6F). We therefore conclude
that SLC5A3 can contribute to bleb retraction via an osmotic bleb volume decrease due to
inositol/water efflux. Consistent with this assumption, SLC5A3 was previously shown to
be involved in the regulatory volume decrease in HEK293 cells [19]. This notion is further
supported by our finding that the SLC5A3 signal increased with increasing bleb maturity
(Figure 6G). In larger blebs (upper right in Figure 6G), SLC5A3 was detected only at the
bleb membrane hemisphere facing the cell body, if at all (Figure 6F).

Previous studies have demonstrated that SLCs are inserted into the plasma membrane
from cytosolic vesicles during swelling-activated exocytosis [19,71]. Interestingly, our
super-resolution dSTORM imaging revealed sub-µm-sized vesicle-like clusters of SLC5A3
located in close proximity to microtubules (Figure 6I,J), suggesting that SLC protein traffick-
ing occurs via vesicles moving along the microtubular network. Indeed, co-localization of
tubulin and the taurine transporter SLC6A6 was already reported elsewhere [72]. Further-
more, SLC6A12, a transporter of SOO betaine, was found to relocate from the cytosol to the
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plasma membrane upon hypertonic stimulation [73]. This points to the membrane incorpo-
ration of SLC transporters via exocytosis, i.e., vesicular fusion, as a common phenomenon
for proteins of the SLC family, as was also demonstrated for various other SLCs [74,75].
Accordingly, we frequently observed that in large blebs, SLC5A3 appeared at the bleb side
facing the main cell body (Figure 6G, upper right corner), consistent with insertion via
vesicular fusion.

Furthermore, our finding that microtubule structures extend into the anterior-most
blebs virtually devoid of SLC5A3 (Figures 6K,L and S4E) suggests that other SLC trans-
porters might also be incorporated into blebs via vesicle transport along microtubules
(Figure S4B). Thus, our findings provide an additional rationale for targeting microtubules
in the context of inhibiting cell migration and invasion [76–78].

5. Conclusions

Taken together, the high expression of SLC5A1 and SLC5A3 transporters in the lamel-
lipodia of GBM cells and the impaired cell motility upon SLC inhibition point to the
transporters’ involvement in GBM cell migration. We thus propose to include SLC5A1 and
SLC5A3 in the migration-associated transportome. The revealed SLC-related cell motility
might offer therapeutic potential in GBM treatment, especially given the abundance of
inositol and glucose in the human brain.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14235794/s1, Figure S1: Kaplan-Meier plots of overall
survival and expression of SLC5A1 and SLC5A3 in GBM patients; Figure S2: Confocal images of
SLC5A1/A3 in DK-MG cells treated with mannitol, glucose or inositol; Figure S3: Confocal images of
SLC5A1/A3 in SNB19 cells treated with mannitol, glucose or inositol; Figure S4: Confocal images of
β-tubulin, SLC5A1 and SLC5A3 in DK-MG and SNB19 cells; Figure S5: Volumetric measurements
of DK-MG and SNB19 cells treated with sucrose, mannitol, glucose or inositol; Video S1: Vesicle
trafficking in the lamellipodium of GBM cells.
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Simple Summary: Diffuse intrinsic pontine gliomas in children are rare, highly malignant infiltrating
tumors in a location precluding surgical resection. The absence of non-invasive correlates of response
and disease progression in these tumors invites the exploration of imaging biomarkers. Magnetic
resonance spectroscopy is an advanced imaging technique for measuring cell metabolites. This study
evaluated whether measurements of in vivo cell metabolites using magnetic resonance spectroscopy
may serve as biomarkers of response to therapy, including progression. Single-voxel magnetic
resonance spectra were serially acquired in two cohorts of patients with these tumors treated with
radiation therapy with or without concurrent chemotherapy and prior to progression: 14 participants
were enrolled in a clinical trial of adjuvant glioma-associated antigen peptide vaccines and 32 patients
were enrolled who did not receive adjuvant vaccine therapy. In the vaccine cohort, an elevated
myo-inositol/choline ratio after 2–3 doses was associated with longer survival. Scans performed
up to 6 months before death showed a terminal decline in the myo-inositol/choline ratio. Higher
myo-inositol/choline ratios following radiation therapy, consistent with less proliferate tumors and
decreased cell turnover, were associated with longer survival, suggesting that this ratio can serve as a
biomarker of prognosis following radiation therapy.

Abstract: Purpose: Diffuse intrinsic pontine gliomas (DIPG) are highly aggressive tumors with no
currently available curative therapy. This study evaluated whether measurements of in vivo cell
metabolites using magnetic resonance spectroscopy (MRS) may serve as biomarkers of response
to therapy, including progression. Methods: Single-voxel MR spectra were serially acquired in
two cohorts of patients with DIPG treated with radiation therapy (RT) with or without concurrent
chemotherapy and prior to progression: 14 participants were enrolled in a clinical trial of adjuvant
glioma-associated antigen peptide vaccines and 32 patients were enrolled who did not receive
adjuvant vaccine therapy. Spearman correlations measured overall survival associations with absolute
metabolite concentrations of myo-inositol (mI), creatine (Cr), and n-acetyl-aspartate (NAA) and their
ratios relative to choline (Cho) during three specified time periods following completion of RT. Linear
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mixed-effects regression models evaluated the longitudinal associations between metabolite ratios
and time from death (terminal decline). Results: Overall survival was not associated with metabolite
ratios obtained shortly after RT (1.9–3.8 months post-diagnosis) in either cohort. In the vaccine cohort,
an elevated mI/Cho ratio after 2–3 doses (3.9–5.2 months post-diagnosis) was associated with longer
survival (rho = 0.92, 95% CI 0.67–0.98). Scans performed up to 6 months before death showed a
terminal decline in the mI/Cho ratio, with an average of 0.37 ratio/month in vaccine patients (95%
CI 0.11–0.63) and 0.26 (0.04–0.48) in the non-vaccine cohort. Conclusion: Higher mI/Cho ratios
following RT, consistent with less proliferate tumors and decreased cell turnover, were associated
with longer survival, suggesting that this ratio can serve as a biomarker of prognosis following RT.
This finding was seen in both cohorts, although the association with OS was detected earlier in the
vaccine cohort. Increased mI/Cho (possibly reflecting immune-effector cell influx into the tumor as a
mechanism of tumor response) requires further study.

Keywords: brainstem glioma; MR spectroscopy; immunotherapy; pediatric brain tumor; vaccine
therapy; myo-inositol; creatine; choline

1. Introduction

Diffuse intrinsic pontine gliomas (DIPG) in children are rare, highly malignant infil-
trating tumors in a location precluding surgical resection. The median overall survival
(OS) is less than one year, and no significant improvement in outcome has been achieved
for decades [1]. Radiation therapy remains the only therapy with demonstrated short-
term clinical benefit [2]. Although the overall prognosis is extremely poor, some patients
have a longer reprieve after completing radiation therapy before the almost inevitable
recurrence. Molecular biology studies have shown that certain patterns of gene mutations,
most commonly involving histone H3 genes and other loci, may in part account for this
variability [3,4], but this remains controversial.

The absence of non-invasive correlates of response and disease progression in DIPG
invites the exploration of imaging biomarkers. Magnetic resonance spectroscopy (MRS) is
an advanced imaging technique for measuring cell metabolites and can be readily integrated
into standard clinical magnetic resonance (MR) imaging protocols. Cell metabolite profiles
in newly diagnosed patients are often more characteristic of low-grade tumors, which
may reflect that infiltrating tumor cells are interspersed with normal structures; as DIPG
progresses after radiation therapy, metabolic profiles become increasingly consistent with
higher-grade lesions, potentially reflecting the predominance of malignant cells in the
tumor [5,6]. For example, increasing choline (Cho) typically indicates increasing membrane
turnover and cell proliferation, which can be seen in fast-growing tumors as well as in
inflammatory processes. Absolute or relative levels of other metabolites reflect the tumor
physiology seen during malignant progression, e.g., decreased energy stores reflected
by creatine (Cr), decreased astrocytic cell markers reflected by myo-inositol (mI), and
decreased markers of healthy axons and neurons (n-acetyl aspartate, NAA) [7–12].

Our recently reported peptide vaccine study [13] targeted multiple glioma-associated
antigen (GAA) epitopes as adjuvant therapy for children with malignant brain tumors,
including a cohort of children with DIPG. Interferon-γ enzyme-linked immunosorbent
spot (ELISPOT) assays identified immune responses to GAA epitopes with considerable
between-patient variation in epitope response magnitude and duration. The therapy was
generally well-tolerated, and the median OS (nominally superior to historical controls) in
this highly selected cohort was encouraging. We performed MRS on a subset of patients
with DIPG prior to and following the start of vaccine therapy. In a cohort of patients with
DIPG from a separate institution who did not receive immunotherapy, MRS was performed
prior to and following RT. Our hypothesis was that MRS indicators of progression would be
slower or delayed in patients with longer overall survival, supporting further development
of MRS as a non-invasive biomarker for DIPG treatment response and progression.
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2. Materials and Methods
2.1. Patients and MR Spectroscopy

Informed consent was obtained for all patients enrolled in the peptide vaccine therapy
clinical trial (ClinicalTrials.gov #NCT01130077), in accordance with institutional review
board (IRB) policies. The MR spectroscopy was performed as part of the clinical MRI
protocol. All patients completed irradiation (RT) with or without concurrent chemotherapy.
Due to the detrimental impact of steroids on the effectiveness of immunotherapy, patients
had to be off or on a very low dose of dexamethasone prior to trial enrollment. Additional
details about trial inclusion and treatment may be found in the primary publication [13].
Parental consent was obtained for patients in the non-vaccine cohort who were enrolled in
a number of prospective clinical trials, most of which involved irradiation with concurrent
chemotherapy and adjuvant non-immunotherapy. An IRB waiver of consent was obtained
to examine data acquired as part of the clinical care for patients who were not enrolled
in a clinical trial. Thirteen of the thirty-two patients in the non-vaccine cohort were also
included in a prior report [6].

For participants in the vaccine trial, vaccines were administered every 3 weeks x 8, and
MRI scans were obtained at the baseline, weeks 6, 15, and 24, and then every 12 weeks or
as clinically indicated. MRS studies were obtained between the pre- and post-contrast MR
imaging. However, MRS studies were not obtained on every patient or at the time of each
MRI. All studies were conducted on a clinical 1.5 T MR system (Signa LX, GE Healthcare,
Milwaukee, WI, USA). Single-voxel point-resolved spectroscopy (PRESS) with a short echo
time (TE) of 35 ms, a repetition time (TR) of 1.5 s, and 128 signal averages was used for all
acquisitions. Sizes and shapes of the ROIs were adjusted to lesion size and typically varied
between 5 and 10 cm3. The total acquisition time, including scanner adjustments, was less
than five minutes per spectrum. Spectra were centrally processed with fully automated
LCModel (Stephen Provencher Inc., Oakville, Ontario, Canada, LCModel Version 6.3–1 L)
software [14]. T2-weighted fast spin-echo, FLAIR, and T1-weighted FLAIR images were
acquired in all cases, and the position of the region of interest (ROI) was documented on at
least three MR images. All ROIs were a priori and independently reviewed to ensure that
only spectra that were consistently positioned and representative of the tumor tissue were
retained for subsequent processing and analysis.

Evaluation of MRS data was limited to metabolite concentrations and metabolite ratios
deemed reliable as per previously published studies [5,6,9–12] (i.e., choline (Cho), creatine
(Cr), myo-inositol (mI), n-acetyl-aspartate (NAA), and lactate (Lac)). Absolute metabolite
levels were determined by using the unsuppressed water signal as the reference signal and
the default water content set by the LCModel software (65% ≈ 36.1 mol/kg). The relative
concentrations of mI/Cho, Cr/Cho, and NAA/Cho were the primary endpoints rather than
absolute concentrations to reflect underlying processes involving multiple metabolites and
to control for possible scan-level factors. Lipid intensities (with possible contributions from
underlying macromolecules) at 1.3 ppm (from -CH2 groups of lipid molecules, LipMM13)
and at 0.9 ppm (terminal -CH3, LipMM09) were analyzed as indicators of progressive
disease [15].

2.2. Statistical Analysis

To identify MRS biomarkers associated with overall survival at predefined timepoints,
scans for both cohorts (vaccine and non-vaccine) were binned into comparable timepoints
defined by the vaccine therapy schedule (vaccine cohort). Timepoint 0 (time of diagnosis,
pre-RT) scans were obtained only in the non-vaccine cohort. Timepoint 1 was post-RT and
prior to vaccine therapy (1.9–3.8 months post-diagnosis) (vaccine cohort and non-vaccine
cohort). Timepoint 2 included scans obtained after 2–3 vaccine doses (3.9–5.2 months post-
diagnosis) (vaccine cohort and non-vaccine cohort) and timepoint 3 scans were performed
after 4–6 vaccine doses (5.3–7.6 months post-diagnosis) (vaccine cohort and non-vaccine
cohort). Spearman rank-order correlations were used to measure associations between
timepoint-specific metabolite ratios and overall survival, with confidence intervals esti-
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mated using Fisher’s r-to-z transformation. A single generalized estimating equations
model for each ratio was considered instead of Spearman correlations, to adjust for multi-
ple records from a single subject in the same timepoint and across time. The two cohorts
were analyzed separately without direct comparison of associations between metabolites
and survival due to limitations with the sample size and missing data points. The false
discovery rate for groups of correlations was controlled at 0.05 through the method of
Benjamini and Hochberg [16]. For a separate analysis summarizing longitudinal trends
based on the time from death rather than the time from diagnosis, linear mixed-effects
(random intercept) regression was used to evaluate the terminal decline in metabolite
values and ratios. Statistical analyses were performed using SAS/STAT statistical software
version 9.4 (SAS Institute, Cary, NC, USA) and R version 4.0.2 (R Foundation for Statistical
Computing, Vienna, Austria).

3. Results

Fifty-eight MRS studies (1–8 scans per patient, median 4) were performed in 14 patients
with DIPG enrolled in the peptide vaccine study. Eighty-two MRS studies (1–7 scans per
patient, median 2.5) were performed on 32 patients in the non-vaccine cohort. Table 1
shows patient characteristics for the vaccine cohort (diagnosed between 2010 and 2012)
and the non-vaccine cohort (diagnosed between 2001 and 2014). Patients were aged 2.2
to 17.9 years at diagnosis, with a median overall survival from diagnosis of 13.5 months
(range 6.3–23.6 months) for the vaccine cohort and 11.2 months (range 3.7–37.6 months)
for the non-vaccine cohort. The example spectra for patients with short survival and long
survival are shown in Figure 1.

Table 1. Patient characteristics.

Vaccine Cohort (n = 14) Non-Vaccine Cohort (n = 32)

Median (range) Median (range)
Age at diagnosis, years 8.5 (2.2–17.9) 7 (3–15)

Number of MRS per patient 4 (1–8) 2.5 (1–7)
Survival from diagnosis, months 13.5 (6.3–23.6) 11.2 (3.7–37.6)

Sex
Female 6 (43) 19 (59)
Male 8 (57) 13 (41)

Pre-vaccine therapy
Radiotherapy only 10 (72) 6 (19)

Radiotherapy + bevacizumab 2 (14) 1 (3)
Radiotherapy + temozolomide 2(14) 5 (16)

Radiotherapy + unknown/other * 20 (62)
MRS = magnetic resonance spectroscopy; * includes carboplatin + etoposide, gadolinium-texaphyrin, temozolo-
mide + irinotecan.

Figure 2 shows associations in the vaccine cohort between metabolite ratio values
within predefined time periods (defined above, timepoints 1–3) and survival duration.
Figure 3 shows the same associations for the non-vaccine cohort, with an additional column
for measurements obtained at the time of diagnosis (timepoint 0, pre-RT). At diagnosis, the
ratios of interest (mI/Cho, Cr/Cho, and NAA/Cho) did not correlate with overall survival
(first column of Figure 3). The ratios following RT (1.9–3.8 months post-diagnosis) also
did not appear to be associated with overall survival in either cohort. By 3.9–5.2 months
post-diagnosis (after 2–3 vaccine doses in the vaccine cohort), mI/Cho in the vaccine cohort
was strongly associated with overall survival (rho = 0.92, 95% CI 0.67–0.98), even though
the range of mI/Cho values was similar to the range at timepoint 1. The six patients
scanned within the same timeframe in the non-vaccine cohort showed very little variation
in mI/Cho values, precluding an association with overall survival. At 5.3–7.6 months
post-diagnosis, the mI/Cho values in the vaccine cohort still showed a strong rank-order
correlation with survival (rho = 0.95, 95% CI 0.81–0.99), a positive association that was also
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seen in the non-vaccine cohort (rho = 0.86, 95% CI 0.49–0.97). Descriptive displays of each
patient’s series of metabolite ratios and values relative to the time of diagnosis are shown
in Figures S1–S4 to support the analyses presented above.
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apy (D), and a further increase relative to Cho was noticeable 3 months after start of vaccine therapy 
(E). After another 4.2 months (and over a year before death) (F), a gradual decline of mI and a grad-
ual increase in Cho were observed. Dx = diagnosis, RT = irradiation with or without concurrent 
chemotherapy, mI = myo-inositol, Cho = choline, Cr = creatine, Lac = lactate. Shown are the unfil-
tered raw data (thin line) and the fit to the data used for quantitation (thick line). 
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Figure 1. Transverse T2-weighted MRI and corresponding MR spectra. For a patient who survived
8.5 months after diagnosis (left column), metabolite levels at the start (A) and 1.5 months into vaccine
therapy (B) are comparable. Soon before clinical and radiological deterioration (C), myo-inositol
(mI) declined, and choline (Cho), lactate (Lac), and lipids all increased. For a patient who survived
23.6 months after diagnosis (right column), mI was prominent after completion of radiotherapy (D),
and a further increase relative to Cho was noticeable 3 months after start of vaccine therapy (E). After
another 4.2 months (and over a year before death) (F), a gradual decline of mI and a gradual increase
in Cho were observed. Dx = diagnosis, RT = irradiation with or without concurrent chemotherapy,
mI = myo-inositol, Cho = choline, Cr = creatine, Lac = lactate. Shown are the unfiltered raw data (thin
line) and the fit to the data used for quantitation (thick line).

These associations of mI/Cho with overall survival at timepoints 2 and 3
(3.9–7.6 months post-diagnosis) demonstrate promise for mI/Cho as a non-invasive
biomarker for the prognosis at those timepoints. However, co-variation in metabolite
values and survival at these timepoints may reflect the influence of treatment response or
terminal decline, or potentially a combination of both. As an exploratory analysis, to isolate
the effects of terminal change, we present a separate analysis counting time backward from
death instead of forward from diagnosis. The MR spectra of vaccine cohort patients demon-
strated a terminal decline of the three metabolite ratios, most clearly observed for mI/Cho
(Figure S5). The rate of decline was estimated using random intercept linear mixed models
of scans obtained within 6 months of death (Table 2). In the vaccine cohort, the mI/Cho
ratio decreased an average of 0.37 units (95% CI 0.11–0.63)/month before death (p = 0.01).
The average decrease in Cr/Cho was 0.12 units/month (95% CI 0.05–0.19, p = 0.003), and
the average decrease in NAA/Cho was 0.06 units/month (95% CI −0.06–0.18, p = 0.27). No
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individual patient’s data were unduly influential regarding the slope estimates; comparable
slopes were obtained for models with both random slope and intercept and when analyzing
scans within 12 months rather than within 6 months of death (Table 2). All three metabolite
ratios also showed a pattern of terminal decline in the non-vaccine cohort, with attenuated
slopes for mI/Cho and Cr/Cho compared to the vaccine cohort (Table 2). Terminal decline
trajectories for individual metabolites are shown in Figure S6 (vaccine cohort) and Figure S7
(non-vaccine cohort). Myo-inositol showed a terminal decline for most patients in the
vaccine cohort, with an average decrease of 0.92 i.u./month (95% CI 0.28–1.56, p = 0.009) in
the last 6 months before death. High lactate and lipid levels were observed in some patients
within months of death.
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Figure 2. Association between metabolite ratios and overall survival in the vaccine cohort, grouped
by timepoints relative to completion of RT (columns) (28 scans within 7.6 months of diagnosis in
12 patients). RT = irradiation with or without concurrent chemotherapy. Spearman rank-order
correlations are shown for each panel, with Benjamini–Hochberg control of p-values to a false positive
rate of 0.05 for all panels. Each color represents an individual patient. Timepoint 1 = post-RT
and before vaccine therapy (1.9–3.8 months post-diagnosis); timepoint 2 = after 2–3 vaccine doses
(3.9–5.2 months post-diagnosis); timepoint 3 = after 4–6 vaccine doses (5.3–7.6 months post-diagnosis).

Table 2. Monthly rate of terminal decline for key metabolite ratios, excluding scans at diagnosis. Lin-
ear mixed-effects (random intercept) models for each metabolite, fit separately for each study cohort.

Within 6 Months of Death Within 12 Months of Death

Vaccine Cohort
(n = 22 Scans in

10 Patients)

Non-Vaccine
Cohort

(n = 37 Scans in
18 Patients)

Vaccine Cohort
(n = 44 Scans in

13 Patients)

Non-Vaccine
Cohort

(n = 59 Scans in
23 Patients)

Metabolite ratio Slope (95% CI) Slope (95% CI) Slope (95% CI) Slope (95% CI)
mI/Cho 0.37 (0.11–0.63) 0.26 (0.04–0.48) 0.37 (0.21–0.54) 0.19 (0.05–0.34)
Cr/Cho 0.12 (0.05–0.19) 0.06 (-0.02–0.13) 0.11 (0.06–0.17) 0.06 (0.02–0.10)

NAA/Cho 0.06 (−0.06–0.18) 0.02 (−0.06–0.11) 0.07 (0.02–0.11) 0.08 (0.04–0.12)
mI = myo-inositol, Cho = choline, Cr = creatine.
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Figure 3. Association between metabolite ratios and overall survival in the non-vaccine cohort, at
diagnosis (n = 23, left column), and at 3 timepoints defined relative to date of diagnosis to align
with dosing categories for the vaccine cohort (28 scans within 7.6 months of diagnosis in 19 pa-
tients). RT = irradiation with or without concurrent chemotherapy. Spearman rank-order correlations
are shown for each panel, with Benjamini–Hochberg control of p-values to a false positive rate of
0.05 for timepoints 1–3. Each color represents an individual patient. 0 = diagnosis, before RT;
1 = 1.9–3.8 months post-diagnosis (post-RT for most); 2 = 4.0–5.2 months post-diagnosis;
3 = 5.3–7.6 months post-diagnosis.

4. Discussion

Diffuse intrinsic pontine gliomas are incurable pediatric brain tumors, with most
patients succumbing to their disease within a year of diagnosis. Recently, peptide vaccines
and other immunotherapies have been developed as experimental treatments for these
tumors [13,17]. Tumors in the pons cannot feasibly undergo serial biopsies to monitor their
status; non-invasive means of monitoring response to treatment are needed. We reviewed
the in vivo metabolic profiles of two cohorts of DIPG patients: participants in a clinical
trial of peptide vaccine therapy (ClinicalTrials.gov #NCT01130077) and patients from a
different institution who did not receive immunotherapy, to evaluate possible biomarkers
of disease status. High mI/Cho ratios at 3.9–5.2 months following diagnosis, corresponding
to the time frame when patients on the vaccine trial had received 2–3 vaccine doses, were
associated with longer survival (Figures 2 and S1). This pattern was also seen in the non-
vaccine cohort, although the association between higher mI/Cho ratios and longer overall
survival was not observed until later (5.3–7.6 months post-diagnosis) (Figures 3 and S2).

Declines in mI/Cho, NAA/Cho, and Cr/Cho over time in both the vaccine cohort
and non-vaccine cohort were observed (Table 2). First, we define benchmark timepoints for
assessing MRS biomarkers to support their development for clinical use as a non-invasive
prospective biomarker for disease status. Additionally, this study provides data to enhance
the understanding of potential mechanisms of therapy response and disease progression
by (a) presenting data from two separate cohorts: a clinical trial evaluating adjuvant
immunotherapy and an independent cohort of patients treated with (chemo)radiation but
not immunotherapy; and (b) examining MRS patterns forward from the time of diagnosis
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and backward from the time of death. Prior studies emphasized high or increasing Cho,
low or decreasing NAA/Cho or Cr/Cho, and/or high lactate and lipids as indicators of
poor prognosis [5,6,18–21]. While we found support for these findings in selected cohorts
(Table 2) or patient trajectories (Figures S3 and S4), the pattern displayed most consistently
across both cohorts was a terminal change in mI/Cho (Table 2, Figure S5).

Our study is one of the first to show a potentially useful non-invasive biomarker
that can be evaluated after the post-RT MRI scan in patients with DIPG. Most DIPG
neuroimaging biomarker studies have focused on the relationship between tumor volume
and outcomes before radiation therapy [12,22]. These studies have demonstrated that the
MRI response after completion of RT in comparison to the size pre-RT can be prognostic. For
example, in patients receiving RT for DIPG, the largest decrease in tumor size was found at
2 weeks following completion of RT, with minimal subsequent changes observed in imaging
at 6 to 8 weeks post-RT [23]. Other studies have shown that a >25% decrease in tumor
volume following RT is significantly associated with better overall survival [24]. Further
studies are needed to determine if there is an association between the mI/Cho ratio at this
such timepoint and the change in the size of the tumor. Increased relative or absolute choline
concentrations are believed to indicate increased cell membrane metabolism, and decreasing
NAA is believed to reflect the replacement of residual axons/neurons by infiltrative tumor
cells [10]. Lipids and lactate levels have been shown to increase as degenerating tumors
outgrow their perfusion support and develop areas of necrosis [25].

Increasing mI in brain tumors is considered to reflect an increase in reactive astrocytes,
microglia, and/or gliosis, either as an effect of radiation therapy or chronic inflammation.
Similarly, low levels of choline can also reflect inactive glial cells. Other studies have sug-
gested the converse, that decreasing mI and/or increasing choline in DIPG were consistent
with progressive disease/reactivation of tumors [5,6,11], with the decrease in mI potentially
a result of increasing tumoral edema and the increased choline reflective of increased
cell turnover. The strong association of high mI/Cho ratios seen after 2–3 vaccines and
sustained over a few months in patients with longer-term survival in vaccine therapy could
be due to infiltration by vaccine-responsive immune cells with resultant inflammation and
proliferation of microglia. In the non-vaccine cohort, the increase in mI/Cho occurred
slightly later after the completion of RT, potentially reflecting a later onset of gliosis. This
hypothesis is supported by consistently high mI in the enhancing brain lesions seen in
multiple sclerosis [26–28] and the surrounding white matter [29,30], a disease primarily
caused by T-lymphocyte infiltration with resultant activation and proliferation of microglia.

DIPG are relatively rare tumors, and the number of patients included in the early
phase vaccine study is small, resulting in several study limitations. Because patients
could complete initial RT before traveling to the vaccine trial study site, MRS data were
not acquired at diagnosis or during RT for that cohort, so we were not able to evaluate
previously reported prognostic factors at this timepoint [21]. While MRS measures describe
a relevant range of tumor characteristics, targeted immune-imaging tracers [31,32] may
also play a role in the development and selection of DIPG patients for immunotherapy
trials. The small sample size also precluded the examination of MRS measures in patients
with pseudoprogression (transient increased edema and/or contrast enhancement of the
tumor, followed by stabilization/regression and symptomatic improvement), which was
postulated to be an indicator of the vaccine treatment efficacy [13,33]. Finally, while steroids
are relatively contra-indicated during vaccine therapy due to the suppression of an immune
response, steroids are generally part of the initial management of symptoms as well as at
the time of any neurologic worsening. It is unclear whether and to what extent steroids
have an impact on metabolite concentrations and their measurement via MR spectroscopy.
Although the imaging protocol was the same for both cohorts, differences in referral
patterns to the sites, treatment regimens, small numbers of patients, and differences in scan
timing introduce unmeasured confounders into treatment cohort comparisons, limiting
direct comparisons.
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5. Conclusions

In summary, long-term survivors were characterized by high mI/Cho ratios that
developed following initial RT, suggesting that mI may constitute an in vivo, real-time
surrogate indicator for the tumor microenvironment response to RT. The number of patients
with serial MRS evaluations on the vaccine trial was too small to draw strong conclusions
about the role of the vaccine in the observation of an increased mI/Cho ratio slightly
earlier than in the non-immunotherapy cohort (Figures 2 and 3). The six-month terminal
decline observed in 10 patients receiving peptide vaccine therapy and 18 patients in a
non-vaccine cohort supports the hypothesis that progressive DIPG is characterized by
increasing tumor membrane turnover (choline) accompanied by decreasing mI and creatine.
Although it is possible that the more distinctive terminal decline slopes in the vaccine study
(Table 2, Figure S5) are related to mechanisms of vaccine therapy resistance, the more
likely explanation (beyond chance variation) is the uniformity of the vaccine therapy
regimen compared to the non-vaccine cohort. These remain to be validated in other cohorts
receiving RT with and without immunotherapy. Increased mI/Cho (possibly reflecting
immune-effector cell influx into the tumor as a mechanism of tumor response) requires
further study.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14235995/s1, Figure S1: Longitudinal trajectories (relative
to date of diagnosis) for metabolite ratios of interest, Figure S2: Longitudinal trajectories (relative
to date of diagnosis) for metabolite ratios of interest, Figure S3: Longitudinal trajectories (relative
to date of diagnosis) for individual metabolites, Figure S4: Prospective change (relative to date of
diagnosis) for individual metabolites, Figure S5: Terminal decline (relative to date of death, X = 0)
for metabolite ratios of interest measured within 12 months of death, excluding scans at diagnosis:
myo-Inositol/choline (left column), creatine/choline (middle), NAA/choline (right column). Figure
S6: Terminal change (relative to date of death) for individual metabolites (mmol/kg), Figure S7:
Terminal change (relative to date of death) for individual metabolites (mmol/kg).
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Simple Summary: This study presents a hybrid model for brain tumor detection. Contrary to manual
featur extraction, features extracted from a convolutional neural network are used to train the model.
Experimental results show the efficacy of CNN features over manually extracted features and model
can detect brain tumor with a 99.9% accuracy.

Abstract: Brain tumors and other nervous system cancers are among the top ten leading fatal
diseases. The effective treatment of brain tumors depends on their early detection. This research
work makes use of 13 features with a voting classifier that combines logistic regression with stochastic
gradient descent using features extracted by deep convolutional layers for the efficient classification
of tumorous victims from the normal. From the first and second-order brain tumor features, deep
convolutional features are extracted for model training. Using deep convolutional features helps to
increase the precision of tumor and non-tumor patient classification. The proposed voting classifier
along with convoluted features produces results that show the highest accuracy of 99.9%. Compared
to cutting-edge methods, the proposed approach has demonstrated improved accuracy.

Keywords: brain tumor prediction; healthcare; deep convolutional features; ensemble learning

1. Introduction

Medical image analysis is a growing field that uses a variety of modern image process-
ing techniques. As a result, a variety of diseases can now be detected in a timely manner.
Early detection can help in the treatment of most life-threatening diseases such as tumors,
eye disease, Alzheimer’s, blood clots, and cancer [1]. Biopsies and images of the infected
areas are used inr the diagnosis of these life-threatening diseases. Images of the affected
areas are typically used to diagnosing diseases in the early stages. Biopsies on the other
hand are used to confirm the presence of certain diseases [2]. In such cases, it is crucial that
the modeling of infected areas is highly accurate and easily visualized.

The brain is a critical organ in the human body and plays a vital role in controlling the
body and decision-making. Therefore, brain tumors are life-threatening conditions. Most
malignancies involve the nervous system and thus it has important implications regarding
diagnosis. The brain parenchyma, also referred to as metastases, is commonly involved [3].
The majority of brain tumors are brain metastases, which are estimated to have an incidence
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rate 10 times higher than primary brain tumors [4]. There are different types of gliomas and
their malignancies also vary. In addition, they are different from most common primary
brain tumors such as meningiomas and pituitary adenomas. The timely diagnosis and
detection of primary brain tumors are essential as they are cancerous and life-threatening.
The proper treatment of these cancerous tumors is critical, and different techniques are
available to treat them. Treatment plans for brain tumors depend on how early the diagnosis
is made and on the tumor type. Different diagnostic techniques are available tor efficiently
diagnose brain tumors, such as magnetic resonance imaging (MRI) [5]. MRI provides vital
information to classify the brain tumor and helps in treatment decisions [6].

The early detection of a brain tumors increases survival chances. Manual diagnosis
and detection are laborious, time-consuming, and faulty. Expert radiologists are frequently
required to gain a better understanding, identify the tumor, and compare tumor tissues
to those in neighboring locations. For medical image analysis computer-aided imaging
technology helps in the brain tumor early detection and categorization. The use of the latest
technologies for the identification of brain tumors saves time and manpower as well. MRI
is currently the most often used non-invasive technique for detecting brain tumors [7]. MRI
scanning is the most commonly used technique for brain analysis. MRI can observe the
difference in soft tissues which makes MRI advantageous over other techniques for brain
tumor diagnosis. It has no side effects because it does not involve the application of ionizing
radiation to brain areas [8]. MRI technique is extensively used by radiologists because it
has the ability to diagnose the abnormal growth of cells. For brain tumor detection, a dual-
channel DC-BTD system was proposed by Zahoor et al. [9]. The authors used MRI images
that show how minimal false negatives are. They used the static S-shaped features and for
the discriminant dynamic features they used the D-channel. The study also included the
use of techniques such as data normalization, augmentation, and four distinct machine
learning classifiers. The findings of the study showed better results with 98.70% accuracy
than existing studies. Similarly, ref. [10] used ensemble models to classify and diagnose
brain tumors by enhancing MRI images with an average filter. Deep learning models
are used for feature extraction such as ResNet-18 and AlexNet. SoftMax and SVM were
used to classify these features. The proposed hybrid approach AlexNet+SVM achieved
an accuracy score of 95.10%. Daz-Pernas et al. [11] used MRI images for the classification
of brain tumors. They did not perform the pre-processing in their study. Their proposed
approach achieved an accuracy of tumor classification of 97.3%. In addition to the MRI
scanning, all the imaging techniques produce images in greyscale, except for the color
Doppler technique, which produces color images. However, other techniques for tissue
segmentation regions such as post-processing do not produce the desired results [12,13].

Many studies focus on the use of deep learning models for brain tumor detection.
For example, an intelligent deep learning-based system for brain tumor detection was
designed by Khan et al. [7]. They classified brain tumors into three classes: Pituitary,
Meningioma, and Glioma. The proposed system is HDL2BT (Hierarchical Deep Learning
Based Brain tumor) which utilises CNN to classify brain tumours in an exact and precise
manner. The proposed model shows a precision of 92.13%. A deep learning-based system
DeepTumorNet was designed by Raza et al. [14] for the categorization of the three different
kinds of brain tumors, the same used by the [7]. CNN GoogLeNet architecture was utilized
as the base of the system. The authors tested the system on the publicly available dataset
and achieved good results. They acquired an accuracy score of 98.67%. Ahmad et al. [15]
used a number of classical classifiers together with different transfer learning-based deep
learning approaches to detect brain tumors. The authors used seven approaches for
transfer learning including Xception, ResNet50, InceptionResNetV2, VGG-16 and VGG-19,
DenseNet201, and InceptionV3. These transfer learning models were followed by machine
learning models. The findings of the study showed an accuracy of 98.39%.

Various researchers have used transfer learning models and achieved robust results for
the identification of brain tumors [16,17]. Amran et al. [16] designed a hybrid deep tumor
network for brain tumor detection by combining a CNN with GoogleNet. The author
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achieved 98.91% accuracy using Inceptionresnetv2 in [17]. The study [18] suggested a
conditional segmentation strategy based on a residual network, as well as an attention
approach based on an extreme gradient boost. The results showed that the CNN-CRF-
Resnet system achieved an accuracy of 99.56% across all three classes. Samee et al. designed
a hybrid transfer learning system GN-AlexNet for the classification of brain tumors and
achieved an accuracy of 99.51% [19].

An ensemble deep learning-based system was designed by Rasool et al. [20] for the
categorization of three different kinds of brain tumors. The authors used the ensemble deep
learning model with fine-tuned GoogleNet and achieved an accuracy of 93.1%. As opposed
to that, when the authors used GoogleNet as a feature extractor they obtained an accuracy
of 98.1%. As genetic mutation is the primary reason for brain cancer, classifying and
segmenting brain tumors using genomic information can help in diagnosis [21]. Using AI
approaches, it is possible to identify disease-related molecular features from radiological
medical images by assessing the genomic state of genetic mutations on numerous genes and
cell proteins [22,23]. Authors combined AI with radio genomics for brain tumor detection
in [24].

Some studies utilized the same dataset used in this study and have shown promising
results. The study [25] employs an ensemble learning approach based on machine learning
to detect brain cancers. NGBoost classifier was used alongside ETC, RF, GBC, and ADA
for comparison. The findings revealed that the use of NGBoost produced a significantly
higher accuracy of 98.54%. Aryan Sagar Methil [26] presented a deep learning approach for
detecting brain tumors. Several image processing techniques were applied for obtaining
better results. The employed CNN model achieves an accuracy of 95%. Shah et al. [27]
utilized MR scans to determine the prognosis of brain malignancies. They proposed a
refined EfficientNet-B0 for brain tumor prediction and also employed data augmentation
techniques to obtain higher-quality photos. The proposed Efficient-B0 system acheived an
accuracy of 98.87%. However, the proposed transfer learning model was a complex neural
network model that required millions of parameters to train, which was the key drawback
of the study.

This paper aims to develop a simple machine learning-based system that uses CNN as
the feature engineering technique to classify patients with brain tumors and normal patients
using MRI scan data. In summary, the proposed system offers the following advantages

• This study proposes an ensemble model that utilizes convolutional features from a
customized CNN model for predicting brain tumors. The proposed ensemble model
is based on logistic regression and a stochastic gradient descent classifier with a voting
mechanism for making the final output.

• The impact of the original features is analyzed against the performance of models
using convolutional features.

• The performance comparison is performed using various machine learning models
including random forest (RF), K-nearest neighbor (k-NN), logistic regression (LR),
gradient boosting machine (GBM), decision tree (DT), Gaussian Naive Bayes (GNB),
extra tree classifier (ETC), support vector machine (SVM), and stochastic gradient
descent (SGD). Moreover, the performance of the proposed model is compared with
leading-edge methodologies in terms of accuracy, precision, recall, and F1 score.

The remaining sections are arranged as follows. Section 2 discusses the proposed
system’s components and functions. Section 3 provides the results, whereas Section 4
contains the discussions and conclusion.

2. Materials and Methods

The ’brain tumor’ dataset used for the detection of the disease, the proposed approach,
and the steps taken for the proposed framework is discussed in this section. The machine
learning classifiers utilized in this work are also briefly described in this section.
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2.1. Dataset

For the performance comparison, various machine learning models were utilized in
this study. The selection of the right dataset is a vital step, this study makes use of the “Brain
tumor” dataset which is publicly available on Kaggle [28]. The dataset contained 3762
instances, 13 features, and a target class. Of these 13 features, 5 were first-order features
and 8 were texture features. The first-order features were the standard deviation, mean,
kurtosis, variance, skewness, and texture features are entropy, contrast, homogeneity, en-
ergy, dissimilarity, correlation, coarseness, and ASM (Angular second moment). The target
features contained two classes: tumors and non-tumor. Of 3762 instances, 2079 belonged to
the non-tumor class and 1683 belonged to the tumor class.

2.2. Machine Learning Models

In this work, nine machine learning algorithms were utilized to identify brain tumors
including RF, SVM, k-NN, LR, GBM, DT, GNB, ETC, and SGD. A brief explanation of these
machine-learning models is given here.

2.2.1. Random Forest

RF [29,30] is a well-known and widely used tree-based machine learning algorithm.
From the previous random vector, RF generates the independent random vector and
distributes them among all the trees. It is a step-by-step process in which the root node
divides the data into its child nodes, and so on until the leaf nodes are reached. In RF, each
node of the tree independently classifies the feature’s objective variables, and after that
class votes. The classification results from the decision trees depend on the majority voting.
Error in RF is calculated using the following formula

PE∗ = P(i,j)( f (i, j) < 0) (1)

where random vectors are represented by the i and j and these random vectors represent
the probability. And f computes the average number of votes across all random vectors for
the desired outcome [31], it is calculated as

f (i, j) = avK I(H(i) = j)−maxy 6=javK I(hk(i) = y) (2)

2.2.2. Decision Tree

A DT is one of the tree-based methods used for the classification of brain tumors. It
handles classification and regression problems efficiently [32,33]. The major issue in DT is
the finding of the root node at each level. Attribute selection is the method used to identify
the root node. “Gini Index” and “information gain” are the attribute selection techniques.
The following formula may be used to compute the Gini value.

Gini = 1−
classes

∑
i=1

p(i|t)2 (3)

Impurity in the dataset is calculated using Gini. The other method used for attribute
selection is information gain. It calculates the purity of the dataset. Information Gain for
each attribute can be calculated using the following steps

Step 1: determine the target’s entropy.
Step 2: compute each attribute’s entropy.

The following formula may be used to get the entropy for a collection of instances D.

entropy(D) =
|c|
∑
i=1

Pr(Ci)log2Pr(Ci), where
|c|
∑
i=1

Pr(Ci) = 1 (4)
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For the construction of the trees in all the tree-based classifiers in this work information
gain and the Gini index value are used.

2.2.3. K-Nearest Neighbour

k-NN is the first choice for medical data mining. k-NN is a straightforward instance-
based classifier [34,35]. A supervised learning model called k-NN compares new data to
existing cases to determine how similar they are, then groups the new data with those
cases that have the highest similarity. Finding the similarity of the data involves measuring
the distance between the new and existing data points. For distance calculation, various
methods are available such as Manhattan, Euclidean, Murkowski, etc. Although k-NN is
utilized for regression problems it is widely used to solve classification problems. There
are multiple parameters in k-NN and these need to be correctly refined for good results.

2.2.4. Logistic Regression

LR is a supervised learning-based machine learning classifier that is statistics-based [36–38].
The input characteristics (X: input) can be categorized by LR into a discrete set of target values
(Y: output). A logistic function is employed in LR to determine the likelihood of either class 0 or
class 1. A logistic function typically has the shape of an “S” as in the equation below.

f (x) =
L

1 + e−m(v−vo)
(5)

LR uses the sigmoid function for probability prediction. The following formula can be
used to determine the sigmoid function.

σ(x) = ex(ex + 1), σ(x) = 1(1 + e−x) (6)

where σ(x) shows output as either 0 or 1 and e is the base of the natural log and x represents
the input. For linearly separable data LR is the best choice. It works well to deal with
binary classification problems.

2.2.5. Support Vector Machine

A common supervised learning technique used for classification and regression issues
is SVM [39]. The dataset is divided using SVM by creating decision paths known as
hyperplanes. SVM can effectively handle both linear and nonlinear data. Because the
hyperplane separates the dataset into two groups, linear SVM handles the separable data.
Data points above the hyperplane are classified as class 1, while those below the hyperplane
are classified as class 2. There are support vectors as well. The points that are near the
hyperplane are known as support vectors. SVM separates the data on the one-vs-all concept
which stops when the dataset separates into several classes. Nonseprable data is handled by
the nonlinear SVM. In non-linear SVM the actual coordinate space is converted to separable
coordinate space x = φ(x).

2.2.6. Gradient Boosting Machine

GBM is utilized for both classification and regression issues [40,41]. The main reason
for boosting GBM is to enhance the capacity of the model in such a way as to catch
the drawbacks of the model and replace them with a strong learner to find the near-to-
accurate or perfect solution. This stage is carried out by GBM by gradually, sequentially,
and additively training a large number of models. GBM is very sensitive to noisy data. Due
to the boosting technique in GBM, it is less susceptible to overfitting problems.

2.2.7. Extra Tree Classifier

ETC is a tree-based learning model that uses the results of multiple correlated DTs for
the final prediction [42]. The training samples are used to generate each DT in the forest
that will be utilized for further classification. Numerous uncorrelated DTs are constructed
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using random samples of features. During this process of constructing a tree, the Gini index
is used for every feature, and feature selection is performed for data splitting.

2.2.8. Gaussian Naive Bayes

The GNB method is based on the Bayes theorem and assumes that each feature in the
model is independent [43,44]. It is used for object classification using uniformly distributed
data. It is also known as the GNB classifier because of these features. It can be calculated
using the following formula

P(c|x) = P(c|x)P(c)
p(x)

(7)

P(c|x) = P(x1|x) ∗ ...., P(x1|x) ∗ P(c) (8)

2.2.9. Stochastic Gradient Decent

SGD integrates many binary classifiers and has undergone extensive testing on a
sizable dataset [45,46]. It is easy to develop and comprehend, and its functioning resembles
the regression technique quite a bit. SGD hyperparameter settings need to be correct in
order to obtain reliable results. The SGD is sensitive to feature scaling.

2.3. Convolutional Neural Network for Feature Engineering

In this study, a CNN was used for feature engineering [47,48]. The embedding layer,
flatten layer, max-pooling layer, and 1D convolutional layer are the four layers that make
up CNN. In this study, an embedding layer with an embedding size of 20,000 was used.
This layer utilized the features from the brain tumor dataset. The embedding layer had an
output dimension of 300. After this layer 1D convolutional layer was used with a filter size
of 5000. ReLU was utilized as an activation function and had a kernel size of 2 × 2. In order
to map key features from the output of the 1D convolutional layer, a 2 × 2 max-pooling
layer was utilized. The output was flattened at the end, and the ML models were then
converted back to 1D arrays. Let ( f si, tci) be a tuple set of brain tumor data set where
the target class columns are represented by the tc, the feature set is represented by the f s,
and the tuple index is represented by the I. An embedding layer was utilized to get the
desired output from the training set.

EL = embedding_layer(Vs, Os, I) (9)

EOs = EL( f s) (10)

where EOs denotes the embedding layer outputs and is fed to the convolutional layer as
input, the embedding layers are denoted by EL. Three parameters are available in EL:
Vs as the size of the vocabulary, I as the length of the input, and Os as the dimension of
the output.

For brain tumor detection, we set the embedding layer at 20,000. This shows that this
layer has the ability to take inputs ranging from 0 to 20,000. The length of the input was
set at 13 and the output dimension was set at 300. All the input data in the CNN were
processed in the embedding layer which created the output for the models for the next
processing. The output dimensions of the embedding layers are

1D− Convs = CNN(F, Ks, AF)← EOs (11)

where the 1D− Convs represents the output of 1D convolutional layers.
For brain tumor detection, we used 500 filters for the CNN i.e., F = 500 and the Kernel

size is Ks = 2× 2. The activation function not only changes the negative values but also
helps to keep other values unchanged.

f (x) = max(0, E)s (12)
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For significant feature mapping the max-pooling layer was utilized in CNN. For brain
tumor detection a 2 × 2 pool was used to map the features. Here Fmap represents the
features obtained from max-pooling, S-2 shows the stride and Ps = 2 is the pooling window
size.

C f = Fmap = b(1− Ps)/Sc+ 1 (13)

A flattened layer was used to transform the 3D data into 1D. The main reason behind
this conversion is that the machine learning models work well on the 1D data. For the
training of the ML models, the above-mentioned step was implemented and for the training,
we obtained the 25,000 features. The architecture of the used CNN along with the predictive
model is shown in Figure 1.

Convoluted
Features model(x,y)

SGD

LR

Tumor

Non-Tumor

x

y

Conv (7, @64), Conv (7, @64), 
Max pooling (2), Conv (7, @64), 

  Average pooling (2), Flatten Layer(),
Dropout (0.5), Dense (32 neurons),

optimizer='adam'

Dropout(0.5)

Figure 1. Architecture diagram of the CNN with voting classifier (LR+SGD) model.

2.4. Proposed Voting Classifier

For obtaining better results, several studies preferred ensemble machine learning
models. When compared with individual models, the performance of ensemble classifiers
is better. Therefore, this study used an ensemble model to detect brain tumors.

Figure 2 displays the pipeline flowchart for detecting brain tumors. Two machine
learning models, LR and SGD, were combined to create the proposed model. The brain
tumor dataset from the Kaggle was used for experiments. The proposed model was used
for the brain tumor dataset for two scenarios. Firstly, all 13 features of the brain tumor
dataset were used for brain tumor prediction. In the second experiment, the dataset’s
characteristics were extracted using CNN, and models were trained on them to distinguish
between patient groups with and without tumors. The split of the data is 0.7 to 0.3, with 70%
of the data utilized for training and 30% for testing. Accuracy, precision, recall, and F1
score were used to evaluate the model.

First & Second
Order Features


Dataset

Preprocessing




1. Label Encoder

Feature

Engineering


Train Test Split

70% Training30% Testing

Voting Classifier
(LR+SGD)

Trained

Model

Evaluation 

Accuracy

Precision


Recall

F-score

Figure 2. workflow diagram of the proposed voting classifier (LR+SGD) model.
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In this work, LR and SGD are combined with soft voting criteria. The architecture of
the voting classifier is given in Figure 3. The outcome with high probability is regarded as
the final output in soft voting.

 P(1) P(2)

P(1)= (P LR + P SGD)/2
P(2)= (P LR+ P SGD)/2

Final Prediction= argmax{P(1), P(2)}

Instances

 P(1) P(2)

LR SGD

Figure 3. Architecture of the proposed voting classifier (LR+SGD) model.

Mathematically, the soft voting criteria can be represented as

p̂ = argmax
n

∑
i

LRi,
n

∑
i

SGDi (14)

where the probability values against the test sample are denoted by
n
∑
i

LRi and
n
∑
i

SGDi.

The probability values for each instance using LR and SGD are then passed through on the
basis of soft voting as shown in Figure 3.

Each sample that has passed through the LR and SGD is given a probability score.
For example, if the LR model’s probability value is 0.4 and 0.7 for two classes, respec-
tively, and the SGD model’s probability value is 0.5 and 0.4 for two classes, respectively,
and P(x) represents the probability value of x ranging from 0 to 1, the final probability is
determined as

P(1) = (0.4 + 0.5)/2 = 0.45

P(2) = (0.7 + 0.4)/2 = 0.55

The final output will be 2 because it has the highest probability. By combining the
projected probabilities from both classifiers, VC(LR+SGD) selects the final class based on
the maximum average probability for each class. The hyperparameter details of all models
used in this research work are listed in Table 1.
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Table 1. Hyperparameter values of all models used in this research work.

Classifiers Parameters

RF number of trees = 200, maximum depth = 30, random state = 52
DT number of trees = 200, maximum depth = 30, random state = 52
k-NN algorithm = ‘auto’, leaf size = 30, metric = ‘minkowski’, neighbors = 5, weights = ‘uniform’
LR penalty = ‘l2’, solver = ‘lbfgs’

SVM C = 2.0, cache size = 200, gamma = ‘auto’, kernel = ‘linear’, maximum iteration = −1,
probability = False, random state = 52, tol = 0.001

GBM number of trees = 200, maximum depth = 30, random state = 52, learning rate = 0.1
ETC number of trees = 200, maximum depth = 30, random state = 52
GNB alpha = 1.0, binarize = 0.0
SGD penalty = ‘l2’, loss = ‘log’

CNN Conv (7, @64), Conv (7, @64), Max pooling (2), Conv (7, @64), Average pooling (2),
Flatten Layer(), Dropout (0.5), Dense (32 neurons), optimizer = ’adam’

2.5. Evaluation Metrics

Accuracy, precision, recall, and F1 score are the performance metrics utilized in this
study to assess the machine learning models’ effectiveness. These measurements are all
dependent on the confusion matrix’s values.

Accuracy =
TP + TN

TP + TN + FP + FN
(15)

Precision =
TP

TP + FP
(16)

Recall =
TP

TP + FN
(17)

F1 score = 2× Precision× Recall
Precision + Recall

(18)

3. Results and Discussion
3.1. Experiment Setup

Several experiments were conducted for the performance analysis, and the perfor-
mance of the proposed approach was extensively assessed in comparison to the other
learning models. All the experiments were performed using a 7th generation Intel Corei7
machine with Windows 10 operating system. Python language was used for the imple-
mentation of the proposed approach and the other learning models. Tensor Flow, Sci-kit
learn, and Keras libraries were also used. Experiments were carried out in two situations to
evaluate the effectiveness of the proposed technique: using original features from the brain
tumor dataset and using CNN features.

3.2. Performance of Models Using Original Features

The ML models were applied to the actual dataset in the first set of experiments
and the results are shown in Table 2. Results show that the SGD and LR achieved the
highest accuracy values of 0.881 and 0.869, respectively among all models. RF received
a 0.854 accuracy while the LR+SGD ensemble model attained an accuracy score of 0.845.
Tree-based model ETC attained an accuracy score of 0.829 while the GNB showed the worst
performance with a 0.769 accuracy score. However, the linear models LR, SGD, and their
ensemble outperform when using the original feature set.
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Table 2. Results of machine learning models using the original features.

Model Accuracy Class Precision Recall F1 Score

Voting Classifier LR+SGD 0.845

Tumour 0.865 0.899 0.878

Non-Tumour 0.748 0.799 0.776

Micro Avg. 0.824 0.858 0.856

Weighted Avg. 0.807 0.843 0.825

GBM 0.805

Tumour 0.795 0.818 0.807

Non-Tumour 0.818 0.818 0.818

Micro Avg. 0.805 0.819 0.827

Weighted Avg. 0.808 0.814 0.826

GNB 0.769

Tumour 0.777 0.788 0.777

Non-Tumour 0.744 0.766 0.755

Micro Avg. 0.766 0.777 0.766

Weighted Avg. 0.766 0.777 0.766

ETC 0.829

Tumour 0.806 0.806 0.806

Non-Tumour 0.815 0.815 0.815

Micro Avg. 0.805 0.805 0.805

Weighted Avg. 0.809 0.820 0.811

LR 0.869

Tumour 0.866 0.899 0.877

Non-Tumour 0.888 0.899 0.888

M Avg. 0.855 0.902 0.883

W Avg. 0.855 0.884 0.876

SGD 0.881

Tumour 0.903 0.892 0.893

Non-Tumour 0.923 0.924 0.922

Micro Avg. 0.922 0.922 0.911

Weighted Avg. 0.919 0.919 0.919

RF 0.854

Tumour 0.827 0.858 0.834

Non-Tumour 0.844 0.806 0.828

Micro Avg. 0.844 0.844 0.833

Weighted Avg. 0.833 0.833 0.833

DT 0.829

Tumour 0.806 0.822 0.811

Non-Tumour 0.805 0.833 0.814

Micro Avg. 0.807 0.809 0.818

Weighted Avg. 0.818 0.804 0.804

SVM 0.788

Tumour 0.788 0.800 0.799

Non-Tumour 0.777 0.788 0.788

Micro Avg. 0.788 0.799 0.800

Weighted Avg. 0.788 0.799 0.800

k-NN 0.828

Tumour 0.788 0.822 0.800

Non-Tumour 0.777 0.811 0.800

Micro Avg. 0.777 0.811 0.800

Weighted Avg. 0.799 0.824 0.824
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When compared to other linear models, the performance of the ensemble model
was noteworthy. Individually, LR and SGD performed well on the original feature set
and their combination further improved the results. Although the proposed voting
ensemble model performed well, the obtained accuracy fell short of existing works and
lacked the desired accuracy for brain tumor classification. More experiments were
conducted for this purpose using CNN as a feature engineering technique and an
ensemble learning model.

3.3. Results Using CNN Feature Engineering

In the second set of experiments, the performance of the proposed ensemble model
and other models was assessed using CNN as a feature engineering technique to extract
features from the dataset. Table 3 presents the results of the models when CNN features
were used for model training. Expanding the feature set was the main goal of employing
CNN model features, which was anticipated to increase the learning models’ accuracy.

The results show that the proposed voting ensemble model LR+SGD leads the perfor-
mance of all models applied in this study with an accuracy score of 0.995. The proposed
ensemble model performs significantly better improving the accuracy by 0.15 over the
original feature set. In the same manner, the results of the individual models have also
improved using convoluted features. SGD obtained an accuracy score of 0.987 and the
regression-based model LR achieves an accuracy score of 0.989. The tree-based models such
as ETC and RF obtain accuracy scores of 0.926 and 0.958, respectively. Probability-based
model GNB is again the least performer on the CNN features as well and achieved an
accuracy score of 0.866. It is noted that GNB also showed some improvement in results as
compared to the original features.

3.4. Results of K-Fold Cross-Validation

In order to verify the effectiveness of the proposed model this research work makes
use of k-fold cross-validation. Table 4 provides the results of the 10-fold cross-validation.
Cross-validation results reveal that the proposed ensemble model provides an average
accuracy score of 0.996 while the average scores for precision, recall, and F1 are 0.998, 0.998,
and 0.997, respectively.

3.5. Performance Comparison with State-of-the-Art Approaches

The results of the proposed model are compared with existing state-of-the-art
studies to show the performance comparison in Table 5. For this purpose, several
recently published works are selected so as to report the most recent results. Ref. [25]
uses the NGBoost model for brain tumor detection and obtains 0.985 accuracy. Similarly,
the study [26] utilizes a CNN deep learning model for the same task and reports a 0.950
accuracy score with the same dataset used in this study. An EfficientNet-B0 is employed
in [27] for brain tumor detection that obtains a 0.988 accuracy score. The current study
took the benefit of CNN features to train a voting classifier for brain tumor detection
and obtained better results than existing state-of-the-art approaches with a classification
accuracy of 0.999.

41



Cancers 2023, 15, 1767

Table 3. Machine Learning Models Performance Using CNN as feature engineering.

Model Accuracy Class Precision Recall F1 Score

Voting Classifier LR+SGD 0.995

Tumour 0.999 0.999 0.999

Non-Tumour 0.999 0.999 0.999

Micro Avg. 0.999 0.999 0.999

Weighted Avg. 0.999 0.999 0.999

GBM 0.905

Tumour 0.928 0.944 0.926

Non-Tumour 0.915 0.923 0.914

Micro Avg. 0.927 0.931 0.924

Weighted Avg. 0.915 0.935 0.918

GNB 0.866

Tumour 0.877 0.888 0.877

Non-Tumour 0.844 0.866 0.855

Micro Avg. 0.866 0.877 0.877

Weighted Avg. 0.855 0.877 0.866

ETC 0.926

Tumour 0.907 0.903 0.905

Non-Tumour 0.914 0.918 0.914

Micro Avg. 0.913 0.913 0.913

Weighted Avg. 0.900 0.900 0.900

LR 0.989

Tumour 0.966 0.999 0.977

Non-Tumour 0.988 0.999 0.988

M Avg. 0.977 0.999 0.988

W Avg. 0.977 0.999 0.988

SGD 0.987

Tumour 0.985 0.997 0.986

Non-Tumour 0.999 0.986 0.988

Micro Avg. 0.988 0.988 0.988

Weighted Avg. 0.988 0.988 0.988

RF 0.958

Tumour 0.927 0.954 0.935

Non-Tumour 0.944 0.960 0.952

Micro Avg. 0.944 0.960 0.952

Weighted Avg. 0.934 0.954 0.944

DT 0.936

Tumour 0.900 0.928 0.914

Non-Tumour 0.900 0.934 0.912

Micro Avg. 0.900 0.900 0.915

Weighted Avg. 0.914 0.900 0.900

SVM 0.978

Tumour 0.974 0.922 0.955

Non-Tumour 0.977 0.944 0.944

Micro Avg. 0.977 0.933 0.944

Weighted Avg. 0.988 0.955 0.966

k-NN 0.982

Tumour 0.988 0.988 0.988

Non-Tumour 0.977 0.977 0.977

Micro Avg. 0.966 0.966 0.966

Weighted Avg. 0.977 0.977 0.977
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Table 4. Proposed approach k-fold cross-validation result.

Fold Number Accuracy Precision Recall F-Score

Fold-1 0.992 0.995 0.994 0.995
Fold-2 0.994 0.996 0.995 0.996
Fold-3 0.996 0.997 0.996 0.997
Fold-4 0.998 0.999 1.000 0.998
Fold-5 0.999 0.999 0.998 0.998
Fold-6 1.000 0.999 0.999 0.998
Fold-7 0.995 0.999 0.996 0.997
Fold-8 0.997 0.998 0.997 0.998
Fold-9 0.997 0.997 0.998 0.998

Fold-10 0.999 0.999 0.999 0.999

Average 0.996 0.998 0.998 0.997

Table 5. Performance comparison with state-of-the-art studies.

Reference Year Approach Accuracy

[25] 2020 NGBoost 0.985
[26] 2021 CNN 0.950
[27] 2022 EfficientNet-B0 0.988

Proposed 2022 CNN features and
voting Classifier 0.999

4. Conclusions and Future Work

The goal of this study was to create a framework that can properly distinguish between
brain images with and without tumors and minimize the risks associated with this leading
cause of mortality. The proposed method focuses on improving accuracy while reducing
prediction errors for brain tumor detection. The experimental finding showed that by
employing convolutional features, more accurate results were achieved than by using the
original features. Furthermore, the ensemble classifier comprising LR and SGD outper-
formed individual models. Compared with state-of-the-art methods, the proposed method
achieved an accuracy score of 0.999, demonstrating its superiority over existing methods
and highlighting the effectiveness of the framework. In the future, we intend to employ
deep-learning ensemble models to conduct tumor-type classifications with convolutional
features. This study used a single dataset obtained from a single source. In the future, we
plan to apply the proposed approach to other datasets to demonstrate its generalizability.

Author Contributions: Conceptualization, N.A. (Nazik Alturki) and M.U.; Data curation, N.A.
(Nazik Alturki), A.I. and O.S.; Formal analysis, N.A. (Nazik Alturki), A.I. and A.M.; Funding
acquisition, A.M.; Investigation, K.A. and O.S.; Methodology, N.A. (Nihal Abuzinadah); Project
administration, K.A.; Resources, N.A. (Nihal Abuzinadah) and A.M.; Software, M.U. and N.A. (Nihal
Abuzinadah); Supervision, I.A.; Validation, O.S. and I.A.; Visualization, K.A.; Writing—original draft,
M.U. and A.I.; Writing—review & editing, I.A. All authors have read and agreed to the published
version of the manuscript.

Funding: Princess Nourah bint Abdulrahman University Researchers Supporting Project number
(PNURSP2023R333), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets can be found by the authors at request.

Acknowledgments: Princess Nourah bint Abdulrahman University Researchers Supporting Project
number (PNURSP2023R333), Princess Nourah bint Abdulrahman University, Riyadh, Saudi Arabia.

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

43



Cancers 2023, 15, 1767

References
1. Umer, M.; Naveed, M.; Alrowais, F.; Ishaq, A.; Hejaili, A.A.; Alsubai, S.; Eshmawi, A.; Mohamed, A.; Ashraf, I. Breast Cancer

Detection Using Convoluted Features and Ensemble Machine Learning Algorithm. Cancers 2022, 14, 6015. [CrossRef]
2. Amin, J.; Sharif, M.; Raza, M.; Saba, T.; Anjum, M.A. Brain tumor detection using statistical and machine learning method.

Comput. Methods Programs Biomed. 2019, 177, 69–79. [CrossRef]
3. McFaline-Figueroa, J.R.; Lee, E.Q. Brain tumors. Am. J. Med. 2018, 131, 874–882. [CrossRef]
4. Arvold, N.D.; Lee, E.Q.; Mehta, M.P.; Margolin, K.; Alexander, B.M.; Lin, N.U.; Anders, C.K.; Soffietti, R.; Camidge, D.R.;

Vogelbaum, M.A.; et al. Updates in the management of brain metastases. Neuro-oncology 2016, 18, 1043–1065. [CrossRef]
5. Saba, T.; Mohamed, A.S.; El-Affendi, M.; Amin, J.; Sharif, M. Brain tumor detection using fusion of hand crafted and deep

learning features. Cogn. Syst. Res. 2020, 59, 221–230. [CrossRef]
6. Soomro, T.A.; Zheng, L.; Afifi, A.J.; Ali, A.; Soomro, S.; Yin, M.; Gao, J. Image Segmentation for MR Brain Tumor Detection Using

Machine Learning: A Review. IEEE Rev. Biomed. Eng. 2023, 16, 70–90. [CrossRef]
7. Khan, A.H.; Abbas, S.; Khan, M.A.; Farooq, U.; Khan, W.A.; Siddiqui, S.Y.; Ahmad, A. Intelligent model for brain tumor

identification using deep learning. Appl. Comput. Intell. Soft Comput. 2022, 2022, 8104054. [CrossRef]
8. Younis, A.; Qiang, L.; Nyatega, C.O.; Adamu, M.J.; Kawuwa, H.B. Brain Tumor Analysis Using Deep Learning and VGG-16

Ensembling Learning Approaches. Appl. Sci. 2022, 12, 7282. [CrossRef]
9. Zahoor, M.M.; Qureshi, S.A.; Khan, A.; Rehman, A.u.; Rafique, M. A novel dual-channel brain tumor detection system for MR

images using dynamic and static features with conventional machine learning techniques. Waves Random Complex Media 2022, 1–20.
[CrossRef]

10. Senan, E.M.; Jadhav, M.E.; Rassem, T.H.; Aljaloud, A.S.; Mohammed, B.A.; Al-Mekhlafi, Z.G. Early Diagnosis of Brain Tumour
MRI Images Using Hybrid Techniques between Deep and Machine Learning. Comput. Math. Methods Med. 2022, 2022, 8330833.
[CrossRef]

11. Díaz-Pernas, F.J.; Martínez-Zarzuela, M.; Antón-Rodríguez, M.; González-Ortega, D. A deep learning approach for brain tumor
classification and segmentation using a multiscale convolutional neural network. Healthcare 2021, 9, 153. [CrossRef]

12. Budati, A.; Babu, K. An automated brain tumor detection and classification from MRI images using machine learning techniques
with IoT. Environ. Dev. Sustain. 2022, 24, 1–15. [CrossRef]

13. Akinyelu, A.A.; Zaccagna, F.; Grist, J.T.; Castelli, M.; Rundo, L. Brain Tumor Diagnosis Using Machine Learning, Convolutional
Neural Networks, Capsule Neural Networks and Vision Transformers, Applied to MRI: A Survey. J. Imaging 2022, 8, 205.
[CrossRef]

14. Raza, A.; Ayub, H.; Khan, J.A.; Ahmad, I.; Salama, A.S.; Daradkeh, Y.I.; Javeed, D.; Ur Rehman, A.; Hamam, H. A hybrid deep
learning-based approach for brain tumor classification. Electronics 2022, 11, 1146. [CrossRef]

15. Ahmad, S.; Choudhury, P.K. On the Performance of Deep Transfer Learning Networks for Brain Tumor Detection using MR
Images. IEEE Access 2022, 10, 59099–59114. [CrossRef]

16. Amran, G.A.; Alsharam, M.S.; Blajam, A.O.A.; Hasan, A.A.; Alfaifi, M.Y.; Amran, M.H.; Gumaei, A.; Eldin, S.M. Brain Tumor
Classification and Detection Using Hybrid Deep Tumor Network. Electronics 2022, 11, 3457. [CrossRef]

17. Ullah, N.; Khan, J.A.; Khan, M.S.; Khan, W.; Hassan, I.; Obayya, M.; Negm, N.; Salama, A.S. An Effective Approach to Detect and
Identify Brain Tumors Using Transfer Learning. Appl. Sci. 2022, 12, 5645. [CrossRef]

18. Hashmi, A.; Osman, A.H. Brain Tumor Classification Using Conditional Segmentation with Residual Network and Attention
Approach by Extreme Gradient Boost. Appl. Sci. 2022, 12, 10791. [CrossRef]

19. Samee, N.A.; Mahmoud, N.F.; Atteia, G.; Abdallah, H.A.; Alabdulhafith, M.; Al-Gaashani, M.S.; Ahmad, S.; Muthanna, M.S.A.
Classification Framework for Medical Diagnosis of Brain Tumor with an Effective Hybrid Transfer Learning Model. Diagnostics
2022, 12, 2541. [CrossRef]

20. Rasool, M.; Ismail, N.A.; Boulila, W.; Ammar, A.; Samma, H.; Yafooz, W.M.; Emara, A.H.M. A Hybrid Deep Learning Model for
Brain Tumour Classification. Entropy 2022, 24, 799. [CrossRef]

21. DeAngelis, L.M. Brain tumors. N. Engl. J. Med. 2001, 344, 114–123. [CrossRef]
22. Fathi Kazerooni, A.; Bagley, S.J.; Akbari, H.; Saxena, S.; Bagheri, S.; Guo, J.; Chawla, S.; Nabavizadeh, A.; Mohan, S.; Bakas, S.;

et al. Applications of radiomics and radiogenomics in high-grade gliomas in the era of precision medicine. Cancers 2021, 13, 5921.
[CrossRef]

23. Habib, A.; Jovanovich, N.; Hoppe, M.; Ak, M.; Mamindla, P.; Colen, R.R.; Zinn, P.O. MRI-based radiomics and radiogenomics in
the management of low-grade gliomas: Evaluating the evidence for a paradigm shift. J. Clin. Med. 2021, 10, 1411. [CrossRef]

24. Jena, B.; Saxena, S.; Nayak, G.K.; Balestrieri, A.; Gupta, N.; Khanna, N.N.; Laird, J.R.; Kalra, M.K.; Fouda, M.M.; Saba, L.; et al.
Brain tumor characterization using radiogenomics in artificial intelligence framework. Cancers 2022, 14, 4052. [CrossRef]

25. Dutta, S.; Bandyopadhyay, S.K. Revealing brain tumor using cross-validated NGBoost classifier. Int. J. Mach. Learn. Netw. Collab.
Eng. 2020, 4, 12–20. [CrossRef]

26. Methil, A.S. Brain tumor detection using deep learning and image processing. In Proceedings of the 2021 International Conference
on Artificial Intelligence and Smart Systems (ICAIS), Tamil Nadu, India, 25–27 March 2021; pp. 100–108.

27. Shah, H.A.; Saeed, F.; Yun, S.; Park, J.H.; Paul, A.; Kang, J.M. A Robust Approach for Brain Tumor Detection in Magnetic
Resonance Images Using Finetuned EfficientNet. IEEE Access 2022, 10, 65426–65438. [CrossRef]

44



Cancers 2023, 15, 1767

28. Bohaju, J. Brain Tumor Database. July 2020. Available online: https://www.kaggle.com/datasets/jakeshbohaju/brain-tumor
(accessed on 10 January 2023).

29. Breiman, L. Bagging predictors. Mach. Learn. 1996, 24, 123–140. [CrossRef]
30. Breiman, L. Random forests. Mach. Learn. 2001, 45, 5–32. [CrossRef]
31. Biau, G.; Scornet, E. A random forest guided tour. Test 2016, 25, 197–227. [CrossRef]
32. Manzoor, M.; Umer, M.; Sadiq, S.; Ishaq, A.; Ullah, S.; Madni, H.A.; Bisogni, C. RFCNN: Traffic accident severity prediction based

on decision level fusion of machine and deep learning model. IEEE Access 2021, 9, 128359–128371. [CrossRef]
33. Kotsiantis, S.B. Decision trees: A recent overview. Artif. Intell. Rev. 2013, 39, 261–283. [CrossRef]
34. Juna, A.; Umer, M.; Sadiq, S.; Karamti, H.; Eshmawi, A.; Mohamed, A.; Ashraf, I. Water Quality Prediction Using KNN Imputer

and Multilayer Perceptron. Water 2022, 14, 2592. [CrossRef]
35. Keller, J.M.; Gray, M.R.; Givens, J.A. A fuzzy k-nearest neighbor algorithm. IEEE Trans. Syst. Man Cybern. 1985, SMC-15, 580–585.

[CrossRef]
36. Besharati, E.; Naderan, M.; Namjoo, E. LR-HIDS: Logistic regression host-based intrusion detection system for cloud environments.

J. Ambient Intell. Humaniz. Comput. 2019, 10, 3669–3692. [CrossRef]
37. Khammassi, C.; Krichen, S. A NSGA2-LR wrapper approach for feature selection in network intrusion detection. Comput. Netw.

2020, 172, 107183. [CrossRef]
38. Kleinbaum, D.G.; Dietz, K.; Gail, M.; Klein, M.; Klein, M. Logistic Regression; Springer: Berlin/Heidelberg, Germany, 2002.
39. Noble, W.S. What is a support vector machine? Nat. Biotechnol. 2006, 24, 1565–1567. [CrossRef]
40. Ashraf, I.; Narra, M.; Umer, M.; Majeed, R.; Sadiq, S.; Javaid, F.; Rasool, N. A Deep Learning-Based Smart Framework for

Cyber-Physical and Satellite System Security Threats Detection. Electronics 2022, 11, 667. [CrossRef]
41. Friedman, J.H. Greedy function approximation: A gradient boosting machine. Ann. Stat. 2001, 29, 1189–1232. [CrossRef]
42. Umer, M.; Sadiq, S.; Nappi, M.; Sana, M.U.; Ashraf, I.; Karamti, H.; Eshmawi, A.A. ETCNN: Extra Tree and Convolutional

Neural Network-based Ensemble Model for COVID-19 Tweets Sentiment Classification. Pattern Recognit. Lett. 2022, 164, 224–231.
[CrossRef]

43. Majeed, R.; Abdullah, N.A.; Faheem Mushtaq, M.; Umer, M.; Nappi, M. Intelligent Cyber-Security System for IoT-Aided Drones
Using Voting Classifier. Electronics 2021, 10, 2926. [CrossRef]

44. Rish, I. An empirical study of the naive Bayes classifier. In Proceedings of the IJCAI 2001 Workshop on Empirical Methods in
Artificial Intelligence, Seattle, WA, USA, 4–6 August 2001; Volume 3, pp. 41–46.

45. Umer, M.; Sadiq, S.; Missen, M.M.S.; Hameed, Z.; Aslam, Z.; Siddique, M.A.; Nappi, M. Scientific papers citation analysis using
textual features and SMOTE resampling techniques. Pattern Recognit. Lett. 2021, 150, 250–257. [CrossRef]

46. Bottou, L. Stochastic gradient descent tricks. Neural Networks: Tricks of the Trade, 2nd ed.; Springer: Berlin/Heidelberg, Germany,
2012; pp. 421–436.

47. Hameed, A.; Umer, M.; Hafeez, U.; Mustafa, H.; Sohaib, A.; Siddique, M.A.; Madni, H.A. Skin lesion classification in dermoscopic
images using stacked Convolutional Neural Network. J. Ambient. Intell. Humaniz. Comput. 2021, 28, 1–15. [CrossRef]

48. Rustam, F.; Ishaq, A.; Munir, K.; Almutairi, M.; Aslam, N.; Ashraf, I. Incorporating CNN Features for Optimizing Performance of
Ensemble Classifier for Cardiovascular Disease Prediction. Diagnostics 2022, 12, 1474. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

45



Citation: Marino, S.; Menna, G.; Di

Bonaventura, R.; Lisi, L.; Mattogno,

P.; Figà, F.; Bilgin, L.; D’Alessandris,

Q.G.; Olivi, A.; Della Pepa, G.M. The

Extracellular Matrix in Glioblastomas:

A Glance at Its Structural

Modifications in Shaping the Tumoral

Microenvironment—A Systematic

Review. Cancers 2023, 15, 1879.

https://doi.org/10.3390/

cancers15061879

Academic Editor: Axel H. Schönthal

Received: 23 January 2023

Revised: 5 March 2023

Accepted: 16 March 2023

Published: 21 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Systematic Review

The Extracellular Matrix in Glioblastomas: A Glance at Its
Structural Modifications in Shaping the Tumoral
Microenvironment—A Systematic Review
Salvatore Marino 1,†, Grazia Menna 1,*,† , Rina Di Bonaventura 2, Lucia Lisi 3, Pierpaolo Mattogno 2 ,
Federica Figà 1, Lal Bilgin 1, Quintino Giorgio D’Alessandris 1 , Alessandro Olivi 1,‡

and Giuseppe Maria Della Pepa 2,‡

1 Department of Neuroscience, Neurosurgery Section, Università Cattolica del Sacro Cuore, 00168 Rome, Italy
2 Department of Neurosurgery, Fondazione Policlinico Universitario Agostino Gemelli IRCCS, 00168 Rome, Italy
3 Dipartimento di Sicurezza e Bioetica, Università Cattolica del Sacro Cuore, IRCSS-Fondazione Policlinico

Universitario Agostino Gemelli, 00168 Rome, Italy
* Correspondence: mennagrazia@gmail.com
† These authors contributed equally to this work.
‡ These authors also contributed equally to this work.

Simple Summary: The new trends in the research on glioblastomas (GBMs) are focusing on un-
derstanding the crosstalk between proper neoplastic tissue and its microenvironment. Against this
background, the extracellular matrix (ECM) has been classically linked to a purely structural role.
However, it has recently become clear that it actively shapes the functional responses of cells to their
environment as well. While many components of the ECM have been isolated and characterized,
its modifications in the specific setting of GBMs have only been recently explored in the literature.
The aim of this paper is to provide a systematic review on the topic and to assess the ECM’s role in
shaping tumoral development.

Abstract: Background and aim: While many components of the ECM have been isolated and
characterized, its modifications in the specific setting of GBMs have only been recently explored in
the literature. The aim of this paper is to provide a systematic review on the topic and to assess the
ECM’s role in shaping tumoral development. Methods: An online literature search was launched
on PubMed/Medline and Scopus using the research string “((Extracellular matrix OR ECM OR
matrix receptor OR matrix proteome) AND (glioblastoma OR GBM) AND (tumor invasion OR tumor
infiltration))”, and a systematic review was conducted in accordance with the PRISMA-P guidelines.
Results: The search of the literature yielded a total of 693 results. The duplicate records were then
removed (n = 13), and the records were excluded via a title and abstract screening; 137 studies were
found to be relevant to our research question and were assessed for eligibility. Upon a full-text
review, 59 articles were finally included and were summarized as follows based on their focus:
(1) proteoglycans; (2) fibrillary proteins, which were further subdivided into the three subcategories
of collagen, fibronectin, and laminins; (3) glycoproteins; (4) degradative enzymes; (5) physical forces;
(6) and glioma cell and microglia migratory and infiltrative patterns. Conclusions: Our systematic
review demonstrates that the ECM should not be regarded anymore as a passive scaffold statically
contributing to mechanical support in normal and pathological brain tissue but as an active player in
tumor-related activity.

Keywords: glioblastoma; extracellular matrix; cancer; tumor microenvironment

1. Introduction

The new trends in the research on glioblastomas (GBMs) are focusing more and
more on the understanding of the crosstalk between proper neoplastic tissue and its

Cancers 2023, 15, 1879. https://doi.org/10.3390/cancers15061879 https://www.mdpi.com/journal/cancers46
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microenvironment (TME). The microenvironmental contribution seems to be critical in
tumor development, progression, relapse, and resistance to therapies. A definition of
the “seed and soil” approach has recently been introduced to describe the glioblastoma
landscape: the TME, mainly constituted by inflammatory cells (microglia, monocytes,
and macrophages) and stem cells, acts as a fertile “soil” interacting with the “seed”,
which is represented by proper neoplastic glial cells [1]. Against this background, the
extracellular matrix (ECM) has been classically linked to a mere structural role. However,
it has recently become clear that it actively shapes the functional responses of cells to their
environment as well. Therefore, the ECM should not be regarded anymore as a passive
scaffold statically contributing to mechanical support but as an active player in tumor-
related activity: it shows dynamic “structural” modifications and interactions under the
pressure of the dysregulated TME, it performs active crosstalk with the inflammatory
and stem compartment, and it is able to influence cellular migration [2–5]. While many
components of the ECM have been isolated and characterized, its modifications in the
specific setting of GBMs have only been recently explored in the literature. The aim of
this paper is to provide an updated systematic review on the topic and to assess the
ECM’s role in shaping tumoral development.

2. Materials and Methods

The study presented herein was conducted in accordance with the PRISMA-P (Pre-
ferred Reporting Items for Systematic Review and Meta-Analysis Protocols) guidelines [2].
An online literature search was launched on PubMed/Medline and Scopus using the re-
search string “((Extracellular matrix OR ECM OR matrix receptor OR matrix proteome)
AND (glioblastoma OR GBM) AND (tumor invasion OR tumor infiltration))”; research was
last conducted in September 2022. Two authors, S.M. and F.F., independently conducted
the abstract screening for eligibility. Any discordance was solved through consensus with a
third senior author, G.M.D.P. No restrictions on date of publication were made. Exclusion
criteria were as follows: studies published in languages other than English and meta-
analyses. A systematic abstract screening of the references (forward search) was performed
to identify additional records.

3. Results

The search of the literature yielded a total of 693 results. The duplicate records were
then removed (n = 13), and the records were excluded via a title and abstract screening;
138 studies were found to be relevant to our research question and were assessed for eligibility
(Figure 1). Upon a full-text review and forward search, 82 articles were finally included.

The reviewed papers were further divided into six categories based on their focus:

(1) Proteoglycans (Table 1);
(2) Fibrillary proteins, which were further subdivided into three subcategories: collagen

(Table 2a), fibronectin (Table 2b), and laminins (Table 2c);
(3) Periostin (Table 3);
(4) Glycoproteins (Table 4);
(5) Degradative Enzymes (Table 5);
(6) Physical forces (Table 6);
(7) Glioma cell and microglia migratory and infiltrative patterns (Table 7).
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Table 1. Proteoglycans.

Author Year Type of Study Sample Size Main Findings

Logun, M.T. [6] 2017 In vitro cell culture 1 human cell line CS-GAGs directly induce the enhanced cell
migration and haptotaxis of glioma cells.

Logun, M.T. [7] 2019 In vitro cell culture 1 murine cell line GAG promotes GBM cell invasion.

Schrappe, M. [8] 1991 Human GBMs and
monoclonal antibodies 5 human GBMs

Human GBMs specifically express a chondroitin
sulfate proteoglycan that is recognized by
monoclonal antibodies and is localized on the
glioma cell surface.

Kim, Y. [9] 2018 Mathematical model

High-molecular-weight CSPGs can regulate the
exodus of local reactive astrocytes from the main
tumor lesion, leading to an encapsulation of
noninvasive tumors and an inhibition of
tumor invasion.

Silver, D.J. [10] 2013 In vitro cell culture
and xenograft 3 human cell lines

Microenvironmental glycosylated chondroitin
sulfate proteoglycans inversely correlate with the
invasive character of human gliomas.

Onken, J. [11] 2013 In vitro cell culture
and siRNA 2 human cell lines

Versican isoform V1 is a proliferation-enhancing
and promigratory molecule in high-grade glioma
in vitro.

Tran, V.M. [12] 2018 In vitro cell culture 4 human cell lines and
2 murine cell lines

HPSE has a role in tumor invasion, acting on
HSPGs on the cell surface.

Su, G. [13] 2006 In vitro cell culture 5 human cell lines

HSPGs have a great capability to promote FGF-2
signaling. The enhanced HSPG activity correlated
with a high level of expression of Gpc-1 and
structural HSGAG alterations.

Watanabe, A. [14] 2005 Reverse transcription PCR
10 glioma cell lines,
2 GBM specimens, and
2 normal brain specimens

Syndecan-1 is a key molecule in the motility of cells;
it is crucial in coupling the organization of fascin
spikes in response to a physiological extracellular
ligand, TSP-1, and an overexpression of syndecan-1
in a heterologous cell type is sufficient for causing a
dramatic enhancement of cell spreading and
formation of fascin spikes in response to TSP-1. It is
significantly expressed by GBM cells.

Chen, J.E. [15] 2018
matrix-bound HA
and xenograft
GBM population

1 patient-derived
xenograft GBM population

GBM migration is strongly influenced by HA
molecular weight.

Hayen, W. [16] 1999
hyaluronan-containing
fibrin gels and GBM
cell lines

1 GBM cell line

In complex three-dimensional substrates, the
predominant effect of hyaluronan on cell migration
might be indirect and requires modulation of
fibrin polymerization.

Chen, J.W.E. [17] 2018
In vitro cell culture
and hyaluronan
synthesis inhibition

2 cell lines

GBM cells under hypoxia show invasive behavior.
The lack of matrix-bound HA affects GBM response
by inducing compensatory HA secretion of this
essential cell adhesive biomolecule, which is
associated with increased GBM invasion.

Chen, J.W.E. [18] 2022 culture of patient-derived
GBM cells

CD133+ GBM subpopulation increases in response
to both hypoxia and matrix-bound hyaluronan.

Akiyama, Y. [19] 2001 Cell culture and
surgical specimen Antibody blockage HA-receptors contribute to brain tumor adhesion,

proliferation, migration, and biological features.

Pibuel, M.A. [20] 2021
In vitro cell culture
and hyaluronan
synthesis inhibition

2 human cell lines

4MU markedly inhibits cell migration and induces
senescence in human GBM cell lines; 4MU
modulates the expression and the distribution of
CD44, RHAMM, and MMP-2.

Tsatas, D. [21] 2002 In vitro cell culture and
antibody blockage 4 glioma cell lines Hyaluronan induces genes encoding

matrix-degrading enzymes (plasminogen cascade).

Zhang, H. [22] 2022
In vitro cell culture
and hyaluronan
synthesis inhibition

3 cell lines

HA was found to mediate glioma proliferation,
progression, and invasion; it potentially promoted
macrophage recruitment and M2 polarization
through the IL-1/CHI3L1 and TGF-b/CHI3L1 axes.
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Table 2. (a) Collagen, (b) fibronectin, and (c) laminins.

Author Year Type of Study Sample Size Main Findings

(a)

Calori, I.R. [23] 2022 GBM cell lines and type
I collagen 4 cell lines

The enzymatic cleavage of collagen affects
spheroid morphology and increases cell
migration while maintaining cell viability.

Wang, Y. [24] 2022 GBM cell lines and
COL1A2 siRNA 3 cell lines

COL1A2 plays an important role in driving GBM
progression. COL1A2 inhibition attenuates GBM
proliferation by promoting cell cycle arrest.

Chintala, et al. [25] 1996 In vitro cell culture 4 cell lines Collagen type II is involved in migration and
invasion of glioblastoma cells.

Mammoto, T. et al. [26] 2013 In vitro cell culture and
antibody blockage 3 cell lines

D-penicillamine decreases collagen expression,
disrupts collagen structure in tumors, and
inhibits brain tumor growth.

Senner, V. [27] 2008 In vitro cell culture
and siRNA 5 cell lines Glioma cell lines can utilize collagen type XVI as

a substrate for adhesion.

Huijbers, I.J., et al. [28] 2010 Human cell culture and
antibody blockage 79 gliomas

Fibrillar collagens are extensively deposited in
GBMs; the collagen type I internalization receptor
Endo180 is both highly expressed in these tumors
and serves to mediate the invasion of tumor cells
through collagen-containing matrices.

Lin, J. [29] 2021 In vitro cell culture and
xenograft 58 gliomas

P4HA2 is a prognostic marker and exerts
oncogenic functions to promote the malignancy
of gliomas (grade II to grade IV). The underlying
mechanism may be regulating the
collagen-dependent PI3K/AKT signaling
pathway.

Jiang, X. [30] 2017 In vitro cell culture
and xenograft 2 cell lines

HSP47 promotes GBM stem-like cell survival by
modulating tumor microenvironment ECM
through TGF-β pathway.

(b)

Author Year Type of Study Sample Size Main Findings

Ohnishi, T. [31] 1998 In vitro human cell culture
and antibody blockage 9 GBM samples

Fibronectin concentration seems to be higher in
tumor cells and promotes migration of glioma
cells.

Chintala, S.K. [32] 1996 In vitro human cell culture
and antibody blockage 13 GBM samples Glioblastoma cells produce collagen type IV,

laminins, and fibronectin.

Caffo, M. [33] 2004 In vitro human cell culture
and antibody blockage 6 GBM samples

Integrins appear to be of great interest in GBM
treatment either as targeted therapies,
drug-delivering vectors, or diagnostic tools for
tumor imaging.

Serres, E. [34] 2013 In vitro human cell culture
and antibody blockage 3 GBM lines FN produced by tumor cells has a role in

GBM pathophysiology.

Sengupta, S. [35] 2010 Xenograft and siRNA Murine glioma
cell line

Fibronectin silencing aborts integrin signaling in
GL261 cells and fails to initiate Src kinase and
STAT3 activity, thus aggressively reducing
survivin expression.

Huang, J.M. [36] 2006 In vitro cell culture and
GBM cell line 1 GBM cell line

The interaction between beta1-integrin and FN
may stimulate U251MG cell migration, changing
the structure of the microfilament skeleton and
the number of pseudopodia. Beta1-integrin may
play a role in the LN-mediated in vitro invasion
of U251MG cells.

Yu, S. [37] 2020 Xenograft and siRNA 3 cell lines
GBP2 dramatically promotes GBM tumor growth
and invasion in mice and significantly reduces
the survival time of the mice with a tumor.

Kabir, F. [38] 2022
Mathematical
model—bioinformatics
model

7 data sets FN1 has prognostic value in GBMs.

(c)

Author Year Model Used Sample Size Main Findings

Tysnes, B.B. [39] 1999 Xenograft 5 GBM samples Laminins can be produced by GFAP positive cells
during glioma cell invasion in humans.
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Table 2. Cont.

Author Year Type of Study Sample Size Main Findings

Caffo, M. [33] 2004 In vitro human cells and
antibody blockage 6 GBM samples

Integrins appear to be of great interest in GB
treatment either as targeted therapies,
drug-delivering vectors, or diagnostic tools for
tumor imaging.

Sun, T. [40] 2022 Xenograft culture 107 GBMS samples

Inhibition of the vascular BM component
laminin-411, which is produced by tumor cells
like many other tumor ECM components,
disrupts the perivascular CSC niche, negatively
affects CSCs, and may enhance the efficacy of
glioma therapy.

Khazenzon, N.M. [41] 2003 In vitro human cell culture
and antibody blockage 2 cell lines Laminin-8 may play an important role in

glioma invasion.

Gamble, J.T. [42] 2018 Xenograft culture 1 cell line Laminin alpha 5 significantly lowers the invasion
of mobile U251MG cells.

Table 3. Periostin.

Author Year Model Used Sample Size Main Findings

Wang, H. [43] 2013 Frozen glioma tissue
and microarray 220 frozen glioma tissues

The expression levels of POSTN are relative
to glioma grade progression and are
inversely correlated with overall survival in
high-grade glioma patients.

Landré, V. [44] 2016 In vitro human cell culture,
plasmids, and antibodies 2 cell lines

TAp73 controls glioblastoma cell invasion by
regulating the expression of the matricellular
protein POSTN.

Ouanouki, A. [45] 2018 In vitro human cell culture 1 cell line Periostin acts as a central element in
TGF-β-induced EMT.

Table 4. Glycoprotein—tenascin.

Author Year Model Used Sample Size Main Findings

Xia, S. [46] 2016 Xenograft culture 2 human cell lines

TNC expression levels or gene copy numbers do
not significantly affect patient survival, and TNC
knockdown cells are more sensitive to
antiproliferative strategies.

Hirata, E. [47] 2009 Xenograft culture 1 human cell line

Endogenous tenascin facilitates GBM cell
invasion by regulating focal adhesion, and,
therefore, GBMs with higher Tenascin C
expression have a more aggressive behavior.

Zhang, J.F. [48] 2019 In vitro human cell culture
and siRNA 2 cell lines IL-33/NF-κB/TNC supports cancer progression.

Sarkar, S. [49] 2015 Xenograft culture 7 human cell lines

TNC is a promoter of the invasiveness of BTICs
through a mechanism involving ADAM-9
proteolysis via the c-Jun NH2-terminal
kinase pathway.

Sarkar, S. [50] 2006 In vitro human cell culture 2 cell lines
Tenascin-C is a favorable substrate for glioma
invasiveness; its effect is mediated
through MMP-12.

Mai, J. [51] 2002 In vitro human cell culture

Cathepsin B and Tenascin-C are highly expressed
in malignant anaplastic astrocytomas and
glioblastomas when compared to normal brain
tissues and are associated with tumor neovessels.
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Table 5. Degradative enzymes.

Author Year Model Used Sample Size Main Findings

Li, Q. [52] 2016 Mar Data set and genome mRNA 23 types of MMPs
and 305 gliomas

Patients expressing MMP9 may have a
longer survival and may benefit from
temozolomide chemotherapy.

Lakka, S.S. [53] 2004 In vitro human cell culture
and siRNA 1 cell line

Simultaneous RNAi-mediated
targeting of MMP-9 and cathepsin B
has potential application in the
treatment of human gliomas.

Kargiotis, O. [54] 2008 In vitro human cell culture
and xenograft 4 cell lines

MMP-2 inhibition induces apoptotic
cell death and suppresses
tumor growth.

Schuler, P.J. [55] 2012 Xenograft 1 cell line uPA, uPAR, MMP-2, and MMP-9 play
an important role in GBM growth.

Sun, J. [56] 2019 In vitro human cell culture 12 GBMs

TRAF6 and MMP9 have higher
expression in GBMs compared to
adjacent tissues. High expression of
TRAF6 and MMP9 is significantly
associated with
unfavorable prognoses.

Zhao, Y. [57] 2008 In vitro human cell culture
and recombinant protein 1 cell line

uPA directly cleaves the latent form of
MMP-9 both at the N- and C-terminus,
and this novel activation pathway
promotes U1242 GBM cell invasion.

Chang, L. [58] 2015 In vitro human cell culture 1 cell line

The hedgehog signaling pathway
promotes the invasion and migration
of GBM cells by enhancing MMP-2
and MMP-9 expression via the
PI3K/AKT pathway.

Zheng, Q. [59] 2019 In vitro human cell culture 2 cell lines
IL-17A promotes GBM cell migration
and invasion via PI3K/AKT
signaling pathway.

Das, G. [60] 2011 Human cell culture
and antibodies 2 cell lines

Rictor bridges two major
pathways—Akt (PKB)/mTOR and
Raf-1-MEK-ERK—for regulation of
MMP-9 activity and invasion of
glioma tumor cells.

Djediai, S. [61] 2021 Human cell culture and
RNA isolation 1 cell line

MT1-MMP and TGF-β mediate
EMT-like induction in
glioblastoma cells.

Zhai, Y. [62] 2022 Immunostaining with rabbit
monoclonal antibodies 214 gliomas MT1-MMP, β1-integrin, and YAP1 are

prognostic biomarkers.

Held-Feindt, J. [63] 2005 Human GBM samples, GBM
cell lines, and RT-PCR 4 GBM cell lines

In human glioblastomas, secretory
proteases, such as ADAMTS4 and
ADAMTS5, are expressed at the
mRNA and protein levels in
considerable amounts.

Siney, E.J. [64] 2017 Excised high-grade glioma
and antibody inhibition 12 excised GBMs

ADAM10 and ADAM17 inhibition
selectively increases GSC migration,
and the migrated GSCs exhibit a
differentiated phenotype.

51



Cancers 2023, 15, 1879

Table 6. Physical forces.

Author Year Model Used Sample Size Main Findings

Herrera-Perez, M. [65] 2015 In vitro human cell culture in 3D matrix Migration of glioblastoma stem cells is
reduced by the presence of hyaluronan.

Ulrich, T.A. [66] 2009 In vitro human cell culture 2 cell lines

Increasing ECM rigidity can induce a
cascade of phenotypic changes in human
glioma cells, which includes increased cell
spreading, faster motility, and
enhanced proliferation.

Kaufman, L.J. [67] 2005 Human cells encapsulated in
3D hydrogel 1 cell line

GBM tumors are affected significantly by
the total collagen concentration in the gel,
and there are distinct growth patterns in
low- and high-concentration collagen type I
gels. Specifically, increasing concentrations
of collagen type I correlate positively with
invasion but negatively with MTS growth.

Wang, C. [68] 2014 In vitro human cell culture 15 primer sequences Matrix stiffness modulates
GBM progression.

Lim, E.J. [69] 2018 In vitro cell culture and siRNA 1 cell line
tMSLCs, as stromal cells, provide
force-mediated proinvasive ECM
remodeling in the GBM microenvironment.

Pu, W. [70] 2020 In vitro human cell culture 2 cell lines

MPs play pivotal roles in the invasiveness
of GBMs by degrading the surrounding
tissue, activating signal transduction, and
releasing ECM-bound growth factors.
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Table 7. Glioma cell and microglia migratory and infiltrative patterns.

Author Year Model Used Sample Size Main Findings

Koh, I. [71] 2018 In vitro human cell culture 1 cell line

MMP9 and HAS2 are highly upregulated in pdGCs
cultured within the pdECM. In fact, both MMPs and
HASs have been implicated in playing crucial roles in
GBM invasiveness.

Herrera-Perez, M. [65] 2015 In vitro human cell culture

GSC migration is not limited to a unique migration mode
that is usually observed in in vitro studies but is able to
concomitantly exhibit multiple migration modes
(collective and single) as a response to the heterogeneity
of the environment.

Rao, S.S. [72] 2013 In vitro human cell culture
and 3D matrix 1 cell line

GBM migration is an inverse function of HA
concentration, with HA impeding and eventually
stopping cell movement.

Cui, Y. [73] 2020 In vitro human cell culture
and 3D matrix 1 cell line

HA addition to the collagen culture environment induces
many changes consistent with the amoeboid migratory
phenotype, including rounded morphology, squeezing or
gliding motility, cortical actin expression, reduced
cell–fiber interactions, and reduced integrin expression.

Hirata, E. [74] 2012 Xenograft and shRNA 3 cell lines
Zizimin1 appears to play an important role in the
formation of multiple pseudopodia and invasion of the
brain parenchyma.

Lively, S. [75] 2013 Cultured rat microglial
cells 1 cell line Microglial cells migrate during CNS development and

after CNS damage or disease.

de Vrij, J. [76] 2015 Human cell culture 2 cell lines
EVs are mechanisms for GBMs to use to induce
MT1-MMP expression in GBM associated microglia,
supporting tumor growth.

Gabrusiewicz, K. [77] 2011 Murine glioma cells
and xenograft 1 cell line

Resident microglia and blood-derived macrophages
contribute to a pool of glioma-infiltrating immune cells
and regulate tumor angiogenesis and invasion, which are
essential for glioma progression.

Bettinger, I. [78] 2002
Murine glioma cell and
mouse microglial cell
cultures

1 cell line Microglial cells promote the invasive phenotype of
diffuse astrocytoma cells.

Markovic, D.S. [79] 2005 Murine glioma cell and microglial cell cultures The presence of microglia in a GBM has a protumorigenic
effect.

Markovic, D.S. [80] 2009 Murine glioma cells and
shRNA 1 cell line

Protumorigenic role of microglial cells is substantial and
may put microglial cells into focus as a target for new
brain tumor therapies. Therapeutic TLR blockade, which
may be achieved with TLR subtype-specific antagonists,
could serve as a future tool to attenuate
microglia-promoted tumor invasion.

Wu, C.Y.J. [81] 2020
Human cell culture and
poli- and monoclonal
antibodies

3 cell lines

Chemokine axis in the glioma microenvironment is
subject to CCL5-mediated invasion, and such regulation
is facilitated by GAM activation. Restriction of
calcium-dependent pathways may be pivotal in
eliminating CCL5/GAM-regulated glioma invasion.

Kulla, A. [82] 2000 Human cell culture 90 gliomas

Higher numbers of tumor-infiltrating
macrophagic/microglial cells are present in TN-positive
areas of human gliomas; TN serves as a permissive
substrate for macrophage migration and may have a
certain role in modulating and possibly promoting the
trafficking of cells of monocyte lineage in malignant
human gliomas.

Xia, S. [46] 2016 Xenograft culture and
shRNA 2 cell lines

TNC knockdown cells are more sensitive to
antiproliferative strategies, which could ultimately lead to
novel combinatory antitumor strategies that can target
both tumor invasion and proliferation.

Hu, F. [83] 2015 Murine and human cells
and animal xenograft 5 cell lines

Versican, released from gliomas, promotes tumor
expansion through glioma-associated
microglial/macrophage TLR2 signaling and subsequent
expression of MT1-MMP.

Juliano, J. [84] 2018 Animal model and retrovirus injection Increased density of glioma cells is correlated with
increased activation of microglia.
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3.1. Proteoglycans

Proteoglycans are a heterogeneous group of complex extracellular and cell surface
macromolecules composed of a central core protein with covalently linked glycosaminogly-
can (GAG) chains. Through interactions with chemokines, neurotrophins, growth factors,
and the other components of the ECM, proteoglycans (PGs) play a critical role in many
basic processes of the CNS, including cellular proliferation, migration, specification, synap-
togenesis, plasticity, and regeneration [6]. For these reasons, it has been proposed that PGs
could be involved in several aspects of tumor biology, including cell proliferation, tumor
cell adhesion and migration, inflammation, and angiogenesis. Indeed, recent studies have
proven that heparan sulfate proteoglycans (HSPGs) and chondroitin sulfate proteoglycans
(CSPGs) are largely upregulated in GBM samples relative to normal brain tissue [7].

Chondroitin sulfate proteoglycans (CSPGs) consist of a protein core and covalently
attached chondroitin sulfate side chains. It has been noticed that CSPGs and related
enzymes are upregulated in the GBM microenvironment relative to normal tissue [8].
Similarly, in vitro studies have shown an upregulation of focal adhesion proteins, such as
FAK and Vinculin, and a faster migration of glioma cells in oversulfated hydrogel matrices
when compared to nonsulfated hydrogels. Moreover, these data suggest that CSPGs can
modulate glioma invasiveness in a GAG-sulfation-dependent manner. Indeed, CSPGs show
a different affinity to chemokines and chemokine receptors according to the sulfatation rate
of CS-GAG [7]. Beyond the sulfatation rate, even the pure concentration of CSPGs in the
microenvironment has been identified as a major parameter in the regulation of glioma
cell invasiveness. In fact, low-CSPG levels in the microenvironment are associated with
the downregulation of the LAR (leukocyte common antigen-related)-CSGAG complex,
while high-CSPG levels induce its upregulation. LAR is a CS-GAG receptor that regulates
cell adhesion to the ECM components. When LAR-CSGAG is downregulated, adhesion
between the tumor cells and the ECM components is weak, therefore allowing the tumor
cells to spread. On the other hand, high levels of CSPGs and, consequently, an upregulation
of LAR-CSGAG induces strong adhesion, preventing the dispersion of the glioma cells.
Moreover, LAR-CSGAG seems to influence the activation and migration of the microglia
toward the tumor periphery [9,10].

Versican is one of the most represented proteins among the CSPGs in the ECM. An
in vitro cell culture study revealed an important role of Versican in the regulation of glioma
cell migration and adhesion. Indeed, the downregulation of Versican in the isoform V1
by siRNAs is associated with a significant reduction in proliferation and migration in
glioblastoma cell lines, and TGF-beta 2, a well-known modulator of glioma cell invasion,
was identified as the primary inductor of Versican 1 [11].

HSPGs consist of a core protein and covalently attached heparan sulfate (HS) gly-
cosaminoglycan chains. Extensive co- and posttranslational enzymatic modifications,
particularly involving the 6-O-sulfate (6OS) of glucosamine, generate great structural het-
erogeneity. An analysis conducted on human GBM cell lines and murine GBM cell lines
demonstrated great heterogeneity in the content and in the structure of HS glycosamino-
glycans between different glioma cell lines, suggesting a role in tumorigenesis and subtype
differentiation. Heparanase is an enzyme involved in the biological regulation of HSPGs
since it cleaves HS chains to reduce the HS chain length and to release smaller biologically
active oligosaccharides. Heparanase induces the modification of the HS content and struc-
ture in the microenvironment and, therefore, is thought to be involved in GBM genesis.
Indeed, a study on cell invasion into a three-dimensional matrix showed that clones with
heterozygous deletions in HPSE and reduced HPSE expression exhibit a marked decrease
in tumor cell invasion and cell adhesion to laminins [12].

Glypicans and Syndecans represent the most expressed families of heparan sulfate
proteoglycans in the brain. Glypicans are overexpressed in the glioma microenvironment when
compared to normal brain tissue and, according to the literature, can stimulate glioma growth
by inducing the upregulation of the FGF-2 signal [13,14]. Similarly, the Syndecan family is
overexpressed in the glioma microenvironment. Particularly, Syndecan-1 is overexpressed in
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almost all glioma cell lines studied and is poorly expressed in normal specimens. It has been
suggested that the overexpression of Syndecan-1 in the glioma microenvironment induces
tumor invasion through the upregulation of thrombospondin-1 [14].

Hyaluronan is a linear and nonsulfated GAG which can bind ECM proteins and pro-
teoglycans, building a three-dimensional network. HA serves as a ligand for the membrane
receptor CD-44 and the RHAMM and MEK/ERK signaling pathways, participating in
cellular growth, cellular proliferation, and cellular differentiation. In vitro studies have
demonstrated that glioma cell behavior differs on the base of the HA structure in the tumor
microenvironment since hydrogel matrices containing high-molecular-weight HA (500K)
showed significantly reduced invasion when compared to all other hydrogel groups (-HA,
10, and 60K) [15]. Moreover, gels resulting from fibrin polymerization in the presence
of HA stimulate glioma cell migration, suggesting that HA could regulate glioma cell
invasiveness by modulating the fibrin fiber architecture [16]. The recent data show that
hypoxia could enhance endogenous HA production by glioblastoma cells [17] and that
HA could stimulate glioblastoma growth by upregulating CD133+ GBM cell fractions [18].
Concerning HA downstream signaling inducing glioma cell migration, receptor CD-44 and
RHAMM appear to be involved [19]. CD44-HA mediated cell invasion can be modulated
by EGFR, a well-known receptor overexpressed in gliomas. In fact, CD-44 binds to EGFR,
leading to an upregulation of urokinase-type plasminogen activator (uPA), urokinase-type
plasminogen activator receptor (uPAR), and plasminogen activator inhibitor-1 (PAI-1) in
response to HA [20,21]. Moreover, recent studies have suggested that HA potentially
promotes macrophage recruitment and M2 polarization through the IL-1/CHI3L1 and
TGF-b/CHI3L1 axes and that it also regulates the expression of PD-L1 [22].

3.2. Fibrillar Proteins
3.2.1. Collagen

Normal brain tissue ECMs are poor in collagen, whereas its content in the glioma
microenvironment and especially around vessels presents a large increase. Actually, dif-
ferent subtypes of collagen have been investigated over the years and are related to GBM
invasiveness. Recent findings have shown that GBM cell lines form tight spheroids in the
presence of type I collagen and that the enzymatic cleavage of collagen affects spheroid
morphology and increases cell migration [23]. In particular, the collagen alpha-2(I) chain
(COL1A2) was found to be upregulated in GBMs compared with normal brain tissue, and
it is related to poor progression-free survival and overall survival [24]. Similarly, colla-
gen type III was found to play a role in the modulation of migration and the invasion of
glioblastoma cell lines in a dose-related manner; moreover, migration and invasion were
inhibited in the presence of monoclonal type III collagen antibodies [25]. In vitro studies
revealed that, under the specific conditions of physical compaction, human glioblastoma
cell lines induce the expression of collagen type IV and type VI. Moreover, collagen dis-
ruptors such as β-aminopropionitrile induced the inhibition of glioblastoma growth in the
mouse orthotopic brain tumor model [26]. Collagen type XVI mRNA was also found to be
upregulated in glioblastoma cell lines. It seems to play a role in glioma cell adhesion to the
ECM since a SiRNA knockdown resulted in decreased cell adhesion, although migration
remained unchanged [27].

Different families of receptors and different pathways have been supposed to be
involved in collagen-related GBM invasion. Functionally, Endo180 (CD280), a collagen-
binding receptor overexpressed in GBMs, serves as the major collagen internalization recep-
tor in GBMs and is critical in glioma cell invasion into the ECM [28]. Prolyl-4-hydroxylase
subunit 2 (P4HA2) is a member of the collagen modification enzymes involved in the
remodeling of the extracellular matrix (ECM). The main transcriptional P4HA2 level was
found to be higher in glioma samples compared to normal brain tissue, and this correlates
with glioma grading and patient survival; moreover, a P4HA2 knockdown significantly
decreased cellular invasion and migration in Matrigel. An in vivo subcutaneous xenograft
assay in a nude mouse model led to the same conclusions. Since P4HA2 overexpression

55



Cancers 2023, 15, 1879

correlates with higher levels of collagen types I, IV, and VI, a pathway was hypothesized
in which P4HA4 promotes an overexpression of the collagen content, which serves as a
major ligand for the activation of PI3K/AKT signaling [29]. HSP47 serves as a human
chaperone protein for collagen. Recent findings suggest that HSP47 is significantly over-
expressed in GBMs and that it promotes GBM stem-like cell survival by modulating the
tumor microenvironment through the TGF-β pathway [30].

3.2.2. Fibronectin

Fibronectin (FN) is a high-molecular-weight glycoprotein poorly represented in normal
brain tissue ECMs that binds cellular receptors such as integrins and the other components
of the ECM, playing an important role in cellular growth, cellular differentiation, migration,
and embryonic development. In vitro and in vivo immunohistochemical studies revealed
that fibronectin, especially the isoform containing the ED-A and ED-B sequences, and
fibronectin cellular receptors are present in almost all glioblastoma microenvironments,
especially around the vessels [31–33]. In cell cultures, glioblastoma cells showed chemotac-
tic migration towards fibronectin in a dose-dependent manner; moreover, cell adhesion
to fibronectin appeared to be dose-related and dependent on glioma invasiveness [34]. In
3D matrix cultures, the depletion of FN by targeted short hairpin RNA expression com-
promised collective invasion. Similarly, in orthotopic grafts, FN depletion significantly
reduced tumor growth and angiogenesis [35,36].

It has been hypothesized that FN-related GBM invasion downstream involves the
Integrin B1 fibronectin receptor and the Src kinase/STAT3 signaling pathways [36]. More-
over, recent findings suggest that GBP2, an interferon-inducible large GTPase, is essential
in inducing FN expression via the Stat3-pathway [37]. These data suggest the role of
fibronectin in regulating in vivo and in vitro glioblastoma cell invasion; moreover, it has
been recently proposed as a prognostic biomarker since high FN1 expression appears to be
related to poor prognoses [38].

3.2.3. Laminins

Laminins are a large group of glycoproteins consisting of three long polypeptides
(the alpha, beta, and gamma chains present in different isoforms) that are not abundant in
normal brain tissue and that are mainly present in the basal lamina. The proteins are multi-
functional and play roles in development, differentiation, and cell migration, as they can
interact with many cell surface proteins. Laminins are abundant in the glioma microenvi-
ronment and are mostly associated with the basal lamina of blood vessels, especially in the
brain/tumor confrontation zone. In vitro studies revealed that, in the presence of laminins,
glioma cell lines form F-actins, form strong and dense stress fibers, and increase the number
of pseudopodia on the cell surface, stimulating cell adhesion and invasion. Moreover,
during the progression of glial tumors, laminin-9 (alpha4beta2gamma1) is switched to
laminin-8 (alpha4beta1gamma1), which is, therefore, considered to be primarily involved
in glioblastoma invasion [39]. According to these findings, the overexpression of Laminin
isoform-411 (Laminin 8) has been identified to be correlated with higher recurrence rates
and the shorter survival of GBM patients. As expected, the depletion of laminin-411 with
CRISPR/Cas9 in human GBM cells led to the reduced growth of the resultant intracranial
tumors in mice and significantly increased the survival of the host animals by suppressing
the Notch pathways compared to mice with untreated cells [40]. Similar in vitro studies
have shown that antisense oligonucleotides against both the alpha4 and beta1 chains of
laminin-8 are able to significantly block the invasion of cocultures in Matrigel [41]. The
debate is on the role of Laminin alpha-5. Recent zebrafish xenograft models with knocked-
down Laminin alpha-5 indicate that lama5 discourages glioblastoma cell dispersal and
decreases invasion despite previous evidence indicating laminin alpha-5 to be promigratory
in in vitro settings [42].
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3.2.4. Periostin

The implication of PRO in GBM growth has been enquired in the last decade. Indeed,
it was found that the expression of PRO is related to glioma grading and is inversely
related to OS. Moreover, in cases of the overexpression of PRO, the genes related to cell
migration and proliferation, such as MMP-9, were significantly enriched [43]. Recent
evidence suggests p73 to be a main inductor of glioblastoma cell invasion through the
direct activation of PRO [44]. It is thought that PRO could stimulate the transforming
growth factor β (TGF-β)-induced epithelial–mesenchymal transition via the Akt and Fak
signaling pathways [45].

3.3. Glycoproteins
Tenascin

Tenascins are large hetero- or homohexameric glycoproteins in which the subunits are
held together with disulfide bonds. Four members are known in this family: Tenascin-C,
-R, -X, and -W. Tenascins are involved in the modulation of cell adhesion, migration, and
growth. Tenascin–C is found to be overexpressed in the glioblastoma microenvironment.
In vitro, TNC knockdown glioblastoma cell lines were characterized by increased adhesion
to the ECM components mediated through the upregulation of the FAK-pathway [46]. More-
over, in the presence of endogenous or exogenous TNC, glioblastoma cell lines expressed an
increase in cell migration in a dose-related manner, while no differences in cellular growth
were detected. Similarly, mouse xenograft models showed that tumors derived from TNC
knockdown cells were less invasive, with tumor cells confined to better-defined tumor
borders compared to the control tumors, while tumor size was approximately equal [47].
These data suggest the role of tenascin-C in modulating glioma cell invasion and migration
through the ECM without interfering with cell proliferation.

Recently, it has been proposed that TNC expression in glioma tissue may be promoted
by the IL-33-ST2-NFkB pathway [48]. Although the details of the role of downstream
Tenascin-C in GBM invasion are not clear up to date, proteases, Cathepsin-B, MMP-12, and
the ADAM-9-MAPK8 pathway were found to play a pivotal role in TNC-mediated GBM
invasion [49–51].

3.4. Degradative Enzymes

MMPs are a group of zinc-dependent endopeptidases that degrade several compo-
nents of the ECM via integrin mediation, participating in tissue structural changes, cell
proliferation, and cell migration. At least 23 members of the human MMP family have been
identified. GBM cells are known to secrete various MMPs through which they degrade
various ECM proteins, including fibronectin, laminins, collagen, and gelatin, promoting
cell migration and releasing activated proteins through cleavage [85]. Specifically, a specific
subgroup of MMPs (including MMP-1, -2, -7, -9, -11, -12, -14, -15, and -25) was shown to be
strictly related to glioma grading and glioblastoma development. In particular, high levels
of MMP-9 and MMP-2 were found to be associated with a higher tumor grade, a lesser
response to chemotherapy, and a worse survival outcome [52–54].

Different pathways of MMP activation have been investigated. The role of the uPA-
uPAR pathway in the activation of MMP-9 and MMP-2 in GBMs is well established [55].
uPA is a protease, which is overexpressed in high-grade gliomas, that converts plasminogen
to plasmin with a better efficacy when anchored to its receptor, uPAR. Both uPA and plasmin
are responsible for MMP activation [56,57]. Moreover, uPA/uPAR, through an interaction
with the integrin receptor, has been proven to activate downstream signaling through the
activation of FAK, ERK, and Src, which lead to F-Actin assembly, membrane protrusion,
and cell migration. Recently, other signaling pathways have been identified. The activation
of Sonic Hedgehog signaling is related to an increase in the migration and invasion of
GBM cells, which is mediated through the overexpression of MMP-9/-2 via the PI3K/AKT
pathway [58]. In a similar way, it has been suggested that even IL-17A might control
glioma cell invasiveness by inducing the overexpression of MMP-9/-2 via PI3K/AKT [59].
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However, Rictor, a component of the mTOR complex, induces glioma cell migration,
increasing MMP-9 expression through the Raf-1-MEK-ERK signaling pathway [60].

Membrane-type MMPs are a subgroup of metalloproteinases that are membrane-
associated and have cytoplasmic domains, which may be important in cellular signal-
ing. It has been proven that MT-MMP plays a role in the cleavage of pro-MMP to the
active form of MMP-2 [86]. MT1-MMP was found to be involved in the epithelial-to-
mesenchymal-transition of glioblastoma cells through pathway signaling, which involves
transforming growth factor beta and SNAIL [61]. Similarly, other studies found a corre-
lation between the expression of the MT1-MMP, Beta1-integrin, YAP1 pathways and the
grading of gliomas [62].

The subfamily of adamalysins (ADAM proteases) was shown to be overexpressed
in glioblastoma cell lines in vitro and in glioblastoma patients and may contribute to cell
invasion. ADAM-10 and ADAM-17 are overexpressed in the glioblastoma microenviron-
ment. In vitro studies reported that ADAM10 and ADAM17 inhibition selectively increases
glioma sphere-forming cells but not neural stem cell migration and that the migrated GSCs
exhibit a differentiated phenotype, suggesting a role in retaining the cells in the tumorigenic
environment in an undifferentiated state [63,64].

3.5. Physical Forces

Many studies have proven that ECM mechanical changes influence glioma cell inva-
sion, migration, and morphology [65]. Particularly, in vitro studies revealed that, in highly
rigid ECMs, tumor cells spread extensively and migrate rapidly, whereas, in lower rigidity
ECMs, comparable to normal brain tissue, tumor cells appear rounded and fail to migrate
productively [66,67]. Moreover, a variation in matrix stiffness induced the differential
expression of enzymes in which HA-synthases and MMP-1 were upregulated in the stiff
condition [68]. It has been proposed that tumor-associated mesenchymal stem-like cells
could play an important role in glioblastoma ECM remodeling through CCL2/JAK1/MLC2
signaling [69].

Other in vitro studies reported that, in response to hyperosmolarity and hydrostatic
pressure, GBM cell lines upregulated the expression of urokinase-type plasminogen activa-
tor (uPA) and matrix metalloproteinases (MMPs), promoting cell invasion [70].

3.6. Glioma Cell and Microglia Migration and Invasion Patterns

Carcinoma cell invasion is a complex reciprocal process in which cells induce the reor-
ganization of the structure and composition of the ECM, and, in turn, the microenvironment
influences cancer cell function, migration pathways, and cell morphology [71].

GBM cells are regulated through several environmental mechanisms that facilitate
the spread of these tumors. For example, the invasion pattern of malignant GBMs is
associated with the distinct anatomic pathways following the myelinated fiber tracts and
blood vessels. In addition to the anatomical and physical aspects, there is accumulating
evidence that specific ECM components (such as hyaluronan, vitronectin, and tenascin-
C) are unregulated at the border of the spreading GBMs, and this may alter cellular
invasiveness. Molecular guidance during cell invasion is often dependent on the ECM,
and the underlying mechanism of glioblastoma invasion and the GBM-specific ECM
microenvironment represent interesting and potentially meaningful fields of research [65].

In vitro studies, using patient-tissue-derived decellularized ECMs and glioblastoma cell
lines, revealed that cancer cells that move through the ECM can be distinguished by their
invasion mode. The mesenchymal mode is based on the MMP proteolytic degradation of
the matrix, and, in this mode, cells have an elongated morphology and show a polarized
extension of the leading edge; additionally, in the ameboid mode, rounded cells tend to migrate
in the absence of proteolytic ECM degradation and squeeze through the ECM space [71].
Different ECM compositions have been proven to play a pivotal role in regulating the cell
morphology and the migration pathway. For example, in 3D collagen matrices, glioma
cells typically show mesenchymal-like migration, whereas, in the presence of HA cells,
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they assume an ameboid-like pattern [72]. Moreover, GBM cells treated with MMP2/9
inhibitors have a rounded-ameboid mode of invasion, whereas the inhibition of HA synthases
(HASs) promotes the morphological transition from a rounded-amoeboid to an elongated-
mesenchymal morphology [73]. These findings, together, suggest that the ECM-cell interaction
could lead to a switch between these two patterns of migration, enhancing glioma cells’ ability
for invasion and representing a mechanism of target therapy escaping.

According to the literature, glioma cell invasion develops preferentially along preexist-
ing tracks such as myelinated axons and blood vessels. Indeed, in vivo studies have shown
that the glioma cells that spread along blood vessels and those directly invading the brain
parenchyma exhibit different morphological features, the former being spindle-shaped
with a single pseudopodium towards the direction of movement and the latter exhibiting
multiple pseudopodia with random invasion directions. Moreover, the former exhibits an
overexpression of Rho family GTPase activity in contrast with the latter, which exhibits an
overexpression of Rac1 and Cdc42 activity [74]. In support of these findings, recent in vitro
studies showed that the glioma neurospheres located close to the rods tend to assume a
collective strand and to perform fast migration along this physical support, maintaining
cell–cell contact, whereas the cells facing the matrix directly exhibit single-cell and random
migration in 3D matrices with pseudo vessels recreated using sterile microrods coated with
Matrigel [75].

According to recent findings, the nontumoral cells in the glioma microenvironment may
reciprocally interact with the ECM components and with glioma cells themselves, representing
a further cell migration and invasiveness modulation system. Macrophages/microglia account
for up to 30% of the cells in the glioma microenvironment. It is known that macrophages can
assume two different forms in tissue repair and, most of all, in ECM remodeling: classical
M1-activation, in which the macrophages present an ameboid or round shape and which has
been supposed to sustain a proinflammatory role, and alternative M2-activation, in which
unipolar macrophages are present and which has a role in antagonizing proinflammatory
mediators [76]. In vitro studies showed that microglia can degrade and migrate through the
ECM by using a wide range of degradative enzymes. Interestingly, M2-activated macrophages
present a higher rate of migration compared to M1-activated macrophages, which is sustained,
most of all, by the overexpression of MMP2, Cat-k, and Cat-s [77]. Glioma cells may directly
influence the activity of surrounding nontumoral cells with extracellular vesicles, leading, in
this instance, to a differentiation of macrophages toward the M2-activated form [78], which,
indeed, is the most represented in the glioma microenvironment among the macrophage
phenotypes, suggesting a role of activated macrophages/microglia in tumor growth.

Previous in vitro studies have shown that, in presence of microglia, glioma cells show
a higher rate of migration and invasiveness. Moreover, such a phenomenon seems to be
microglial-specific since replacing microglial with nonmicroglial cells, such as oligoden-
drocytes or endothelial cells, did not show any significant impact on glioma cell migration.
It has been proposed that macrophages/microglia directly affect glioma cell migration
through the ECM by secreting MMPs and that they indirectly affect it by promoting the
activation of pro-MMP secreted in the microenvironment by glioma cells by means of
membrane-type metalloproteases (MT-MMP), which has been proven to be overexpressed
in tumor-associated microglia. Among all the different forms of degradative enzymes,
MMP-2 seems to play a pivotal role. In fact, in organotypical brain slice models, MMP-2
activity was found to be much higher when glioma cells were cultured in the presence
of microglia. Altogether, these data suggest that microglia could play an important role
in tumor cell invasion by cooperating with glioma cells themselves in the remodeling of
the extracellular matrix, providing a favorable substrate for migration [79]. In support of
the data, in vitro studies revealed that glioma cells tend to migrate, in a heterogeneous
shape, toward activated microglia-conditioned media and that such migration is sustained
through an overexpression of MMP-2 [80,81].
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Moreover, not only may the microglia modify the structure of the ECM, but the latter
can also have an effect on the former: it has been proven that different components of
the ECM could influence microglial activity. Indeed, tumor specimen studies revealed
a close relation between the number of macrophages and the Tenascin-C content in the
glioma extracellular matrix, suggesting that Tenascin-C may represent a permissive sub-
strate for macrophagic migration in gliomas [82]. Moreover, microglia expressed different
morphologies in the Tenascin knockdown glioma xenograft when compared to the control
group, exhibiting the first ameboid-like morphology, resembling activated microglia, and
the latter resembling inactivated microglia with long and thin processes, pointing out
once again the reciprocal interaction between microglial cells and the extracellular matrix.
Similarly, mouse xenograft studies revealed that Versican acts as a major ligand for the
Toll-like receptors expressed on the macrophage surface, inducing the activation of the
latter through an overexpression of MT-MMP [46,83].

In a recent study, the migratory behavior of the microglia and tumor glioma cells at
the tumor infiltrative edge was studied and compared to better understand the dynamics
of tumor infiltration and, eventually, the reciprocal interactions between the microglia
and glioma cells. As reported, in a mouse brain slice model, microglial cells exhibited a
migration pattern termed “simple diffusive” characterized by a random walk in a nonre-
stricted environment, whereas glioma cells exhibited a migration pattern termed “super
diffusive” characterized by a persistent directionality of cell migration. At the infiltrative
edge, microglial cells present a higher migration speed and a lower directionality compared
to the microglial cells located in the peritumoral area, whereas glioma cells present, on
average, a higher speed and directionality compared to microglial cells. Moreover, both
the microglial and glioma cells exhibit little motility when located further away from the
tumor infiltrative edge. Considering these findings, it has been proposed that glioma cells
stimulate the activity and motility of microglial cells towards the infiltrative edge and
that, in turn, activated microglial cells condition the infiltrative edge microenvironment
by modifying the extracellular matrix to reduce the impedance to migration, allowing
efficacious glioma cell invasion [84].

4. Discussion

The ECM forms a critical and dynamic scaffold that supports the normal brain ar-
chitecture. It is a complex nonhomogenous structure which physiologically displays a
vast and complex interaction with neural and supporting cells. Normal brain tissue has
unique components that are not expressed in other tissues. In fact, the brain ECM presents
small amounts of fibrous proteins, such as collagen, fibronectin, and laminins, and high
amounts of glycosaminoglycans (either bound to proteins, chondroitin sulfate, dermatan
sulfate, heparan sulfate, and keratan sulfate, or unbounded in the form of hyaluronan);
proteoglycans, called lecticans (versican, aggrecan, neurocan, brevican, and decorin); and
glycoproteins, such as tenascin-C.

A large number of studies have proven that the ECM does not only have a mechanical
supporting role in the regulation of neural stem cell behavior, neuronal migration, the
formation of axonal processes and their myelin sheaths, synapse formation, etc. [4]. Indeed,
cells interact with the components of the ECM through membrane receptors (integrins,
CD44, BEHAB/brevican, and N-CAM), producing molecular responses and establishing
mutual interactions in which cells can modify the microenvironment and vice versa.

Functional studies in vitro and genetic studies in mice have provided evidence that
the ECM affects virtually all the aspects of nervous system development and function
and that it ultimately plays a significant role in all the phases of GBM development and
progression. The ECM in GBMs shows significant remodeling compared to the ECM in
a healthy brain. Recent evidence highlights that the three-dimensional ECM architecture
and its mechanical properties affect the cell behavior in the TME both at the tumoral core
and in its periphery. The ECM elements have been shown to display either an attractant
or repellant action respective to the glioma cells, microglia, monocytes, macrophages, and
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stem cells that constitute the TME. We will herein examine the different ECM structural
component modifications in GBMs (Figure 2).
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EGFR Epidermal growth factor receptor
FAK Focal adhesion kinase
GAG Glycosaminoglycan
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HSPG Heparan sulfate proteoglycan
IL-1 Interleukin-1
LAR Leukocyte common antigen-related
MEK/ERK Mitogen-activated protein kinase/extracellular signal-regulated kinase
MMP Matrix metalloproteinase
NFkB Nuclear factor kappa-light-chain enhancer of activated B cells
N-CAM Neural cell adhesion molecule
PAI-1 Plasminogen activator inhibitor-1
P4HA2 Prolyl-4-hydroxylase subunit 2
PRISMA-P Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols
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RHAMM Receptor for hyaluronan-mediated motility
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TGF-β Transforming growth factor beta
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uPA Urokinase-type plasminogen activator
uPAR Urokinase-type plasminogen activator receptor
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Simple Summary: Medulloblastoma is the most prevalent malignant paediatric brain tumour, where
metastasis and recurrence account for 95% of medulloblastoma-associated deaths. Secretion of extra-
cellular vesicles (EVs) has emerged as a pivotal mediator for communication in the tumour microen-
vironment during metastasis. We investigated whether sEVs and exosomes mediate communication
between medulloblastoma cells and their surroundings to drive metastasis. Metastatic exosomes were
shown to potentiate medulloblastoma migration via the active protease, matrix metalloproteinase-2
(MMP-2), on their surface, resulting in degradation of the extracellular matrix (ECM) and creating
routes for medulloblastoma cells to invade into the surrounding environment. Knockdown of MMP-2
and its activator extracellular matrix metalloproteinase inducer (EMMPRIN) reduced this invasive
potential. Our observations also highlight the potential of MMP-2 as a biomarker for metastatic
medulloblastoma. Together, our findings reveal unique insights into the pathogenesis of medulloblas-
toma and highlight the need to explore alternative therapeutic approaches to impair MMP-driven
mechanisms of tumour invasion and migration.

Abstract: Extracellular vesicles (EVs) have emerged as pivotal mediators of communication in the
tumour microenvironment. More specifically, nanosized extracellular vesicles termed exosomes
have been shown to contribute to the establishment of a premetastatic niche. Here, we sought
to determine what role exosomes play in medulloblastoma (MB) progression and elucidate the
underlying mechanisms. Metastatic MB cells (D458 and CHLA-01R) were found to secrete markedly
more exosomes compared to their nonmetastatic, primary counterparts (D425 and CHLA-01). In
addition, metastatic cell-derived exosomes significantly enhanced the migration and invasiveness of
primary MB cells in transwell migration assays. Protease microarray analysis identified that matrix
metalloproteinase-2 (MMP-2) was enriched in metastatic cells, and zymography and flow cytometry
assays of metastatic exosomes demonstrated higher levels of functionally active MMP-2 on their
external surface. Stable genetic knockdown of MMP-2 or extracellular matrix metalloproteinase
inducer (EMMPRIN) in metastatic MB cells resulted in the loss of this promigratory effect. Analysis
of serial patient cerebrospinal fluid (CSF) samples showed an increase in MMP-2 activity in three out
of four patients as the tumour progressed. This study demonstrates the importance of EMMPRIN
and MMP-2-associated exosomes in creating a favourable environment to drive medulloblastoma
metastasis via extracellular matrix signalling.

Keywords: medulloblastoma; extracellular vesicles; exosomes; MMP-2; EMMPRIN; metastasis

Cancers 2023, 15, 2601. https://doi.org/10.3390/cancers15092601 https://www.mdpi.com/journal/cancers66



Cancers 2023, 15, 2601

1. Introduction

Metastatic medulloblastoma is a devastating disease with a poor prognosis of less
than 10% five-year survival in affected paediatric patients [1,2]. Whilst primary medul-
loblastoma tumours have been well characterised on the basis of their epigenetic and
transcriptomic features, there is very little information regarding the molecular signatures
of metastatic tumours due to the rarity of reoperation. The resulting scarcity of metastatic
tumour samples from these patients limits data available on the metastatic tumour microen-
vironment, which has been increasingly postulated to exert a role in the dissemination of
solid tumours.

The secretion of extracellular vesicles (EVs) as vehicles for cell-to-cell communication
has gained prominence in recent years. The most common nomenclature divides EVs into
three subclasses based on their biogenesis; exosomes, approximately 30–150 nm in diameter,
originating in multivesicular endosomes (MVEs) which fuse with the plasma membrane;
microvesicles, which range from 100–1000 nm and form via direct budding of the plasma
membrane; and apoptotic bodies, vesicles ranging around 1–4 µm and are formed from
of dying cells [3]. The most investigated are small EVs (sEVs or exosomes), which are
nanometer-sized vesicles secreted by all cell types and able to cross the blood–brain barrier
(BBB) [4]. The role of exosomes as vehicles for cell-to-cell communication between a tumour
and its microenvironment is a relatively new concept, with only limited study of their
role in medulloblastoma [5–9]. Exosomes represent a unique form of information delivery
operating at short and long distances [10]. Tumour-derived exosomes can transfer signals
and convey information from tumours to distant tissues and organs. They are also present
in circulation and can therefore disseminate their cargo throughout the body. Exosomes
have been shown to carry surface components that enable direct contact with recipient cells
to activate intracellular signalling [11–13]. In addition, exosomes interact with target cells
by fusion with the cell membrane followed by the transfer of exosomal cargoes (protein,
mRNA, miRNA) into the cell cytoplasm [14]. Cancer cell-derived exosomes have been
shown to participate in the crucial steps of the metastatic spread of a primary tumour,
ranging from oncogenic reprogramming of malignant cells to the formation of premetastatic
niches [15]. These effects are achieved through the mediation of intercellular cross talk and
subsequent modification of both local and distant microenvironments. In the context of
brain tumours, sEVs originating from primary tumour cells have been demonstrated to
enhance the growth of brain metastases, modulate immune responses to support tumour
cell proliferation, regulate tumour cell stability, and have been identified as potential diag-
nostic or prognostic biomarkers [10,16,17]. This study focussed on how medulloblastoma
exosomes interact with the recipient cells utilizing direct extracellular matrix signalling, via
surface-associated proteins, to activate intracellular signalling pathways.

In this context, we assessed the expression of tumour-supporting proteins EMMPRIN
and MMP-2. Increased levels of MMP-2 and EMMPRIN have been associated with more
aggressive metastatic disease in other solid tumours [18,19]. Therefore, we sought to in-
vestigate whether the secretion of exosomes containing MMPs and EMMPRIN might be
necessary for tumour progression and thereby a potential mechanism of dissemination in
medulloblastoma. We demonstrated that metastatic exosomes significantly enhanced the
migration and invasiveness of primary and nonmalignant cells. Moreover, the promigra-
tory function of metastatic exosomes was, in part, due to EMMPRIN and MMP-2 enriched
on their external surface. Furthermore, metastatic exosomes were shown to potentiate
medulloblastoma migration resulting in the degradation of the extracellular matrix compo-
nents, via the active protease, MMP-2, on their surface. In support of this, stable genetic
knockdown of the genes encoding MMP-2 and EMMPRIN (namely MMP-2 or BSG) antag-
onised the promigratory function of exosomes, confirming that MMP-2 and EMMPRIN are
promigratory factors on medulloblastoma exosomes. Finally, we observed increased levels
of functionally-active MMP-2 in medulloblastoma patients’ CSFs, which correlated with
disease progression and appeared to correlate with prognosis, highlighting the biomarker
potential of functional MMP-2.
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2. Materials and Methods
2.1. Cell Culture

CHLA-01 and CHLA-01R brain tumour cell lines (primary-tumour-derived cell line
and recurrent metastatic line derived from pleural fluid, respectively) were obtained from
Geoff Pilkington (University of Portsmouth, Portsmouth, UK). DAOY (nonmetastatic
primary-tumour derived) and D283 (derived from peritoneal metastases) brain tumour
cell lines were obtained from ATCC (Manassas, VA, USA), UW228-3 (nonmetastatic pri-
mary tumour derived), D458 (derived from metastatic cells in the CSF) brain tumour cell
lines were a gift from John R. Silber (University of Washington, Seattle, DA, USA), HD-
MB03 (metastatic primary-tumour derived) brain tumour cell lines were a gift from Till
Milde, D425 (derived from the primary-tumour counterpart of D458) from Marcel Kool
(both at DKFZ, Heidelberg, Germany), and ONS76 (metastatic primary-tumour derived)
brain tumour cell lines were a gift from Annette Künkele (Charité Universitätsmedizin,
Berlin, Germany). FB83 was derived inhouse from human foetal brain tissue as previously
described [20]. CHLA-01 and CHLA-01R were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 2% B-27, 20 ng/mL Epidermal growth factor (EGF,
Gibco, PHG0315), and 20 ng/mL basic fibroblast growth factor (bFGF, Gibco, PHG0266).
DAOY, D283, D425 and D458 cells were cultured in DMEM with 10% foetal bovine serum
(FBS). FB83 cells were cultured in DMEM with 15% FBS. UW-228-3 cells in DMEM/F-12
with 15% FBS and 1% sodium pyruvate. ONS76 and HD-MB03 cells were cultured in RPMI
1640 with 10% FBS. In all cases, FBS used was (HyClone SH30541.03 (Logan, UT, USA)).

All cell lines were grown under antibiotic-free culture conditions at 37 ◦C in a humidi-
fied atmosphere with 5% CO2. Prior to EV isolation, CHLA-01 and CHLA-01R cell lines
were grown without EGF and bFGF, and D425 and D458 cell lines were grown in DMEM
with 2% exosome-depleted FBS for 48 h. Exosome-depleted FBS was generated by the
pelleting of extracellular vesicles by overnight ultracentrifugation at 100,000× g at 4 ◦C.
Mycoplasma testing was performed monthly using a PlasmoTestTM mycoplasma detection
kit (InvivoGen (San Diego, CA, USA); rep-pt1) as per the manufacturer’s instructions.

2.2. PrestoBlue® Assay

To measure changes in cell viability and the proliferation of cells, a PrestoBlue® (Ther-
moFisher (Waltham, MA, USA), A13262) assay was used. Cells were assayed at a final dilu-
tion of 1:10 for 60 min at 37 ◦C and 5% CO2 and fluorescence was measured at 560/590 nm
using a FLUOstar Omega (BMG Labtech, (Ortenberg, Germany)) microplate reader.

2.3. Isolation of Exosomes

To isolate exosome cell populations, cells were cultured in 10 T-75 flasks up to
30% confluence, washed twice with Hanks’ Balanced Salt Solution (HBSS, Gibco (Lough-
borough, UK)) and incubated in media supplemented with exosome-depleted FBS for 48 h.
Cell culture supernatants were collected and cells were removed by centrifugation for 5 min
at 750× g at 4 ◦C. The pellet was discarded and the supernatant was centrifuged for 15 min
at 1500× g at 4 ◦C to remove smaller cell debris. To remove larger EVs, the supernatant was
then centrifuged for 35 min at 14,000× g at 4 ◦C. The remaining supernatant was filtered
through a 0.22 µm filter (Millipore, Burlington, MA, USA) and then centrifuged for 2 h at
100,000× g at 4 ◦C. The pellet was washed by resuspension in phosphate-buffered saline
(PBS, Gibco (Loughborough, UK)) and centrifuged again for 2 h at 100,000× g at 4 ◦C.

2.4. Migration and Invasion Assays

Cell migration and invasion were quantified in a modified Boyden chamber assay.
In both, the lower wells of the chamber were filled with DMEM + 10% FBS (D425 and
D458 cells) or EGF, FGF (20 ng/mL) and 2% B-27 (CHLA-01 and CHLA-01R cells) and
sealed with a polycarbonate transwell insert with a pore diameter of 8 µm (Greiner Bio-
One Greiner (Kremsmünster, Austria 662638)). For the invasion experiments, transwell
inserts were coated with Collagen IV (Bio-Techne (Abingdon, UK) 3410-010-02)) diluted
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to 200 µg/mL in H2O and laminin I (Cultrex, 3400-010-02) and diluted to 100 µg/µL in
serum-free media. This setting is thought to resemble the in vivo situation of tumour
migration through the basement membrane. The 1 × 105 cells were seeded in the upper
wells in a medium devoid of FBS. The chamber was incubated for 24 h at 37 ◦C, 5% CO2
and subsequently, the number of invasive cells in the lower chamber was quantified relative
to the standard curve. For the exosome treatments, cells were pretreated with the indicated
concentrations of exosomes 24 h prior to the seeding of tumour cells in the upper wells.

2.5. Generation of Stable Knockdown Cell Lines

Cell lines with stable knockdown of BSG and MMP-2 expression were generated
through shRNA-mediated gene silencing using commercialised virus particles. GIPZ™
Lentiviral particle starter kits (Horizon Discovery, (Waterbeach, UK) BSG; VGH5526-
EG4313, MMP-2; VGH5526-EG682) were used for subsequent transduction of the CHLA-
01R and D458 cell lines, following the GIPZ™ lentiviral shRNA manual.

2.6. Preparation of Cerebrospinal Fluid Samples

Cerebrospinal fluid (CSF) samples were obtained from paediatric patients who had
lumbar punctures within a fortnight of the surgical resection of their primary or recur-
rent/relapsed medulloblastoma at our institution. The samples were twice centrifuged at
approximately 100× g for 10 min and the resulting supernatant was further centrifuged at
300× g for 10 min before storing them at −80 ◦C. The CSF samples were then defrosted
over ice and equal volumes were assayed in gelatin zymography experiments.

2.7. Detection of Metalloproteinase Activity by Zymography

The activity of gelatinases MMP-2 and MMP-9 was determined using gelatin zy-
mography. Cell supernatants (15 µL), CSF (15 µL) or exosomes (20 µg) were mixed
1:4 with 4X NuPage LDS sample buffer (11836170001, Roche (Basel, Switzerland)) (without
β-mercaptoethanol) and loaded onto 10% SDS-PAGE gels that had been supplemented
with 3 mg/mL gelatin (Sigma Aldrich (St. Louis, MO, USA). Recombinant MMP-2 (Sigma
Aldrich (St. Louis, MO, USA), 86607) was also added as a reference marker. Electrophoresis
was used to separate proteins according to their molecular weight. Subsequently, to restore
MMP activity, gels were incubated in zymogram renaturing buffer (Thermo Fisher Scientific
(Waltham, MA, USA) at room temperature for 30 min. Renaturing buffer was removed
and replaced with a zymogram developing buffer (Thermo Fisher Scientific (Waltham,
MA, USA) and incubated overnight at 37 ◦C, during which time gelatinases degrade the
gel. This degradation was visualised by the staining of the gels with 0.5% w/v Coomassie
blue R-250 in 40% v/v methanol, 10% v/v glacial acetic acid (Bio-Rad (Hercules, CA,
USA) at room temperature for 15 min. To reduce background staining, gels were washed
in a destaining solution (40% v/v methanol, 10% v/v glacial acetic acid) for two hours
to reveal the gelatinase bands. Gels were fixed in a fixative solution (2% paraformalde-
hyde, 0.075 M lysine, and 0.01 M sodium periodate, pH 7.4) for 15 min before being dried
and photographed.

2.8. Western Blot

Cells and exosomes were lysed in a lysis buffer (1% Triton-x100, 1 mM EDTA, 150 mM
NaCl, 20 mM Tris pH 7.5) supplemented with 1 × cOmplete™ EDTA-free Protease In-
hibitor Cocktail (11836170001, Roche (Basel, Switzerland)) and protein concentrations were
determined using a Bradford assay (Bio-Rad) in relation to a BSA standard curve. Pro-
teins were separated according to molecular weight by SDS-PAGE and transferred onto
a PVDF membrane (Scientific Lab Supplies 10600023). For protein detection, membranes
were blocked with 5% nonfat milk and 1% Tween/PBS, and subsequently incubated with
primary antibodies against MMP-2 (Abcam, 86607, 1:500), EMMPRIN (Santa Cruz, 46700,
1:500), CD9 (Cell signalling, 13174, 1:1000), Alix (Cell signalling, 2171, 1:1000), Annexin
V (Cell signalling, 8555, 1:1000) and Histone 4 (Cell signalling, 41328, 1:1000). Appro-
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priate horseradish peroxidase-conjugated secondary antibodies were applied. GAPDH
(Sigma-Aldrich, 406609, 1:2000) was used as the loading control. Protein signals were
detected using an enhanced chemiluminescence (ECL) solution (Thermo Fisher Scientific
(Waltham, MA, USA); 32106). Chemiluminescence was then measured in the LAS-3000
mini biomolecular imager.

2.9. Quantitative Real-Time Polymerase Chain Reaction

RNA isolation was performed using the miRNeasy micro kit (Qiagen (Hilden, Ger-
many)). RNA samples were transcribed into cDNA using reverse transcriptase (Invitrogen
(Waltham, MA, USA); 1080-044). Gene expression of the resultant cDNA template was as-
sessed by quantitative reverse transcription PCR (CFX96 real-time PCR machine; BIORAD,
(Hercules, CA, USA)) and iQ SYBR SuperMix (BIORAD, (Hercules, CA, USA)). Primer
sequences: MMP-2 forward: 5′ GCCTTTAACTGGAGCAAAAACAA 3′, reverse: 5′ TC-
CATTTTCTTCTTCACCTCATTG 3′, BSG forward: 5′ GTTCTTGCCTTTGTCATTCTG 3′

reverse: 5′ TCACCATCATCTTCATCTACGA 3′. The house-keeping gene GAPDH forward:
5′ ATGTTCGTCATGGGTGTAA 3′, reverse: 5′ GTCTTCTGGGTGGCAGTGAT 3′ was used
as a control to normalize the data and the relative mRNA expression level was calculated
using the ∆Ct method.

2.10. Transmission Electron Microscopy

To visualize exosomes, vesicle pellets were resuspended in 2% paraformaldehyde
and applied to Cu-Rh formvar-coated 200 mesh grids (Agar 53 Scientific, (Los Angeles,
CA, USA)) for 3 min. Absorbent paper was used to gently remove any excess suspension.
Negative contrast was achieved by incubating the grid for 30 s in 1% uranyl acetate, and
excess liquid was blotted off. Subsequent analyses of vesicles were carried out using a JEOL
2100+ transmission electron microscope and iTEM software (Olympus, (Tokyo, Japan)).

2.11. NanoFCM

Exosome samples were diluted in PBS (phosphate buffered saline) 1:10–1:100 and
analysed using the Flow Nano Analyzer (NanoFCM Inc. (Nottingham, UK)), according to
the manufacturer’s protocol [21]. Briefly, lasers were calibrated using 200 nm control beads
(NanoFCM Ltd.), which were analysed as a reference for particle concentration. A mixture
of various-sized beads (NanoFCM Inc.) was analysed to set a reference for size distribution.
PBS was analysed as a background signal. Particle concentrations and size distributions
were calculated using NanoFCM software (NanoFCM profession V1.0) and normalised to
the cell number and dilution necessary for adequate NanoFCM reading.

2.12. Nanoparticle Tracking Analysis

Particle counts and size distributions were determined for each extracellular vesicle
preparation using a nanoparticle tracking analysis (NTA) (NanoSight Ltd. (Malvern, UK).
The instrument was configured with a 488 nm LM14 laser module and a high-sensitivity
digital camera system (OrcaFlash2.8, Hamamatsu C11440, NanoSight Ltd., Amesbury, UK).
Prior to the analysis of extracellular vesicle samples, 100 nm standard latex beads were
tested as a control to confirm that the NTA measurements were accurate. Samples were
diluted in PBS, to a concentration of between 2 × 106 and 5 × 107 particles/mL within
the linear range of the instrument. Five replicate videos of 20 s were taken at 25 ◦C, with
samples under controlled flow, and analysed using NTA software (version 2.5), with the
minimal expected particle size set to automatic, and camera sensitivity set at 12–16. The
detection thresholds were set at 1–3 to reveal small particles.
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2.13. Statistical Analysis

Results are shown as mean ± SEM of the indicated number of independent exper-
iments. The statistical significance of differences in the group results was compared
using a one- or two-way analysis of variance (ANOVA) with multiple comparison test-
ing as indicated. All statistical analyses and plots were carried out using GraphPad
Prism 8 (GraphPad Software Inc., La Jolla, CA, USA).

2.14. Bioinformatic Analysis of Published Datasets

Published medulloblastoma patient datasets were accessed and analysed using the R2:
Genomics Analysis and Visualization Platform (http://r2.amc.nl, (accessed on
3 October 2022)).

3. Results
3.1. Metastatic Cell Lines Release More Exosomes Than Their Primary Counterparts

The current international consensus recognises four distinct molecular subgroups
of medulloblastoma each associated with different patterns of metastasis and overall
prognosis—wingless (WNT), sonic hedgehog; (SHH), group three and group four—these
can now be further categorised into second-generation subgroups [22,23]. WNT patients
classically have a favourable prognosis (>90% 5-year survival); SHH patients display
heterogeneous outcomes associated with the age of diagnosis and specific genetics (TP53
mutation status). The underlying biology of group three and group four patients remains
less clear, and a substantial number of these patients relapse and are associated with high
levels of metastasis [22,23].

Exosomes were isolated from cultured cell lines that represent pairs of metastatic and
primary-tumour origins. Since group three and group four medulloblastoma molecular
subgroups have the highest occurrence of metastasis at diagnosis [23–25] cell lines were
used from these subgroups. The two group three cell lines were the primary cell line D425
and the metastatic D458 cell line. The two group four cell lines were the primary CHLA-01
cell line and the metastatic CHLA-01R cell line. These cell lines were valuable in gaining
insight into the molecular, genetic, and proteomic signature changes that occurred between
the primary-tumour stage and the dissemination to a secondary site.

Exosomes were isolated by ultracentrifugation and characterised according to MISEV
criteria [26]. We observed enrichment for the exosome-associated markers CD9, Annexin V,
and Alix, and an absence of histone four, a nuclear marker that would indicate contami-
nation with cellular debris (Figure 1Ai,Aii; full-length blots in Supplementary Figure S1).
Exosomes were visualised by transmission electron microscopy (TEM), revealing that
medulloblastoma cell lines release a heterogeneous population of “cup-shaped” spherical
vesicles (Figure 1B), characteristic of exosomes under TEM [27,28]. There was some hetero-
geneity in size (diameters varying between 30–150 nm) and appearance of the structures
visualized, though little evidence of nonvesicular contamination [29]. Similarly, particle size
distribution and particle concentrations, as measured by NTA and NanoFCM (Figure 1C,D),
further supported that the isolated particles were indeed exosomes.

A notable feature of cancer cells is that they produce exosomes in greater amounts
than normal cells. Several studies have shown that exosome numbers are elevated in
the plasma of cancer patients compared to healthy controls; an increase in the levels of
extracellular vesicles released correlates with poor prognosis and survival outcomes [30,31].
Exosomes were therefore isolated from a series of medulloblastoma cell lines representing
different subgroups and metastatic capacities. Using both particle concentrations and
total protein measurements, metastatic cells produce more exosomes relative to primary
cells (Figure 1E,F), indicating that they may play a vital role in increasing medulloblas-
toma metastasis.

71



Cancers 2023, 15, 2601

Cancers 2023, 15, x FOR PEER REVIEW 7 of 22 
 

 

different subgroups and metastatic capacities. Using both particle concentrations and total 

protein measurements, metastatic cells produce more exosomes relative to primary cells 

(Figure 1E,F), indicating that they may play a vital role in increasing medulloblastoma 

metastasis. 

 

Figure 1. Isolation and characterisation of exosomes from medulloblastoma cell lines. Western blot 

confirmation that exosomes (Ai) express the marker proteins CD9, Annexin V, and Alix, and show 

no cross contamination with the nuclear protein histone 4 which is only detected in cell lysate (CL) 

rather than exosome (Exo) fractions (Aii). The uncropped blots are shown in Figure S1. (B) Exo-

somes from CHLA-01 cells were imaged by transmission electron microscopy (TEM) and identified 

as multiple cup-shaped structures ranging from 30–150 nm in size (arrowheads). Scale bar 1000 nm. 

(C,D) Exosomal particle concentrations were measured by NTA (C) and NanoFCM (D). NTA data 

represent the average of at least three independent repeats. Representative NanoFCM data is shown 

for CHLA-01-derived exosomes. (E,F) Metastatic cell lines (D283, HD-MB03, D458, and CHLA-01-

   

  

  

   

  

                                  

Figure 1. Isolation and characterisation of exosomes from medulloblastoma cell lines. Western blot
confirmation that exosomes (Ai) express the marker proteins CD9, Annexin V, and Alix, and show no
cross contamination with the nuclear protein histone 4 which is only detected in cell lysate (CL) rather
than exosome (Exo) fractions (Aii). The uncropped blots are shown in Figure S1. (B) Exosomes from
CHLA-01 cells were imaged by transmission electron microscopy (TEM) and identified as multiple
cup-shaped structures ranging from 30–150 nm in size (arrowheads). Scale bar 1000 nm. (C,D) Exosomal
particle concentrations were measured by NTA (C) and NanoFCM (D). NTA data represent the average
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of at least three independent repeats. Representative NanoFCM data is shown for CHLA-01-derived
exosomes. (E,F) Metastatic cell lines (D283, HD-MB03, D458, and CHLA-01-R) typically secrete
more exosomes than the primary cell lines as determined by exosomal number (E) and exosomal
protein content (F), both corrected for cell density. SHH (sonic hedgehog). Significant differences
were calculated using one-way ANOVA analyses with Sidak’s multiple-comparisons test, (* p ≤ 0.05,
** p ≤ 0.01, *** p ≤ 0.005). Data represent the average of three independent experiments with error
bars indicating the standard error of the mean (SEM).

3.2. Treatment of Medulloblastoma Cells with Migratory-Derived Exosomes Enhances Cell
Invasion and Migration

To determine whether metastatic cell-derived exosomes conferred a phenotype upon
the recipient cell lines, primary cell lines were cocultured with exosomes isolated from their
matched metastatic cell line pair. Migration and invasion of cell lines were measured using
a modified Boyden chamber transwell model, recapitulating invasion through the blood–
brain barrier (schematic representation Figure 2A). Initially, the migration of cell lines in
the absence of added exosomes was measured. When comparing matched cell line pairs,
there was a higher level of cell migration in the metastatic cells compared to the primary
cells (Supplementary Figure S2A,B). The effects of exosomes on cell invasion and migration
were then assessed by adding exosomes derived from metastatic cells to primary cells in
the insert. Interestingly, CHLA-01 cells showed significantly enhanced tumour migration
and invasion in response to metastatic exosome addition, compared to the vesicle-free
supernatant (Figure 2B). Similarly, D425 cells showed a significant increase in invasion in
response to metastatic exosome addition (Figure 2C). Moreover, exosome-free supernatant
or PBS had no effect on cell migration rates (Supplementary Figure S2C), confirming that
metastatic exosome-induced tumour cell migration and invasion is a specific and not an
artefactual effect. In both cell lines tested, there was only a small increase in proliferation
after metastatic exosome stimulation (Figure 2D,E), suggesting that the direct impacts on
recipient cell migration and invasion are conveyed by exosome stimulation.

Since exosomes have been described as transferring malignant characteristics to sur-
rounding cells, the influence of exosomes on a nonmalignant cell line (FB83) derived from
foetal neuronal stem cells was also explored. As shown in Figure 2F, stimulation with
metastatic exosomes (derived from CHLA-01R cells) alone was able to induce an invasive
phenotype in the FB83 cells (p ≤ 0.01), suggesting that recipient cells did not need to be
predisposed to an invasive phenotype, or even a cancerous one, prior to exosome stimula-
tion. A significant increase in proliferation was not observed until 72 h (Figure 2G), again
indicative of migratory effects only in this cell line.

3.3. MMP-2 and EMMPRIN Are Abundant in Proinvasive Exosomes

Having established that metastatic cells were able to release exosomes that endowed
an invasive capability on the recipient cells, we then investigated the protease content of
our matched lines. In each pair, we were able to identify higher relative expression of
MMP-2 in the metastatic line (Supplementary Figure S3, Supplementary Method). Ma-
trix metalloproteinases (MMPs) are proteases that have been heavily implicated in the
modulation of the TME and demonstrated to be upregulated in the metastasis of several
solid tumours [32,33]. Their tight regulation is, in part, mediated by an extracellular ma-
trix metalloproteinase inducer (EMMPRIN), a glycoprotein commonly enriched on the
surface of tumour cells and associated with tumour progression and poor patient out-
comes [34,35]. EMMPRIN has been shown to mediate MMP release [36] and, more recently,
it has been found in tumour-derived extracellular vesicles [37] where it also mediated an
MMP-inducing effect [38].
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Figure 2. Exosomes from metastatic cell lines can confer a proinvasive phenotype on recipient cells.
(A) Experimental setup for migration through an uncoated chamber insert, or invasion and migration
through a collagen IV- and laminin I-coated insert. (B,C) Exosomes derived from the metastatic cell
lines CHLA-01R and D458 were applied (+Exo) to matched primary cell lines CHLA-01 (B) and D425
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(C), respectively, and led to an increase in cell invasion behaviour (grey bars) compared to exosome-
free supernatant control cells (coloured bars). (D,E) Exosomes from metastatic cell lines conferred only
a modest effect on cell proliferation determined by Presto Blue viability assays. (F,G) Exosomes from
the metastatic CHLA-01R cell line were able to confer an invasive phenotype on the noncancerous
FB83 cell line (F), independent of an effect on cell proliferation (G). Significant differences in migration
were calculated using one-way ANOVA analyses with Dunnett’s multiple-comparisons post hoc
test, (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.005) (ns = not significant). Data represent the average of three
independent experiments with error bars indicating the standard error of the mean (SEM).

Elevated EMMPRIN expression levels have been correlated with a higher metastatic
stage in medulloblastoma [19,39]. Further analysis of large-scale publicly-available datasets
shows that when medulloblastoma patients were stratified according to the mRNA levels
at diagnosis. Those with higher BSG expression had significantly worse five- and ten-year
overall survival than patients with lower BSG expression (Supplementary Figure S4A),
suggesting that the expression level of BSG may represent a negative prognostic factor for
overall survival in medulloblastoma patients. Moreover, BSG gene expression was assessed
across a panel of subgrouped medulloblastoma cell lines with known metastatic status.
Interestingly, expression was observed to be higher in group three and group four cell lines,
the two subgroups commonly associated with poor prognosis and a higher potential for
metastatic dissemination (Supplementary Figure S4B). A significant biochemical property
of EMMPRIN is that it can appear in diverse glycosylated forms, with large variation
in molecular weights. Previous research has suggested that differential glycosylation of
EMMPRIN exhibits functional relevance in tumour cells, with the highly glycosylated form
being associated with enhanced cell adhesion, cell migration, and MMP-1 and MMP-2
production [36]. We, therefore, aimed to identify the expression patterns and glycosy-
lation forms of EMMPRIN in matched medulloblastoma cell lines. Metastatic cell lines
were significantly enriched with highly glycosylated EMMPRIN, compared to the pri-
mary cell lines which were distinguished by the low glycosylation variant of EMMPRIN
(Supplementary Figure S4C–E).

Having been shown to correlate with poor patient outcomes and a higher grade in
multiple cancers [40], it was postulated that the expression of MMP-2 would represent a
poor prognosis factor in medulloblastoma. However, when medulloblastoma patients were
stratified according to mRNA levels at diagnosis, those with elevated MMP-2 expression
displayed a better five- and ten-year overall survival than patients with low MMP-2
expression (Supplementary Figure S5A). Additionally, when comparing MMP-2 gene
expression in matched-primary and metastatic medulloblastoma cell lines there was not
a consistent pattern of high MMP-2 in metastatic cells and low MMP-2 expression in the
primary cells. However, this “high is worse” pattern was observed at the protein level,
indicative that MMP-2 protein levels may be a more physiologically relevant marker of
medulloblastoma metastasis (Supplementary Figure S5B–D).

Since medulloblastoma cell lines exhibit high EMMPRIN and MMP-2 levels and their
expression was differentially enriched in metastatic cell lines compared to the primary
cell lines, we hypothesised that MMP-2, and its inducer EMMPRIN, could be packaged
into exosomes for extracellular release, thus contributing to medulloblastoma invasion and
migration. A Western blot analysis of exosomes was therefore performed to assess whether
the proinvasive phenotype correlated with increased MMP-2 and EMMPRIN levels. An
analysis revealed an enrichment of EMMPRIN and MMP-2 in metastatic-derived exosomes
compared to primary-derived exosomes (Figure 3Ai–Aiii, full-length blot in Supplementary
Figure S6). Of note, the analysis of EMMPRIN protein size revealed that only metastatic
CHLA-01R exosomes were enriched with highly glycosylated EMMPRIN compared to
the low glycosylation variant of EMMPRIN. In contrast, the CHLA-01, D458, and D425
exosomes were distinguished by the low glycosylation variant of EMMPRIN.
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Figure 3. MMP-2 and EMMPRIN are expressed on exosomes released by medulloblastoma cell
lines. Exosomal EMMPRIN and MMP2 protein expression was determined by Western blotting
(representative image in panel (Ai) and was quantified relative to Alix protein expression (Aii,Aiii).
(B). Flow-cytometry analysis of EMMPRIN (B,C) and MMP-2 (D,E) in medulloblastoma-derived
exosomes. Exosomes from the metastatic and primary matched pair of cell lines (D458 and D425)
were labelled with anti-EMMPRIN or anti-MMP-2 antibodies and secondary antibodies conjugated to
either PE (EMMPRIN) or APC (MMP-2). Gating was identical across cell lines and the percentage of
cells in populations representing high and low expression is shown. One representative experiment
out of two performed with similar results is shown. Data in (Ai–Aiii) represent the average of three
independent experiments with error bars indicating SEM. Significant differences in protein expression
between exosomes derived from the matched cell lines were calculated using the Kruskal–Wallis test
with Dunn’s multiple-comparisons post hoc test (* p ≤ 0.05, ns = not significant). The uncropped
blots are shown in Supplementary Figure S6.

Since proinvasive exosomes promote cell migration and invasion, we predicted that
this effect is mediated by MMP-2 and/or EMMPRIN on the exosomal surface. To inves-
tigate this hypothesis, flow cytometry of the exosomes was carried out. The exosomes
isolated from the metastatic D458 cell line clearly resolved into two populations based upon
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EMMPRIN expression (49.2% EMMPRIN positive compared to 50.7% EMMPRIN negative)
whereas only a single, lower expressing, population was observed in the D425-derived
exosomes (1.6% EMMPRIN positive compared to 98.3% EMMPRIN negative) (Figure 3B,C).
For MMP-2 expression, the difference was more subtle, with exosomes isolated from the
metastatic D458 cell lines clearly resolved into two populations based upon MMP-2 expres-
sion (56.2% MMP-2 positive compared to 43.8% MMP-2 negative) and a lower population of
MMP-2-expressing exosomes was observed in the D425 exosomes (38.1% MMP-2 positive
compared to 61.9% MMP-2 negative) (Figure 3D,E). These findings reinforced our hypothe-
sis that EMMPRIN and MMP-2 are enriched on metastatic exosomes and are involved in
conveying a proinvasive phenotype.

3.4. Stimulation of Medulloblastoma Cells with Migratory-Derived Exosomes Enhances Cell
Invasion and Migration

MMPs can either be bound to the cell’s membrane or secreted from the cytosol into
the extracellular matrix, where they function as modulators of the extracellular space [40].
MMPs are synthesised as inactive proenzymes, termed zymogens, which require activation
prior to being functionally active. Importantly, several MMPs in exosomes have been
shown to exhibit proteolytic activities and can directly contribute to the degradation of
ECM proteins in the extracellular space [41]. We hypothesised that surface-bound MMPs
may degrade the extracellular matrix more effectively, creating a path for tumour cells or
exosomes to migrate in the extracellular space. To determine whether the exosomal MMP-2
was catalytically active, gelatin zymography of exosomes suspended in PBS was performed
and the functional activity of MMP-2 was determined. In accordance with the Western
blot results, the metastatic-derived exosomes demonstrated the highest levels of functional
MMP-2 activity compared to the primary exosomes (Figure 4A). The inherent differences
in the basal levels of exosome-associated MMP-2 present in metastatic-derived exosomes
compared to primary exosomes, further suggests that the MMP-2-associated exosomes
promote tumour progression.

Cancers 2023, 15, x FOR PEER REVIEW 13 of 22 
 

 

3.4. Stimulation of Medulloblastoma Cells with Migratory-Derived Exosomes Enhances Cell 

Invasion and Migration 

MMPs can either be bound to the cell’s membrane or secreted from the cytosol into 

the extracellular matrix, where they function as modulators of the extracellular space [40]. 

MMPs are synthesised as inactive proenzymes, termed zymogens, which require activa-

tion prior to being functionally active. Importantly, several MMPs in exosomes have been 

shown to exhibit proteolytic activities and can directly contribute to the degradation of 

ECM proteins in the extracellular space [41]. We hypothesised that surface-bound MMPs 

may degrade the extracellular matrix more effectively, creating a path for tumour cells or 

exosomes to migrate in the extracellular space. To determine whether the exosomal MMP-

2 was catalytically active, gelatin zymography of exosomes suspended in PBS was per-

formed and the functional activity of MMP-2 was determined. In accordance with the 

Western blot results, the metastatic-derived exosomes demonstrated the highest levels of 

functional MMP-2 activity compared to the primary exosomes (Figure 4A). The inherent 

differences in the basal levels of exosome-associated MMP-2 present in metastatic-derived 

exosomes compared to primary exosomes, further suggests that the MMP-2-associated 

exosomes promote tumour progression. 

Since proinvasive exosomes were found to express EMMPRIN and MMP-2 at high 

levels, and the role of exosome-bound EMMPRIN for the induction of MMPs is well es-

tablished [42,43], MMP-2 secretion by medulloblastoma cells after exosome stimulation 

was explored (schematic representation shown in Figure 4B). After preconditioning with 

proinvasive exosomes, a time-dependent increase in the levels of functionally active 

MMP-2 secreted into the media compared to buffer-treated cells was observed (Figure 

4C,D). 

 

Figure 4. Exosomes contain functionally active MMP-2 and can transfer gelatinase activity onto re-

cipient cell lines. (A) Gelatin zymography was used for the detection of MMP-2 activity in medul-

loblastoma-derived exosomes. The 5 µg of exosomes suspended in PBS were loaded onto gelatin-

incorporated zymography gels and the functional activity of the gelatinase and MMP-2 was deter-

mined. Data are representative of three independent experiments. (B) Schematic representation of 

the stimulation of a low MMP-2 expressing cell line (CHLA-01) with 10 µg of exosomes from a high 

MMP-2 expressing cell lines (CHLA-01R). After 24 and 48 h, supernatant from the recipient cell line 

was collected and loaded onto the gelatin-containing gel. Proteolysis was detected as a white band. 

Figure 4. Exosomes contain functionally active MMP-2 and can transfer gelatinase activity onto
recipient cell lines. (A) Gelatin zymography was used for the detection of MMP-2 activity in
medulloblastoma-derived exosomes. The 5 µg of exosomes suspended in PBS were loaded onto
gelatin-incorporated zymography gels and the functional activity of the gelatinase and MMP-2 was
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determined. Data are representative of three independent experiments. (B) Schematic representation
of the stimulation of a low MMP-2 expressing cell line (CHLA-01) with 10 µg of exosomes from a
high MMP-2 expressing cell lines (CHLA-01R). After 24 and 48 h, supernatant from the recipient cell
line was collected and loaded onto the gelatin-containing gel. Proteolysis was detected as a white
band. MMP-2 levels shown in (C) were quantified and displayed graphically in (D). Data represent
the average of two independent experiments with error bars indicating the standard error of the
mean (SEM). Significant differences were calculated using one-way ANOVA analyses with Dunnett’s
multiple-comparisons post hoc test, (* p≤ 0.05, ** p≤ 0.01). The uncropped blots are shown in File S1.

Since proinvasive exosomes were found to express EMMPRIN and MMP-2 at high
levels, and the role of exosome-bound EMMPRIN for the induction of MMPs is well
established [42,43], MMP-2 secretion by medulloblastoma cells after exosome stimulation
was explored (schematic representation shown in Figure 4B). After preconditioning with
proinvasive exosomes, a time-dependent increase in the levels of functionally active MMP-2
secreted into the media compared to buffer-treated cells was observed (Figure 4C,D).

3.5. Knockdown of MMP-2 and EMMPRIN Reduces Exosome-Mediated Migration and Invasion

Given that exosomes from metastatic medulloblastoma cells, carrying higher levels
of MMP-2 and EMMPRIN could confer an invasive phenotype on recipient cells, we
decided to test the direct contribution of MMP-2 and EMMPRIN by genetic knockdown
(Supplementary Figure S7A,B). In group four, medulloblastoma cells’ knockdown of BSG
or MMP-2 at the genetic level resulted in a reduction of the ability of cells to invade a
collagen-IV–laminin matrix (Figure 5A). Knockdown of BSG or MMP-2 had little effect
on either the distribution or the amounts of exosomes secreted by the corresponding cells
(Figure 5B). Exosomes isolated from these cell lines did, however, result in a significant
decrease in MMP-2 and EMMPRIN exosomal levels (Figure 5Ci–Ciii).

Primary cell lines were cocultured with exosomes isolated from knockdown metastatic
cell lines or exosomes isolated from nontargeting controls. The addition of exosomes
does not affect MMP-2 mRNA levels in recipient cells (Figure 5D). However, a significant
reduction in the migration of primary group four cell lines was observed when cells
were pretreated with exosomes isolated from knockdown EMMPRIN and MMP-2 cell
lines (Figure 5E). In addition, the preconditioning with exosomes isolated from MMP-2
knockdown cell lines also reduced the secretion of MMP-2 in primary medulloblastoma
cell lines compared to controls (Figure 5Fi). Since EMMPRIN is known to induce MMP-2
production and secretion, it was slightly surprising that an increase in MMP-2 function was
observed when primary medulloblastoma cell lines were preconditioned with exosomes
isolated from BSG knockdown cell lines, (Figure 5Fii). The incomplete knockdown of
EMMPRIN in exosomes may account for this observation (Figure 5Ci–Ciii), thus MMP-2
activation persists to some extent. Together, these results indicate that exosomal EMMPRIN
has the ability to initiate MMP-2 secretion in the recipient medulloblastoma cells, while
exosomal MMP-2 can further stimulate MMP-2 secretion in a positive feedback loop.
Increased levels of secreted MMP-2 would support extracellular-matrix degradation, in
turn facilitating tumour cell invasion and metastasis.

Group three primary MB cells showed a similar pattern in reduction when using knock-
down exosomes; however, the results were not statistically significant (Supplementary Figure S7).
In accordance with the findings that depletion of MMP-2 or EMMPRIN slightly reduced
migration of medulloblastoma cells, these results strongly indicate that exosomal MMP-2
and EMMPRIN facilitate the progression of medulloblastoma. This is particularly apparent
for group four medulloblastoma.
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Figure 5. Knockdown of MMP-2 and EMMPRIN appears to reduce exosome-mediated migration and
invasion in group four medulloblastoma cell lines. (A) Group four cell invasion through a collagen
and laminin IV coated transwell chamber insert was quantified by PrestoBlue metabolic staining
and compared to cell lines transduced with nontargeting (NT). (B) Exosomes from the CHLA-01R
knockdown cell lines and nontransduced cells were isolated and their size and concentration were
measured by NanoFCM. (Ci) Western blot analysis and concurrent densitometry revealed both
EMMPRIN (Cii) and MMP-2 (Ciii) protein levels to be significantly depleted in exosomes isolated
from the knockdown cell lines. Densitometry data are presented relative to the Alix loading control
and compared to the appropriate nonsilencing control cell line. (D) Exosomes from the CHLA-01R
knockdown cell lines were applied to the matched parental cell line CHLA-01 (+NT exo: nontargetting,
+shBSG exo, knockdown BSG, or shMMP-2 exo knockdown MMP-2) following which MMP-2 mRNA
expression levels in recipient cells was determined by qRT-PCR. (E) The ability of these recipient cell
lines to invade through a laminin and collage IV matrix was determined by metabolic assay. MMP-2
activity in the medium of CHLA-01 cells receiving exosomes was determined by gelatin zymography.
Proteolysis was detected as a white band. MMP-2 levels shown in (Fi) were quantified and displayed
graphically in (Fii). Significance was assessed by ordinary one-way ANOVA analysis with Sidak’s
multiple-comparison tests (* p ≤ 0.05, ** p ≤ 0.01) (ns = not significant). Data represent the average
of at least two independent experiments with error bars indicating the standard error of the mean
(SEM). The uncropped blots are shown in File S1.
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3.6. CSF Levels of Functionally Active MMP2 Increase at Disease Progression

Having consistently demonstrated higher levels of functionally active MMP-2 are
secreted from the group four metastatic MB cell line CHLA-01R in comparison to its primary
counterpart, we sought to determine whether this finding would be replicated in an ex-vivo
pilot study of cerebrospinal fluid (CSF) derived from paediatric medulloblastoma patients.
Their key features are tabulated in Figure 6A. Disease progression was defined as patients
presenting with the growth of their residuum (Figure 6B), recurrence or relapse of their
medulloblastoma. We explored whether the levels of functional active MMP-2 secreted
into CSF could be employed as surrogate markers of disease progression, irrespective of
their starting point. The examined CSF samples were derived from four patients, all of
whom were male and between the ages of 5 and 20 years old. Molecular subgrouping was
unfortunately only available for two of the four patients both of whom were determined to
be group four MB. While the size of our pilot study was limited by the availability of the
matched CSF samples, we observed increased levels of functionally active MMP-2 in three
of four patients, which correlated with disease progression in patients one, three, and four
(Figure 6C). Furthermore, the observation of a strong MMP-2 signal in the CSF derived
from patients one and four at the point of disease progression, appeared to correlate with
prognosis, in contrast to CSF cytology, which was negative in both cases (Figure 6A).
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Figure 6. Determination of MMP-2 activity in clinical CSF samples from medulloblastoma patients
indicates MMP-2 activity as a possible marker of disease progression. (A) Clinical characteristics of
4 medulloblastoma patients. (B) Axial MRI with gadolinium T1 and T2 images taken at presentation
(top row) and at disease progression (bottom row) with tumours highlighted with white arrows.
(C) Paired CSF sampled from the patients was examined and the levels of functional activity of MMP-
2 determined and normalised to recombinant MMP-2, at their presentation and disease progression.
The uncropped blots are shown in File S1.
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4. Discussion

Metastatic dissemination is the predominant cause of the mortality of patients with
medulloblastoma [44]. Increasing evidence suggests that exosomes serve as key mediators
in tumour metastasis [45]. It has been reported that exosomes from highly metastatic
tumour cell lines could significantly enhance the migration capacity of less migratory
recipient cells [35]. Similarly, the present study revealed that exosomes isolated from migra-
tory medulloblastoma cell lines directly enhanced the invasive potential of less-migratory
matched primary-tumour cells in a heterologous stimulation loop. The effect was specific
to exosomes since the exosome-free supernatant had no influence on tumour invasion.

Several studies have demonstrated that exosomes are able to transfer malignant
characteristics from highly invasive tumour cells to surrounding nonmalignant cells [46,47].
In line with this, the invasive capacity of nonmalignant foetal neuronal stem cells was
enhanced when stimulated with heterologous exosomes derived from highly migratory
medulloblastoma cell lines, indicating that recipient cells did not need to be predisposed to
an invasive phenotype prior to exosome stimulation.

Although some studies have already demonstrated the tumour-supporting functions
of EMMPRIN or MMP-2 in medulloblastoma metastasis [39,48–50], the presence of these
proteins on medulloblastoma exosomes has not yet been investigated. In this current
study, we have advanced the understanding of the mechanism of action of MMP-2 and
its inducer EMMPRIN in medulloblastoma progression by demonstrating that MMP-2
and EMMPRIN are associated with secreted exosomes. Importantly, Western blot and
flow cytometry analysis revealed that proinvasive metastatic exosomes were significantly
enriched with membrane-associated EMMPRIN and MMP-2 compared to the primary
exosomes. It is therefore reasonable to propose that exosomal MMP-2 and EMMPRIN
are surface-associated in invasive exosomes, as this location is required for a protease
to exert its proteolytic activity on extracellular proteins. Recently, it has been suggested
that EVs possess a protein corona [51,52], which includes extracellular matrix components
such as fibronectin. It would be interesting to see if this protein corona is present in
medulloblastoma-derived exosomes and if MMP-2 or EMMPRIN might either be interact-
ing with it or constituting it.

The role of exosomes in ECM degradation has been described recently [50,53]. Acti-
vated MMP-2 has a wide range of substrates and can degrade basement-membrane collagen
IV, elastin, and several other ECM molecules, including interstitial-collagen types I, II, and
III [54], and is therefore associated with ECM remodelling as a prerequisite for cellular
invasion and migration [55]. Our finding, that functional activated MMP-2 is carried by
exosomes and released by metastatic cell lines into the extracellular space, reveals a possible
mechanism by which MMP-2 may facilitate the breakdown of the ECM. Degradation of the
ECM would create routes for medulloblastoma cells to directionally invade the surround-
ing environment, and functional MMP-2 on the external surface of exosomes could allow
exosomes to reach long-distance target locations. Moreover, shRNA-mediated knockdown
of EMMPRIN or MMP-2 in exosomes decreased the promigratory effect of exosomes on
recipient cells.

The association between exosomal EMMPRIN/MMP-2 and ECM degradation was
reinforced by zymography assays, demonstrating that secretion of active MMP-2 was
activated in primary medulloblastoma cell lines upon coculture with metastatic exosomes
enriched with high glycosylated EMMPRIN and MMP-2. Validation of this was provided
by a significant reduction in this heterologous stimulation when exosomes were isolated
from the metastatic cell lines stably transfected with EMMPRIN or MMP-2 shRNAs. Future
research is needed to determine how MMP-2 and EMMPRIN are recruited into and out of
the exosomes, as modulation of these mechanisms could potentially prevent or limit the
establishment of a premetastatic niche that is conducive to MB dissemination throughout
the neuroaxis. Achieving absolute purification or complete isolation of EVs from other
entities poses significant challenges. Future proteomic and transcriptomic analyses of the
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sEVs could serve as a valuable approach to elucidate the molecular mechanisms underlying
the metastatic effects of these extracellular vesicles.

Additionally, the positive correlation between the increased secretion of functionally
active MMP-2, as detected in the CSF zymography, and their disease progression, may
improve our accuracy of disease surveillance and potentially provide a surrogate biomarker
of prognosis and response to treatment. However, given our modest sample size, this work
would need to be replicated with a larger patient cohort, to gain further insight into the
generalisability of our findings.

5. Conclusions

Taken together, this work demonstrated that medulloblastoma cells release exosomes
into the local tumour microenvironment. This creates a favourable milieu within the
neuroaxis, driving medulloblastoma metastasis, through extracellular matrix signalling, via
surface-associated proteins. Our findings provide important and unique insights into the
pathogenesis of medulloblastoma and highlight the need to explore alternative therapeutic
approaches to impair MMP-driven mechanisms of tumour invasion and migration.
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matched Group 3/4 medulloblastoma cell lines; Figure S4: EMMPRIN gene and protein expression
in medulloblastoma; Figure S5: MMP-2 gene and protein expression in medulloblastoma; Figure S6:
Representative full-length western blot images from Figure 3A confirming exosomal EMMPRIN and
MMP2 protein expression; and Figure S7: BSG and MMP-2 were significantly depleted using shRNA
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Simple Summary: As one of most malignant tumors in brain, glioblastoma (GBM) is lack of effective
treatment and the prognosis of GBM patients is still very poor despite accumulated progresses.
Hypoxia is an essential factor for the initiation and progression of GBM, especially for the glioma
stem like cells (GSCs). Hypoxia induced many target genes which form a complicated molecular
interacting network, influencing a lot of tumor behaviors by regulating key signal pathways. In
addition, hypoxia has great impact on the interplayed niches of GCSs. Here, by systematically
reviewing the role of hypoxia on the maintenance of GSCs and the development of GBM, and
analyzing the related molecular mechanisms, we integrated the hypoxia related tumor features
of GBM. This summary helps to deepen our knowledge of the tumorigenic mechanisms of GBM,
and can help to develop novel therapeutic strategies targeting hypoxia to improve the survival of
GBM patients.

Abstract: Glioblastoma multiform (GBM) is recognized as the most malignant brain tumor with a
high level of hypoxia, containing a small population of glioblastoma stem like cells (GSCs). These
GSCs have the capacity of self-renewal, proliferation, invasion and recapitulating the parent tumor,
and are major causes of radio-and chemoresistance of GBM. Upregulated expression of hypoxia in-
ducible factors (HIFs) in hypoxia fundamentally contributes to maintenance and progression of GSCs.
Therefore, we thoroughly reviewed the currently acknowledged roles of hypoxia-associated GSCs in
development of GBM. In detail, we recapitulated general features of GBM, especially GSC-related
features, and delineated essential responses resulted from interactions between GSC and hypoxia,
including hypoxia-induced signatures, genes and pathways, and hypoxia-regulated metabolic alter-
ations. Five hypothesized GSC niches are discussed and integrated into one comprehensive concept:
hypoxic peri-arteriolar niche of GSCs. Autophagy, another protective mechanism against chemother-
apy, is also closely related to hypoxia and is a potential therapeutic target for GBM. In addition,
potential causes of therapeutic resistance (chemo-, radio-, surgical-, immuno-), and chemotherapeutic
agents which can improve the therapeutic effects of chemo-, radio-, or immunotherapy are introduced
and discussed. At last, as a potential approach to reverse the hypoxic microenvironment in GBM,
hyperbaric oxygen therapy (HBOT) might be an adjuvant therapy to chemo-and radiotherapy after
surgery. In conclusion, we focus on demonstrating the important role of hypoxia on development
of GBM, especially by affecting the function of GSCs. Important advantages have been made to
understand the complicated responses induced by hypoxia in GBM. Further exploration of target-
ing hypoxia and GSCs can help to develop novel therapeutic strategies to improve the survival of
GBM patients.

Keywords: glioblastoma; stem cell; hypoxia; niche; autophagy; therapy
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1. Introduction

Glioblastoma (GBM) is identified as one of the most malignant solid brain cancers,
with an average annual incidence of about 4.45 per 100,000 population [1]. GBM patients
present clinical manifestations of headache, weakness, vague vision, seizure and/or dizzi-
ness, depending on tumor location and degree of neurological impairment. The average
diagnostic age of GBM patients is 64-years-old, with more females than males (6:4) [2]. With
advancement of technology, novel imaging tools offer great assistance for oncologists in
the diagnosis of GBM. Apart from conventional computed tomography (CT) and magnetic
resonance imaging (MRI), dynamic contrast-enhanced (DCE) MRI, functional MRI, diffu-
sion tensor imaging (DTI), magnetic resonance spectroscopy (MRS), diffusion-weighted
imaging (DWI), single-photon emission computed tomography (SPECT), and positron
emission tomography (PET) are all useful in clinical practice [3,4].

It has been proposed that GBMs have intrinsic cellular heterogeneity which consists of
differentiated cells, quiescent cells, and glioblastoma stem cells (GSCs) [5]. Differentiated
cells mainly contribute to tumorigenesis, proliferation, and invasion of glioblastoma. Qui-
escent cells are able to transdifferentiate into stem-like cells, and re-acquire self-renewal
ability [6]. GSCs are recognized as reservoirs of tumor-initiating cells, accounting for
therapeutic failure and GBM recurrence. The hypothesis of cancer stem cell (CSC) arises
from human acute leukemia. Hematopoietic stem cells (HSCs) are a small population of
multipotent cells with the potential of proliferation, self-renewal, differentiation, and regen-
eration of original tumors [7]. GSCs kept a certain degree of neural stem cell (NSC) features
such as self-renewal and multi-differentiation potential [8]. NSC was first described in
grown-up mammalians and mainly exists in two regions: one is the subventricular zone
(SVZ) between the striatum and the lateral ventricle, and another is the subgranular zone
(SGZ) within the dentate gyrus of the hippocampus [9,10].

Hypoxia plays a paramount important role in neuronal development which is a
prerequisite for the neural crest cell migration [11]. Hypoxia mainly functions through
hypoxia-inducible factors (HIFs, HIF1α, and HIF2α). In normoxia, HIF1α is hydroxylated
and combined with a cancer suppressor Von Hippel-Lindau (VHL) to undergo ubiquitina-
tion process [12]. Under hypoxia, the HIF1α protein is speedily accumulated within cells
and contributes to subsequent gene transactivation. HIF1α promotes glycolysis via upregu-
lating critical enzymes of glycolytic pathway, such as HK2 (hexokinase 2) and pyruvate
PDK1 (pyruvate dehydrogenase kinase 1). The literature has reported that HIF1α regu-
lates stemness and differentiation of early NSC population via activating neural repressor
Hes1 [13]. Suppression of HIF1α by meloxicam could exert antiproliferative efficacy in hep-
atocellular carcinoma (HCC) and lead to caspase-reliant apoptosis of HCC in hypoxia [14].
HIF2α is an intimate isoform of HIF1α [15]. Contrary to widespread expression of HIF1α
in nearly all cells, HIF2α is selectively expressed in stem cells and endothelial cells of cancer.
HIF1α shows high sensitivity towards oxygen concentration while HIF1β demonstrates
constitutive expression regardless of oxygen concentration [16]. The HIF1α/HIF1β com-
pound could translocate into the nucleus and further command genes that contain the
hypoxia-response consensus sequence (HRE) [17].

Hypoxic areas in GBMs could be attributed to multiple factors such as upregulated
cellular proliferation, insufficient oxygen diffusion, widespread tissue necrosis, broken
blood-brain barrier, and aberrant tumor vascularization. Hypoxia is closely linked with the
neoplastic biology of GBMs. Upregulated HIF expression in hypoxia promotes proliferation,
infiltration, and self-renewal of GSC, ultimately leading to an enhanced level of therapeutic-
resistance. However, the relationship between hypoxia and GSCs in the development of
GBM is not clearly elaborated. Therefore, in our review, we recapitulate general features of
GBM, describe GSC-related features, and delineate interactions between GSC and hypoxia.
Given the importance of hypoxia for the initiation and progression of GBMs and GSCs,
comprehensive study and discussion of these issues would give us more insights into the
biological features of GBMs and provide novel avenues to develop promising treatments
for GBMs targeting hypoxia and GSCs.
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2. GSC and Hypoxia-Related Signatures

One of the central issues for studying GSCs is to identify the GSCs, primarily by using
suitable molecular markers. It has been reported that CD9, CD133 (prominin-1), Olig2,
integrin αβ, aldehyde dehydrogenase (ALDH), CD44, Sox2, Oct4, nestin, and the feature of
side population (SP) can be used as signatures of GSCs [17–21] (Table 1). These markers
are useful in the identification of stem cells, thus propelling relative studies. Via detecting
expression of Oct4, Olig2, and nestin, it was reported that ING5 (a member of the epigenetic
regulators ING family) could accelerate self-renewal of GSC, enhance its stem-cell pool,
and block its lineage differentiation [22]. When hypoxia is presented, many of these GSC
markers are upregulated. Seidle et al. observed that SP-related genes are upregulated in
hypoxia in three adherent glioma cells [23].They also discovered that SP marker genes are
highly expressed in both peri-vascular and hypoxic niches where both HIF1α and HIF2α
are highly expressed [23]. However, whether all these cell markers can be applied precisely
to identify stem cells remains controversial. Some CD133− cells also have the properties
of GSCs and high plasticity of generating CD133+ cells. Currently, the gold criterion to
determine GSCs remains the competence of recapitulating original parent tumors under the
condition of orthotopical transplantation. Therefore, further investigations are necessary to
uncover intrinsic GSC features.

Table 1. GSC and hypoxia-regulated signatures, genes, and pathways.

Signature Gene Pathways lncRNA Protein

CD9 EGFR DLK1 lncRNA H19 HILPDA (HIG2)

SP TP53 mutation Notch (CBF1)

CD133 IDH mutation VEGF

Olig2 MCT4 JAK1//2-STAT3

integrin αβ PP2A Wnt (TCF-1, LEF-1)

ALDH Klf4 avβ8-integrin-TGF-β1

CD44 ABCB1

Sox2 PTEN

Oct4 PML

nestin

3. GSC and Hypoxia-Related Genes

GBMs can be further classified into four subtypes: mesenchymal, neural, proneural,
and classical subtypes. Neurofibromin 1 (NF1) deletion, chromosome 7 enrichment, platelet-
derived growth factor (PDGF) amplification, and tumor suppressor PTEN deficiency are
discovered in these four types respectively [24]. In addition, p16 loss, epidermal growth
factor receptor (EGFR) amplification, chromosome 22q loss, TP53 mutation, and CDKN2A
loss are the most common and prominent signal alterations in GBMs [25] (Table 1). Among
them, TP53 mutation is present in both primary and recurrent GBMs [26]. Recurrent
GSC is able to accumulate temozolomide-associated mutations over primary GSC after
chemo-therapy [26]. IDH1 is an oncogene which localizes in cytoplasm and peroxisome.
IDH1 mutation is a symbol of early tumorigenesis, suppression of which could enhance
sensitivity of GBM to chemotherapy. Glioma patients with IDH-mutation display better
prognoses compared to those with IDH-wildtype. In the latest WHO classification, GBM
only represents IDH-wildtype GBM, while IDH-mutant GBM, which was considered to
account for 10% of GBMs in the past [27], is considered as a different subtype of diffuse
glioma [28].

Considering the intimate relationship between GBMs and hypoxia, deep insight into
genetic alterations of GBMs under hypoxic conditions is essential. Evidence has revealed
that there is an intimate interplay between IDH1/2 and HIFs. Mutated IDH1/2 leads to
elevated expression of oncometabolite R-2-hydroxyglutarate (2HG), which then decreases
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HIF1α and HIF2α levels [29]. Interestingly, IDH mutation alone inhibits tumor growth
while the combinatory effect of IDH1/2 and HIF promotes neoplastic growth, contributing
to unfavorable prognosis in GBM patients. It is reported that expression of monocarboxylate
transporter-4 (MCT4), protein phosphatase 2A (PP2A), Krupple-like 4 (Klf4), and ATP-
binding cassette B1 (ABCB1) are upregulated under hypoxic conditions and lead to shorter
survival spans of GBM patients [30–33]. It is acknowledged that HIF1α level increases after
mammalian target of rapamycin (mTOR) is dysregulated [34]. Multiple genes participate in
the above pathways, such as PTEN (phosphatase and tensin homolog), PML (promyelocytic
leukemia), and EGFR [35,36].

4. GSC and Hypoxia-Related Pathways

Accumulated research showed that numerous signaling pathways are altered in GBM,
such as PI3K/AKT/mTOR, MAPK, STAT3/bcl2, PI3K/RhoA/C, HIF/IDH1/2, VEGF, EGF,
Wnt/βcatenin, and Notch [37–40] (Table 1). It has been indicated that ING5 (a member
of the epigenetic regulators ING family) could increase the activity of PI3K/AKT via
facilitating transcription of the calcium channel as well as the follicle stimulating hormone
signaling gene, to maintain self-renewal of GSCs which partially causes resistance and
recurrence of GBMs [22].

Under hypoxia, there are several alterations in GBM-related pathways. Grassi et al.
reported that hypoxia could induce upregulation of Delta like non-canonical Notch ligand
1 (DLK1) in GBM, thus promoting colony formation of GBMs as well as gene expression of
GSC markers [41]. A recent study showed that CBF1, a cardinal transcriptional modula-
tor of Notch signaling pathway, could be activated by hypoxia to promote proliferation
of GSCs and accelerate epithelial-to-mesenchyme transition (EMT), further enhancing
chemoresistance of GBMs [42].

Vascular endothelial growth factor (VEGF) is a pro-angiogenic factor that mediates vas-
cular permeability and angioedema. VEGFR2 is a receptor of VEGF. In hypoxia, both VEGF
and VEGFR2 are up-regulated by HIF1α and overexpressed in GBM, accelerating tumor
progression and invasion [43]. In addition, enhanced HIF1α expression could activate the
JAK1//2-STAT3 pathway that closely associates with VEGF secretion, thus promoting self-
renewal of GSCs [44]. Bevacizumab is a kind of anti-VEGF monoclonal antibody currently
used as a second-line agent which shows efficiency in decreasing aberrant vascularization
of GBM [45]. Brefeldin A is another inhibitor of VEGF in GBM [46]. However, anti-VEGF
treatments inevitably lead to therapy resistance. An investigation indicated that resistance
to anti-VEGF therapy in GBM is facilitated by elevation of regulatory T-cell (Treg), which
might serve as potential targets with both immunologic and anti-VEGF effects [47].

The Wnt pathway has an intimate association with GSC features, being able to reduce
CD133 and Nestin under both aerobic and anaerobic conditions. In hypoxia, HIF1α
upregulates expression of both TCF-1 and LEF-1 to cooperate with Wnt signaling in GBM,
reprograming GSC phenotype towards a more differentiated and less aggressive one. A
study has revealed that hypoxia-induced Wnt activation could inhibit Notch pathway in
primary GBM and enhance chemosensitivity of GBM cells towards temozolomide (TMZ)
therapy [48].

Transforming growth factor β (TGFβ) is a downstream gene of HIF1α with two iso-
forms TGFβ1/β2. TGFβ plays significant roles in GBM progression and recurrence [49],
and can promote GSC invasion in vitro [50]. Integrin avβ8 is overexpressed in GSC and
crucial for GSC self-renewal and GBM tumorigenesis. It was demonstrated that avβ8
integrin mediates GBM progression via promoting TGFβ1-induced DNA replication, thus
the avβ8-integrin-TGFβ1 axis might function as a therapeutic target of GBM [51]. Dediffer-
entiation of non-stem cells into stem cells is known to be involved in EMT. Under hypoxia,
GSCs could release TGFβ1 to promote EMT, leading to increased quantities of GSC and
poor outcomes of GBM patients [49]. Interestingly, TGFβ is recognized as an upstream
regulator of VEGF, and modulating VEGF and TGFβ signaling pathways collectively could
effectively control neoplastic growth of GBMs [52].

89



Cancers 2023, 15, 2613

Long noncoding RNA (lncRNA) H19 displays a tumorigenic role in GBMs under
hypoxia. The research has highlighted that targeting lncRNA H19 might be a potential
therapeutic strategy for GBMs [53]. Hypoxia-inducible and lipid droplet associated protein
(HILPDA, also identified as HIG2) is inherently overexpressed in GBMs and enhanced by
hypoxia, contributing to unfavorable prognosis of GBM patients [54].

5. GSC and Hypoxia-Related Metabolism

The “Warburg effect” refers to elevated levels of aerobic glycolysis in which pyruvate
is transformed into lactate instead of entering Krebs cycle. Hypoxia could affect one-carbon
metabolism of GSC via over-expression of aerobic glycolytic pathway enzymes such as
LDHA (lactate dehydrogenase A), PFK1 (phosphofructokinase 1), and HK2, as well as
down-regulation of vitamin B12 transporter protein TCN2 (Figure 1). TCN2 is indispens-
able in the process of GSC transformation into the highly malignant mesenchymal/CSC
profile [55]. The IDH3α/cSHMT (cytosolic serine hydroxymethyltransferase) signaling axis
is recognized as a novel regulatory target of one-carbon metabolism in GBM [56]. Epige-
netic regulation via histone alteration, DNA methylation, and non-coding RNA could also
mediate glycolytic metabolism in GBM [57]. Apart from glucose metabolism of GSCs, HIFs
also play a vital role in the metabolism of amino acid. LAT1 is a transporter of branched-
chain amino acid (BCAA) while BCAT1 is a metabolic enzyme of BCAA. It was reported
that HIF1α and HIF2α increase both mRNA and protein levels of LAT1 and BCAT1 in GBM
under hypoxia [15]. In hypoxic condition, the major carbon fuel of GBM cells partially
convert from glucose to glutamine [58]. α-ketoglutarate (αKG) is a medium metabolite in
tricarboxylic acid (TCA) cycle. αKG and the associated amino acid glutamate are two key
factors of GBM metabolic alterations [59]. It has been identified that Acyl-CoA-Binding
protein could facilitate tumorigenesis of GBMs via promoting fatty acid oxidation [60]. In
conclusion, hypoxia-related metabolism is essential for the initiation and progression of
GBM, which is involved in complicated processes and deserves further investigation to
obtain more insights of the GSC properties.
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Figure 1. Hypoxia-related metabolism of GSC. Glycolytic metabolism: hypoxia promotes GSC
glycolysis via Warburg effect, epigenetic regulation, LDHA, PFK1, HK2, TCN2, and IDH3α-cSHMT
pathway; amino acid metabolism: hypoxia facilitates GSC glutamine metabolism by LAT1, BCAT1,
αKG, and associated amino acid glutamate; fatty acid oxidation: hypoxia accelerates fatty acid
metabolism through the Acyl-CoA-Binding protein.
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6. GSC and Hypoxia-Related Vasculature

Vasculature plays a crucial role in GBM initiation and progression. There exist five po-
tential mechanisms of GBM vascularization: angiogenesis, vasculogenesis, vessel mimicry,
vessel co-option, and intussusception [61] (Figure 2). Angiogenesis in GBM could be at-
tributed, to a large extent, to interplay between GSCs and endothelial cells via VEGFR,
Notch, DLL-4, and nitric oxide (NO) signals. Recruitment of the bone marrow-originated
endothelial progenitor cell (EPC) by SDF-1/CXCR-4 is the precondition of vasculogene-
sis [62]. During vascular mimicry, tumor cells constitute vascular channels which have
no endothelial cells but are still able to transport erythrocytes. Proliferation of GBM was
initiated by vessel co-option, followed by angiogenesis once tumor mass grew to a certain
volume [63]. Intussusception is a type of vascular remodeling where a blood vessel divides
into two. In vasculatures of GBMs, GSCs interact closely with adjacent cells. ECs release
NO that diffuses into GSCs. GSCs generate pro-angiogenic VEGF-A to facilitate growth of
ECs [64]. It has been testified that the PAX6/DLX5-WNT5A pathway might be an underly-
ing regulator of interaction between GSC and EC in GBM [65]. Interplay between GSC and
EC is important for GBM progression, which is affected by hypoxia. In spite of obvious
vascularization, the microenvironment of a GBM is usually hypoxic which might be at-
tributed to tortuous, poorly-organized, and insufficiently-perfused tumor vessels. Hypoxia
increased expression of extracellular adenosine that activates the A3 adenosine receptor (A3
AR) to promote trans-differentiation of GSC into EC [66]. Hypoxia also induces fusion of
GSC with EC through pseudo-endothelialization. Astrocytes mainly produce extracellular
matrix (ECM) proteins such as proteoglycan, collagen, and laminin [67] (Figure 3). As
important components of ECM, integrin α6, the receptor for laminin, is enriched in GSC,
and promotes interactions between GSC and EC [68,69].
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Figure 2. Five mechanisms of vascularization in glioblastoma. Angiogenesis: mainly attributed to
interplay between GSCs and endothelial cells via VEGFR, Notch, DLL-4, and NO signals; vasculoge-
nesis: bone marrow-derived endothelial progenitor cell (EPC) is recruited via SDF-1/CXCR-4 axis;
vascular mimicry: tumor cells constitute vascular channels which have no endothelial cells but are
still capable of transporting erythrocytes; vessel co-option: initiates proliferation of GBMs and is
followed by angiogenesis; Intussusception: a blood vessel divides into two.
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Figure 3. GSC and hypoxia-related vascularization. GSCs generate VEGFA and A3 AR to facilitate
proliferation of ECs. Meanwhile, GSC and EC interact via the PAX6/DLX5-WNT5A axis; astrocytes
generate proteoglycan, collagen, laminin, and SHH to interact with GSC-produced Integrin α6;
self-renewal of GSC; mature GBM cell could de-differentiate into GSC.

7. GSC and Hypoxia-Related Niches

Conventional therapies mainly target CSCs, but to some extent, surrounding niches
also contribute to the malignancy of neoplasm [70]. The tumor microenvironment (TME)
of GBM has attracted more attention in recent years, which generally includes dendritic
cells, fibroblasts, vessels, macrophages, and cancer-draining lymph nodes. TME might
assist self-renewal and stemness of GSCs, acting as novel therapeutic targets. Five niches
are recognized and elucidated in detail in the current paper: peri-vascular niche, immune
niche, hypoxia/necrotic niche, ECM niche, and peri-arteriolar niche [71]. The TME may
contain more cell types that have impacts on GSCs. For example, astrocytes express Sonic
hedgehog (SHH) and modulate the self-renewal of GSC and progression of GBM [72].

7.1. Peri-Vascular Niche of GSC

There is bidirectional crosstalk between a GSC and molecules from its peri-vascular
niche such as endothelial cells (ECs), pericytes, astrocytes, and microglia/macrophages.
The Notch ligand of EC cooperates with the Notch receptor of GSC to activate the Notch
pathway, further promoting self-renewal of GSC [73]. Xin et al. reported that GBM-derived
ECs can be detected in 46.9% of clinical samples, and EC markers were up-regulated in
GSC cells, indicating that GSC might trans-differentiate into EC and vice versa [74].

7.2. Immune Niche of GSC

The immune niche of GBM consists of variance types of immune cells, among which
macrophages are the most abundant cell types. Macrophages can be divided into M1 and
M2 phenotypes [75]. The M1 subtype has the effect of killing tumor cells while the M2
subtype facilitates tumor survival by suppressing adaptive immunity of Th1 cells. Glioma-
infiltrating myeloid cell (GIM) belongs to the M2 phenotype, and promotes immune-
suppression of GBM and survival of GSC [76]. Tumor associated macrophages (TAMs)
are immunosuppressive cells in GBMs, positively associated with tumor malignancy and
negatively relating with patient survival [77]. Via releasing molecules such as macrophage
colony-stimulating factor (M-CSF) and TGFβ, GSC is able to promote the M2-polarization
of TAM [78] (Figure 4). In addition, GSC could recruit M2-polarized TAM to the hypoxic
niche. Once microglia/macrophages are recruited by GSCs, they secrete TGFβ1 and IL10
to transfer into immunosuppressive cells [79]. The exact role of TAM in the immune niche
of GSC demands further exploration. Chimeric antigen receptor T cell therapy of GBM
has been a hot topic recently [80]. Effector T cells enhance sensitivity of GBM to lysis,
which could be reduced by HIF1α-dependent NANOG. It was reported that GSCs suppress
proliferation of effector T cells via secretion of hypoxia-related galectin-3 [81]. CD8+

cytotoxic T lymphocyte (CTL) could sensitize GBM to conventional therapies [82]. Under
hypoxia, cytotoxity of CTL is impeded by hypoxia-induced interleukin-6-activated STAT3
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pathways, leading to decreased survival of GBM patients [83]. Hypoxia also upregulates
PD-L1 expression of activated T cells which suppress immunity of GBM.
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Figure 4. Immune niche of GSC. Via releasing macrophage colony-stimulating factor (M-CSF) and
TGF-β, GSC could promote M2-polarization of TAM; by secreting hypoxia-related galectin-3, GSCs
suppress proliferation of effector T cells; hypoxia enhances the PD-L1 level of activated T cells
and induces interleukin-6-activated STAT3 to impede cytotoxity of CTLs (cytotoxic T lymphocytes).
The above described processes all contribute to immune suppression and decreased survival of
GBM patients.

7.3. Hypoxia/Necrotic Niche of GSC

Apart from the GSC immune niche, the hypoxia/necrotic niche is identified as another
niche of GSC, in which hypoxia facilitates proliferation and self-renewal of GSC by both
induction of stem cell signatures and upregulation of HIF1α and VEGF [84]. Histologically,
pseudopalisading necrosis (PPN), the hypoxic area in GBM surrounded by numerous
intensively packed cancer cells, is a fundamental histologic hallmark of GBM [85]. Hypoxia
gives rise to acidification which then upregulates HIF expression and promotes GSC
maintenance [86]. Pharmacological inhibition of HSP90, a hypoxia-regulated chaperone
protein, could downregulate HIF expression and decrease oncogenicity of GBM [86]. In
addition, hypoxia also has a great impact on the immune niche of GBM by promoting M2-like
macrophage polarization and producing an immunosuppressive microenvironment [87,88].

7.4. ECM Niche of GSC

The extracellular matrix (ECM) niche is generally deemed as a section of the peri-
arteriolar and peri-vascular microenvironment, although some reports indicate that it is
an independent niche [89,90]. It is suggested that the ECM niche is established by GSC
itself in that GSC could deposit components of the ECM niche. In addition, this GSC
niche also consists of extracellular vesicles, glycoprotein and proteoglycan, laminin, and
tenascin-C (TNC) [91,92] (Figure 5). The former three factors are generated by ECs. Laminin
is secreted by GSC-related EC and facilitates GBM progression. TNC is an underlying
GSC signature expressed by differentiated GBM cells [92]. Anti-TNC aptamers could
inhibit GBM progression [92,93]. Very interestingly, by comprehensively studying the
complicated molecular interacting networks of hypoxia regulated genes (HRGs-MINW) in
GBM, Mao et al. found that CEBPD is a master transcriptional factor for the HRGs-MINW,
and ECM mediated activation of EGFR/PI3K is a main down-stream pathway [94], which
lends credence to the importance of the ECM niche for GBM. Notably, ECM proteins are
critical hypoxia induced targets, and fibronectin (FN1), a key component of ECM, and
integrin interaction mediated EGFR phosphorylation is a key step for CEBPD induced
GBM progression [94]. As described above, integrin α6 is a potential GSC marker and plays
and important role for the tumorigenicity of GSC [68,69].
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7.5. Peri-Arteriolar Niche of GSC

Besides peri-vascular niche, peri-arteriolar area is another blood vessel related niche,
but it has different features. Structurally, five layers from the outer rim to the lumen consti-
tute the walls of the arterioles in the GSC peri-arteriolar niche: tunica adventitia, tunica
elastica externa, tunica media, tunica elastica interna, and endothelium. Peri-arteriolar GSC
niche resembles that of HSC in the bone marrow in that five of the same factors, SDF-1α,
CXCR4, OPN, CD44, and CatK, are identified in both niches [95]. Notably, hypoxia is also a
remarkable feature of the Peri-arteriolar niche in GBM [96].

7.6. Interactions between the Five GSC Niches

There are intimate interplays between the five GSC niches mentioned above. TAM
could trans-differentiate into EC, indicating that EC constitutes part of GSC immune
niche [97]. It is obvious that microglia/macrophage is overlapped in both immune niche
and peri-vascular niche. VEGF is expressed in both GSC and TAM, suggesting the existence
of a pro-angiogenesis signaling pathway in GSC immune niche [97]. Hypoxia often presents
in the development and metastasis of lymphocytes while oxygen-deficiency damages
the proliferation and secretion of cytotoxic T lymphocytes [98]. Hypoxia improves the
lytic ability of CD8+ T cells and upregulates secretion of interferon-gamma by CD4+ T
cells in vitro [98] (Figure 6). In addition, hypoxia could activate the pSTAT pathway to
promote expression of immunosuppressive cytokines such as CCL2 and CFS1, both of
which suppress proliferation of T-cells and promote infiltration of macrophages, facilitating
tumor invasion and progression [99]. More specifically, HIF1α inhibits the differentiation
of Foxp3+ Tregs by facilitating ubiquitination and degradation of Foxp3 in Th17 cells [100].
Meanwhile, the immune niche also has great impact on the HIF. Activated T cell receptor
(TCR) enhances synthesis and stabilization of HIF1α in hypoxia. Moreover, CD4+ type1
Treg (Tr1), CD4+ T helper 17 (Th17), and CD8+ T cell in the immune niche of GBM could also
stabilize HIF1α, implying a close association between the immune and hypoxic niches [101].

Formation of a GBM hypoxia/necrotic niche is possibly dependent on the peri-vascular
niche, where tortuous vessels with insufficient perfusion are formed in the hypoxic necrosis
areas in GBMs. Intriguingly, an upregulated level of HIF1α in GSCs results in enhance-
ment of VEGF [102], which promotes malfunctional vessels. TAM could be activated by
angiocrine-induced interleukin-6 (IL6) and subsequent argeinase-1 expression mediated by
HIF2α, ultimately contributing to GBM progression [103]. Actually, peri-arteriolar niche,
hypoxic niche, and immune niche might be the same type of GSC niche from three distinct
viewpoints. Leukocyte-associated markers CD68, CD177, and MMP9 are expressed in
the peri-arteriolar GSC niche where OPN is detected [104]. OPN co-localizes with CD68+

macrophages [104]. Peri-arteriolar niche is intimately associated with hypoxia; the possible
reason is that arterioles are transport vessels rather than exchange vessels, thereby peri-
hypoxic regions surrounding arterioles still form despite the oxygenated blood running
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along the arteriolar lumen. In addition, ECM niche is generally considered as part of
peri-vascular niche, and plays essential roles in the interactions between GSC and immune
niche [105].
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All five GSC niches are close to necrotic regions where VEGF and HIF1α are overex-
pressed. Upregulated VEGF and HIF1α further induce expression of SDF1α and CXCR4,
both being critical for the maintenance of GSC stemness [106]. TAM also stimulates ex-
pression of SDF1α and CXCR4. Given the striking amounts of cell types and proteins
overlapped in the five niches, they might be complementary and integrated as a compre-
hensive niche: the hypoxic peri-arteriolar niche of GSC, resembling HSC niche in the bone
marrow [96].

Disrupting interactions between GSC and its protective niches might enhance anti-
GBM therapeutic sensitivity. CXCR4 is a significant factor involved in the GSC niche.
Lee et al. conducted a phase I clinical trial and demonstrated the safety of plerixafor, a
reversible CXCR4 inhibitor, plus bevacizumab strategy in GBM [107].

8. GSC and Hypoxia-Related Autophagy

Another remarkable hypoxia induced response of GBM to obtain therapy resistance
and tumorigenicity is autophagy [87,108]. Autophagy is a highly-conserved catabolic
reaction during evolution, which is a downstream event of mTOR hyper-activation. When
oxygen is sufficient, degradation of HIF1α lead to activation of mammalian target of
rapamycin (mTOR) and inhibition of autophagy. Conversely, under hypoxia, autophagy
is induced through abnormal activation of Notch, Wnt/β-catenin, Hedgehog signaling
pathways, and autophagy-related 9 A (ATG9A) in GBM [109,110] (Figure 7). Autophagy
modulates protein degradation and turnover of neuronal stem cells (NSCs). Upregulation
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of autophagy could promote self-renewal and expansion of GSCs. In hypoxic condition,
autophagy is also closely related to dysregulated metabolism pathways in GSCs in that
autophagy provides a source of energy for tumor cells [109]. Autophagy functions as a
protective mechanism against chemotherapy in GBM. For instance, temozolomide (TMZ)
resistance in GBM is partly attributed to induced autophagy. Fortunately, scientists have
identified potential novel drugs targeting autophagy. Inhibition of autophagy enhances
chemosensitivity of GSCs to TMZ by igniting ferroptosis [111]. Tocilizumab, an inhibitor of
IL6 receptor, decreases autophagy and upregulates chemosensitivity of TMZ in GBM [112].
GBM patients treated with chloroquine (CQ), a kind of autophagy flux suppressant, display
reduced chemoresistance and better survival [113]. Inhibitor of the MST4-ATG4B signaling
axis suppresses autophagy, which then decreases the malignancy of GBM [114]. Taken
together, autophagy increases hypoxia-induced chemoresistance of GBM while inhibitors
of autophagy have the capacity to reverse this phenomenon, being a potential therapeutic
target for GBM.
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Figure 7. GSC and hypoxia-related autophagy. Hypoxia induces autophagy via activated Notch,
Hedgehog, Wnt/β-catenin pathways, and autophagy-related 9 A (ATG9A) in GBM; autophagy
modulates protein degradation; autophagy regulates turnover of NSCs; upregulated autophagy
promotes self-renewal and metabolism of GSC; autophagy facilitates TMZ resistance in GBM; chemo-
agents such as ferroptosis, tocilizumab, chloroquine, and inhibitor of MST4-ATG4B axis suppress
autophagy and reduce malignancy of GBM.

9. GSC and Hypoxia-Related Therapeutic Resistance

One of the essential reasons underlying the dismal prognosis of GBM patients is
the intrinsic therapy-resistance feature of GBM cells. Despite the combination of surgical
resection, chemo-and-radiotherapy, prognoses of GBM patients remain unfavorable with
the median survival span around 14–16 months [115]. Actually, the majority of GBM
patients show inevitable recurrence. Potential causes of therapeutic resistance in GBM need
urgent investigation (Table 2). Due to the ability of GSCs to infiltrate proximate normal
tissues and elevated levels of tumor vascularization, it is difficult to perform complete
surgical resection for GBMs. Remanent tumor cells at the margin of post-surgery are more
proliferative and aggressive. Frequent exposure to irradiation and subsequent activation of
DNA-damage response resulted in alterations in cell cycle and cell cycle-related proteins,
enhanced expression of Notch pathway, and production of insulin-like growth factor 1
(IGF1) in GSC, all of which at least contribute to GBM radio resistance [116]. TMZ-resistance
in GBM correlates with increased levels of DNA double-strand break and p38-ERK1/2
axis [117]. There are other mechanisms of chemo-resistance in GBM, such as upregulated
activation of COX2 [118] and elevated expression of multidrug resistance-associated protein
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1 (MRP1) transporter in GSCs which could expel chemo-therapeutic drugs to extracellular
medium [119].

Table 2. Causes of hypoxia-related therapeutic resistance in GSC.

Post-Surgical Recurrence Radio Resistance Chemo Resistance

GSC infiltrate proximate
normal tissues cell cycles alter DNA double-strand break upregulates

tumor vascularization
upregulates cell cycle-related proteins alter p38-ERK1/2 axis increases

diffusion around proximate
tissues expression of Notch increases COX2 elevates

GSC produces insulin-like growth
factor 1 (IGF1)

multidrug resistance-associated
protein 1 (MRP1)

DNA-damage response activates
via musashi-1

10. GSC and Hypoxia-Related Chemotherapy

At present, TMZ is the only first-line effective chemo-agent for GBM, despite the plenti-
ful clinical trials on chemotherapeutic agents currently under way. Interestingly, the efficacy
of TMZ associates with activity of HIF1α [120]. Recent studies validated that combining
TMZ with other molecules has clinical efficacy (Table 3). It has been widely recognized
that promotor methylation of O6-methylguanine-DNA-methyltransferase (MGMT), a DNA
repair enzyme, is a reliable marker for TMZ sensitivity of GBM treatment. There are other
molecular mechanisms that can affect the TMZ sensitivity. Activation of epidermal growth
factor receptor variant III (EGFRvIII) could enhance hypoxia-induced death in GBM [121].
Pretreatment with S-nitroso-N-acetylpenicillamine (SNAP) in GBM patients induces expres-
sion of HIF1α [122]. Based on these findings, recent studies revealed that TMZ, combined
with either EGFRvIII or SNAP, could significantly prolong survival of patients with MGMT
promoter methylated GBM [117]. Metformin (MET) is commonly utilized as an antidiabetic
agent. It was suggested that TMZ plus MET could revert chemoresistance in hypoxic condi-
tion via suppression of the PI3K/mTOR pathway in GBM [37]. Bevacizumab plus biweekly
temozolomide is well tolerated in recurrent GBM patients [123]. However, aberrant vascu-
lature could increase post-bevacizumab regional hypoxia in refractory GBM patients [124].
In addition, several medicines or agents can influence the efficacy of TMZ. Imipramine, an
anti-depressant agent, could stimulate phenotypical switch from GSCs to non-GSCs in hy-
poxia [125], and TMZ plus either imipramine or tranylcypromine, another anti-depressant,
could reduce the cytotoxic effect of TMZ under hypoxia [126]. Decitabine (DAC), a DNA
hypomethylating agent, could increase the cytotoxicity of TMZ in GBM [127]. N45, a kind
of steroidal saponin with anti-neoplasm efficacy, could inhibit cellular proliferation through
the hypoxia-associated ROS/PI3K/Akt pathway in TMZ-resistant GBM [128].

In addition to TMZ, there are multiple chemo-agents undergoing research. Tacrolimus
(FK506) has capacity to increase chemosensitivity of GSC and reduce GBM tumor volume
and hypoxia-induced surface markers (ki67, GFAP and nestin) in GSC [119]. Bortezomib
(BTZ) could stabilize expression of HIF1α in a mice model [129], and Ursodeoxycholic acid
(UDCA) combined with BTZ has a synergistic effect on treatment of GBM [130]. BAL101553
is an effective chemo-agent in targeting hypoxia-mediated angiogenesis of GBM, and
EB1 might be a response-predictive marker of BAL101553 treatment [131]. Although
bevacizumab attributes to regional hypoxia in recurrent GBM patients, the addition of anti-
VEGF antibody bevacizumab to carmustine would not enhance incidence of hematologic
toxicity, validating the safety of this combinatory therapy in treating GBM patients [132].
Evofosfamide (TH-302) plus bevacizumab (Bev) strategy is well tolerated in Bev-refractory
GBM patients [133]. Here, Evofosfamide is activated in hypoxia to obtain the capacity of
discharging the DNA-damaging Br-IPM (bromo-isophosphoramide mustard) moiety [134].
As an oncogenic driver of GBM, the expression of EGFR is upregulated during hypoxia, and
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the anti-EGFR antibody nimotuzumab exhibited beneficial effects for the survival of GBM
patients [135]. Targeting HIFs is a promising chemo-therapeutic strategy in treating GBM.
One issue to bear in mind is that strategies should be tailored to inhibit HIFs in a specific
pattern while leaving non-neoplastic cells unaffected. Two categories of digitalis exhibited
potential effects in treating GBM: digoxin and digitoxin. Digoxin is a heart glycoside
involved in translational inhibition of both HIF1α and HIF2α [136]. It was identified that
HIF-related digoxin is effective in targeting GBM under hypoxia. Digitoxin is a cardiac
glycoside and a suppressant of HIF1α, which can target GSCs with high specificity [137].
In addition, Cetuximab and Topotecan have the potential to target GBM by reducing
translation of HIF1α [138,139].

Table 3. Advances in hypoxia-related chemotherapy targeting GSC.

Chemo Agent Function Reference

TMZ associates with HIF-1α and prolong survival span
of GBM patients

(Lo Dico et al., 2018 [120];
Struve et al., 2020 [117])

TMZ plus EGFRvIII
EGFRvIII enhances hypoxia-induced death and

cooperates with TMZ to prolong survival of
patients with MGMT promoter methylated GBM

(Struve et al., 2020 [117];
Luger et al., 2020 [121])

TMZ plus SNAP
SNAP induces HIF-1α and cooperates with TMZ

to benefit survival span of GBM patients with
MGMT promoter methylated

(Tsai et al., 2019 [122])

TMZ plus metformin reverts chemoresistance of GBM during hypoxia
via inhibition of PI3K/mTOR pathway (Lo Dico et al., 2019 [120])

Biweekly TMZ plus bevacizumab well tolerated by refractory GBM patients but
increases regional hypoxia

(Badruddoja et al., 2017 [123];
Gerstner et al., 2020 [124])

TMZ plus Decitabine increases cytotoxicity of HIF-1α-related
chemo-agent (Gallitto et al., 2020 [127])

TMZ plus imipramine reduces cytotoxic effect of TMZ under hypoxia (Bielecka and Obuchowicz,
2017 [126])

TMZ plus tranylcypromine reduces cytotoxic effect of TMZ under hypoxia (Bielecka and Obuchowicz,
2017 [126])

N45 inhibits proliferation through hypoxia-associated
ROS/PI3K/Akt pathway in TMZ-resistant GBM (Zhang et al., 2020 [128])

Tacrolimus (FK506) reduce GBM tumor volume and hypoxia-induce
surface markers (ki67, GFAP and nestin) in GSC (Torres et al., 2018 [119])

UDCA bortezomib plus BTZ stabilizes expression of HIF-1α and a promising
therapy for GBM patients (Yao et al., 2020 [130])

BAL101553 targets hypoxia-mediated angiogenesis of GBM (Bergès et al., 2020 [131])

Bevacizumab plus carmustine not enhance incidence of hematologic toxicity but
attributes to regional hypoxia in recurrent GBM (Yerram et al., 2019 [132])

nimotuzumab an anti-EGFR antibody that upregulates survival
span of GBM patients (Ronellenfitsch et al., 2018 [135])

Evofosfamide plus bevacizumab activated during hypoxia and well tolerated by
bevacizumab-regressive GBM patients

(Brenner et al., 2018 [133];
Takakusagi et al., 2018 [134])

amitriptyline stimulates phenotypical switch from GSCs to
non-GSCs

(Bielecka-Wajdman et al.,
2017 [125])

digoxin inhibits HIF-1α and HIF-2α to target GBM (Patocka et al., 2020 [136])

digitoxin suppresses HIF-1α to target GSCs (Lee et al., 2017 [137])

Cetuximab reduces translation of HIF-1α to target GBM (Ferreira et al., 2020 [138])

Topotecan reduces translation of HIF-1α to target GBM (Bernstock et al., 2017 [139])
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11. GSC and Hypoxia-Related Radiotherapy

Apart from chemotherapy, radiotherapy of GBM also obtained breakthroughs in re-
cent years (Table 4), and a list of chemical agents or drugs are identified to have beneficial
effects on radiotherapy. The flavonoid extracted from Eucommia ulmoides can increase the
effect of GBM radiotherapy by downregulating the HIFa/MMP-2 pathway and inducing
apoptosis during radiotherapy [140]. Olaparib is identified as a promising radiosensitizer
that improves prognosis of GBM patients. A multicenter clinical trial revealed that Ola-
parib plus temozolomide and intensity modulated radiotherapy could improve patient
prognosis while sparing healthy tissues and preserving neurocognitive functions in GBM
patients [141].

Table 4. Advances in hypoxia-related radio-and-immune therapy targeting GSC.

Agent Mechanism Function Reference

total flavonoid of
Eucommia ulmoides

downregulates
HIF-a/MMP-2 pathway

and upregulates apoptosis

increase effect of GBM
radiotherapy

(Wang et al.,
2019 [140])

Olaparib a promising radiosensitizer improves prognosis of
GBM patients

(Lesueur et al.,
2019 [141])

Olaparib plus
temozolomide

combined with intensity
modulated radiotherapy

spares healthy tissues
and preserves

neurocognitive functions
to improve prognosis of

GBM patients

(Lesueur et al.,
2019 [141])

nivolumab
a PD-1 inhibitor associates
with PTEN mutation and

MAPK enrichment

displays therapeutic
efficacy of GBM

(Zhao et al.,
2019 [35])

pembrolizumab
a PD-1 inhibitor associates
with PTEN mutation and

MAPK enrichment

displays therapeutic
efficacy of GBM

(Hsu et al.,
2020 [75])

nanoparticles

penetrates GBM niche and
combines with chemo-,

radio- and photodynamic
therapies

displays therapeutic
efficacy of GBM

(Yang et al.,
2021 [142])

12. GSC and Hypoxia-Related Radio-, Immunotherapy

Immune therapy is one of the most promising ones for cancer, and has achieved
great advances in several kinds of cancer [143]. However, to date, immune therapy is not
successful in GBM treatment [82]. Plenty of studies were performed to find immunother-
apeutic targeting of GSCs. GSCs secrete periostin (POSTN) to recruit cancer-supportive
M2 phenotype of TAMs, which facilitates formation of immunosuppressive niche. Im-
mune checkpoint inhibitor represents a kind of promising immunotherapy strategy in
several kinds of tumors. Utilizing PD-1 inhibitors (nivolumab or pembrolizumab), a study
indicated that therapeutic responses of GBM patients to anti-PD-1 immunotherapy corre-
late with specific molecular alterations such as PTEN mutation and MAPK enrichment.
In general, manipulation of macrophage type between M1 and M2, and targeting im-
mune checkpoint molecules, might act as a potential novel immunosuppressive strategy
for GBM [35,75]. Targeting the microenvironment of GSCs with nanoparticles was re-
ported to be effective in GBM immunotherapy. Distinct from the conventional delivery
method, unique properties of nanoparticles enable successful penetration of drugs into
GBM niche [142]. Nanoparticles could also be combined with chemo-radiotherapy, and
photodynamic therapy. In the future, more individualized nanoplatforms ought to be
designed to suit TME at distinct developing stages of GBM [142]. As described above,
hypoxia plays important roles in regulating the immune niche of GBM [79,87,144], and
might be promising therapeutic targets for immunotherapy.
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13. GSC and Hyperbaric Oxygen Therapy

As a potential approach to reverse the hypoxic microenvironment in GBM, hyperbaric
oxygen therapy (HBOT) is an innovative and effective adjuvant therapy to chemotherapy
and irradiation in post-surgical GBM patients [145,146] (Table 5). HBOT enhances oxygen
pressure in intratumoral, peritumoral, vascular tissues, and mitochondrial organelles, thus
raising radio- and chemosensitivity of GBM cells [147]. Currently, there are two kinds
of HBOT-radiotherapies: radiotherapy during HBOT; and radiation within 15 min after
HBOT. Performing radiotherapy and HBOT simultaneously could prolong survival span
of GBM patients. Only a small fraction of patients demonstrated severe side-effects such
as conclusive seizure and radiation-correlated necrosis [148]. Nonetheless, conducting
radiation during HBOT has not been used as a standard therapeutic modality, and potential
reasons are: difficulties for radiation establishment; and underlying damage to surrounding
normal tissues [149]. The rationale for performing radiation within 15 min subsequent
to HBOT is that radiosensitivity of GBM peaks at exactly this time point. In addition,
irradiation combined with chemical agents performed 15 min after HBOT caused no late
toxicities in GBM patients [150]. A study indicated that performing radiation after HBOT
could improve prognoses of GBM patients, with the 2-year overall survival (OS) and
progression-free survival (PFS) rates reaching to 46.5% and 35.4%, respectively [151].

Table 5. Hyperbaric oxygen therapy (HBOT) in GSC.

Definition Category Benefit Side-Effect Difficulty Reference

An adjuvant therapy
to chemo-and-radio

therapy in
post-surgical GBM

patients

radiotherapy
during HBOT

prolong survival span
of GBM patients

conclusive seizure
and radiation-

correlated
necrosis

radiation
establishment and

underlying
damage to normal
tissues surrounded

(Chang, 1977
[148]; Ogawa

et al., 2013 [149])

radiation
within 15 min

after HBOT

improve prognoses of
GBM patients, with

progression-free
survival rate reaching

46.5%

cause no late
toxicities in GBM

requires more
clinical validation

(Ogawa et al.,
2012 [150];

Yahara et al.,
2017 [151])

14. Conclusions

GBM is recognized as one of the most dismal brain tumors with unfavorable prognosis
despite surgical resection, radio- and chemotherapy. GSCs are a small proportion of GBM
cells which exhibit stem-like features such as self-renewal, invasion, and recapitulating
the parent tumor, being major causes of GBM resistance. Hypoxia, tumor niches, and
autophagy contribute to the maintenance and amplification of GSCs. Hypoxia plays a
significant role, mainly mediated by HIF, in tumorigenesis of GBM including self-renewal
of GSC, neovascularization, metabolism, IDH-mutation, Notch signaling pathway, and
radio- and chemoresistance. Besides GSCs, the surrounding niches of GSCs also promote
malignancy of GBM. Five niches are elucidated in this review: immune niche, peri-vascular
niche, hypoxia/necrotic niche, peri-arteriolar niche, and extracellular matrix (ECM) niche.
Interestingly, these five niches intimately interact with each other and might be integrated
into a comprehensive category of niche: the hypoxic peri-arteriolar GSC niche. Autophagy,
which can be boosted by hypoxia, is another protective mechanism against chemotherapy
and is a potential therapeutic target for GBM. Other chemotherapeutic drugs, and novel
adjuvant therapies such as HBOT, that can increase the effects of chemo- or radio-therapy
and immunotherapy are also discussed in this paper. However, despite accumulated
advantages, an effective treatment targeting hypoxia and GSCs is still lacking, mainly
due to the fact that a lot of genes are induced by hypoxia which formed a complicated
molecular interacting network affecting many biological processes [144]. Therefore, detailed
mechanisms underlying hypoxia induced responses of GSC should be explored. The
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present paper summarized key features relevant to the GSC and hypoxia. Based on
comprehensive understanding of these progresses, further laboratory work and clinical
trials on hypoxia and GSCs can be developed to better prolong the survival span of
GBM patients.
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125. Bielecka-Wajdman, A.M.; Lesiak, M.; Ludyga, T.; Sieroń, A.; Obuchowicz, E. Reversing glioma malignancy: A new look at the
role of antidepressant drugs as adjuvant therapy for glioblastoma multiforme. Cancer Chemother. Pharmacol. 2017, 79, 1249–1256.
[CrossRef]

126. Bielecka, A.M.; Obuchowicz, E. Antidepressant drugs can modify cytotoxic action of temozolomide. Eur. J. Cancer Care 2017,
26, e12551. [CrossRef]

127. Gallitto, M.; Cheng He, R.; Inocencio, J.F.; Wang, H.; Zhang, Y.; Deikus, G.; Wasserman, I.; Strahl, M.; Smith, M.; Sebra, R.; et al.
Epigenetic preconditioning with decitabine sensitizes glioblastoma to temozolomide via induction of MLH1. J. Neuro Oncol. 2020,
147, 557–566. [CrossRef]

128. Zhang, S.; Lu, Y.; Li, H.; Ji, Y.; Fang, F.; Tang, H.; Qiu, P. A steroidal saponin form Paris vietnamensis (Takht.) reverses
temozolomide resistance in glioblastoma cells via inducing apoptosis through ROS/PI3K/Akt pathway. Biosci. Trends 2020, 14,
123–133. [CrossRef]

129. Ludman, T.; Melemedjian, O.K. Bortezomib and metformin opposingly regulate the expression of hypoxia-inducible factor alpha
and the consequent development of chemotherapy-induced painful peripheral neuropathy. Mol. Pain 2019, 15, 1744806919850043.
[CrossRef]

130. Yao, Z.; Zhang, X.; Zhao, F.; Wang, S.; Chen, A.; Huang, B.; Wang, J.; Li, X. Ursodeoxycholic Acid Inhibits Glioblastoma
Progression via Endoplasmic Reticulum Stress Related Apoptosis and Synergizes with the Proteasome Inhibitor Bortezomib.
ACS Chem. Neurosci. 2020, 11, 1337–1346. [CrossRef]

131. Bergès, R.; Tchoghandjian, A.; Sergé, A.; Honoré, S.; Figarella-Branger, D.; Bachmann, F.; Lane, H.A.; Braguer, D. EB1-dependent
long survival of glioblastoma-grafted mice with the oral tubulin-binder BAL101553 is associated with inhibition of tumor
angiogenesis. Oncotarget 2020, 11, 759–774. [CrossRef]

132. Yerram, P.; Reiss, S.N.; Modelevsky, L.; Gavrilovic, I.T.; Kaley, T. Evaluation of toxicity of carmustine with or without bevacizumab
in patients with recurrent or progressive high grade gliomas. J. Neuro Oncol. 2019, 145, 57–63. [CrossRef]

133. Brenner, A.; Zuniga, R.; Sun, J.D.; Floyd, J.; Hart, C.P.; Kroll, S.; Fichtel, L.; Cavazos, D.; Caflisch, L.; Gruslova, A.; et al. Hypoxia-
activated evofosfamide for treatment of recurrent bevacizumab-refractory glioblastoma: A phase I surgical study. Neuro Oncol.
2018, 20, 1231–1239. [CrossRef]

134. Takakusagi, Y.; Kishimoto, S.; Naz, S.; Matsumoto, S.; Saito, K.; Hart, C.P.; Mitchell, J.B.; Krishna, M.C. Radiotherapy Synergizes
with the Hypoxia-Activated Prodrug Evofosfamide: In Vitro and In Vivo Studies. Antioxid. Redox Signal. 2018, 28, 131–140.
[CrossRef]

135. Ronellenfitsch, M.W.; Zeiner, P.S.; Mittelbronn, M.; Urban, H.; Pietsch, T.; Reuter, D.; Senft, C.; Steinbach, J.P.; Westphal, M.; Harter,
P.N. Akt and mTORC1 signaling as predictive biomarkers for the EGFR antibody nimotuzumab in glioblastoma. Acta Neuropathol.
Commun. 2018, 6, 81. [CrossRef]

106



Cancers 2023, 15, 2613

136. Patocka, J.; Nepovimova, E.; Wu, W.; Kuca, K. Digoxin: Pharmacology and toxicology-A review. Environ. Toxicol. Pharmacol. 2020,
79, 103400. [CrossRef]

137. Lee, D.H.; Cheul Oh, S.; Giles, A.J.; Jung, J.; Gilbert, M.R.; Park, D.M. Cardiac glycosides suppress the maintenance of stemness
and malignancy via inhibiting HIF-1α in human glioma stem cells. Oncotarget 2017, 8, 40233–40245. [CrossRef]

138. Ferreira, N.N.; Granja, S.; Boni, F.I.; Ferreira, L.M.B.; Reis, R.M.; Baltazar, F.; Gremião, M.P.D. A novel strategy for glioblastoma
treatment combining alpha-cyano-4-hydroxycinnamic acid with cetuximab using nanotechnology-based delivery systems. Drug.
Deliv. Transl. Res. 2020, 10, 594–609. [CrossRef]

139. Bernstock, J.D.; Ye, D.; Gessler, F.A.; Lee, Y.J.; Peruzzotti-Jametti, L.; Baumgarten, P.; Johnson, K.R.; Maric, D.; Yang, W.; Kögel,
D.; et al. Topotecan is a potent inhibitor of SUMOylation in glioblastoma multiforme and alters both cellular replication and
metabolic programming. Sci. Rep. 2017, 7, 7425. [CrossRef]

140. Wang, Y.; Tan, X.; Li, S.; Yang, S. The total flavonoid of Eucommia ulmoides sensitizes human glioblastoma cells to radiotherapy
via HIF-α/MMP-2 pathway and activates intrinsic apoptosis pathway. OncoTargets Ther. 2019, 12, 5515–5524. [CrossRef]

141. Lesueur, P.; Lequesne, J.; Grellard, J.M.; Dugué, A.; Coquan, E.; Brachet, P.E.; Geffrelot, J.; Kao, W.; Emery, E.; Berro, D.H.;
et al. Phase I/IIa study of concomitant radiotherapy with olaparib and temozolomide in unresectable or partially resectable
glioblastoma: OLA-TMZ-RTE-01 trial protocol. BMC Cancer 2019, 19, 198. [CrossRef]

142. Yang, M.; Li, J.; Gu, P.; Fan, X. The application of nanoparticles in cancer immunotherapy: Targeting tumor microenvironment.
Bioact. Mater. 2021, 6, 1973–1987. [CrossRef]

143. Zhang, Y.; Zhang, Z. The history and advances in cancer immunotherapy: Understanding the characteristics of tumor-infiltrating
immune cells and their therapeutic implications. Cell. Mol. Immunol. 2020, 17, 807–821. [CrossRef]

144. Mao, X.G.; Xue, X.Y.; Wang, L.; Wang, L.; Li, L.; Zhang, X. Hypoxia Regulated Gene Network in Glioblastoma Has Special
Algebraic Topology Structures and Revealed Communications Involving Warburg Effect and Immune Regulation. Cell. Mol.
Neurobiol. 2019, 39, 1093–1114. [CrossRef]

145. Huang, L.; Boling, W.; Zhang, J.H. Hyperbaric oxygen therapy as adjunctive strategy in treatment of glioblastoma multiforme.
Med. Gas Res. 2018, 8, 24–28. [CrossRef]

146. Alpuim Costa, D.; Sampaio-Alves, M.; Netto, E.; Fernandez, G.; Oliveira, E.; Teixeira, A.; Daniel, P.M.; Bernardo, G.S.; Amaro, C.
Hyperbaric Oxygen Therapy as a Complementary Treatment in Glioblastoma-A Scoping Review. Front. Neurol. 2022, 13, 886603.
[CrossRef]

147. Stępień, K.; Ostrowski, R.P.; Matyja, E. Hyperbaric oxygen as an adjunctive therapy in treatment of malignancies, including brain
tumours. Med. Oncol. 2016, 33, 101. [CrossRef]

148. Chang, C.H. Hyperbaric oxygen and radiation therapy in the management of glioblastoma. Natl. Cancer Inst. Monogr. 1977, 46,
163–169.

149. Ogawa, K.; Kohshi, K.; Ishiuchi, S.; Matsushita, M.; Yoshimi, N.; Murayama, S. Old but new methods in radiation oncology:
Hyperbaric oxygen therapy. Int. J. Clin. Oncol. 2013, 18, 364–370. [CrossRef]

150. Ogawa, K.; Ishiuchi, S.; Inoue, O.; Yoshii, Y.; Saito, A.; Watanabe, T.; Iraha, S.; Toita, T.; Kakinohana, Y.; Ariga, T.; et al. Phase II
Trial of Radiotherapy After Hyperbaric Oxygenation With Multiagent Chemotherapy (Procarbazine, Nimustine, and Vincristine)
for High-Grade Gliomas: Long-Term Results. Int. J. Radiat. Oncol. Biol. Phys. 2012, 82, 732–738. [CrossRef]

151. Yahara, K.; Ohguri, T.; Udono, H.; Yamamoto, J.; Tomura, K.; Onoda, T.; Imada, H.; Nishizawa, S.; Korogi, Y. Radiotherapy using
IMRT boosts after hyperbaric oxygen therapy with chemotherapy for glioblastoma. J. Radiat. Res. 2017, 58, 351–356. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

107



Citation: Nickl, V.; Eck, J.; Goedert,

N.; Hübner, J.; Nerreter, T.;

Hagemann, C.; Ernestus, R.-I.; Schulz,

T.; Nickl, R.C.; Keßler, A.F.; et al.

Characterization and Optimization of

the Tumor Microenvironment in

Patient-Derived Organotypic Slices

and Organoid Models of

Glioblastoma. Cancers 2023, 15, 2698.

https://doi.org/10.3390/

cancers15102698

Academic Editors: Annunziato

Mangiola and Gianluca Trevisi

Received: 24 March 2023

Revised: 23 April 2023

Accepted: 8 May 2023

Published: 10 May 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cancers

Article

Characterization and Optimization of the Tumor
Microenvironment in Patient-Derived Organotypic Slices and
Organoid Models of Glioblastoma
Vera Nickl 1,*, Juliana Eck 2, Nicolas Goedert 1, Julian Hübner 3, Thomas Nerreter 3 , Carsten Hagemann 1 ,
Ralf-Ingo Ernestus 1, Tim Schulz 1, Robert Carl Nickl 1, Almuth Friederike Keßler 1, Mario Löhr 1,
Andreas Rosenwald 2, Maria Breun 1 and Camelia Maria Monoranu 4

1 Department of Neurosurgery, University Hospital Würzburg, 97080 Würzburg, Germany
2 Institute of Pathology, University of Würzburg, 97080 Würzburg, Germany
3 Department of Hematology, University Hospital Würzburg, 97080 Würzburg, Germany
4 Department of Neuropathology, Institute of Pathology, University of Würzburg, 97080 Würzburg, Germany
* Correspondence: nickl_v@ukw.de

Simple Summary: Glioblastoma is the most common malignant brain tumor in adults, entailing
a very short survival. New therapeutic strategies are desperately needed. Immunotherapeutic
approaches seem promising, yet their breakthrough is hindered by interactions of the tumor with its
immunological tumor environment. In order to understand these complex interactions, innovative
glioblastoma models are needed. We aimed to investigate whether patient-derived tumor models
are able to maintain the tumor’s microenvironment signature and composition. Secondly, we added
immune cells to our model in order to reflect a more realistic tumor microenvironment, which could
be used for preclinical testing of novel immunotherapeutic approaches. Thus, we hope to contribute
to the challenging task of advancing glioblastoma therapy.

Abstract: While glioblastoma (GBM) is still challenging to treat, novel immunotherapeutic approaches
have shown promising effects in preclinical settings. However, their clinical breakthrough is ham-
pered by complex interactions of GBM with the tumor microenvironment (TME). Here, we present
an analysis of TME composition in a patient-derived organoid model (PDO) as well as in organotypic
slice cultures (OSC). To obtain a more realistic model for immunotherapeutic testing, we introduce an
enhanced PDO model. We manufactured PDOs and OSCs from fresh tissue of GBM patients and
analyzed the TME. Enhanced PDOs (ePDOs) were obtained via co-culture with PBMCs (peripheral
blood mononuclear cells) and compared to normal PDOs (nPDOs) and PT (primary tissue). At first,
we showed that TME was not sustained in PDOs after a short time of culture. In contrast, TME was
largely maintained in OSCs. Unfortunately, OSCs can only be cultured for up to 9 days. Thus, we
enhanced the TME in PDOs by co-culturing PDOs and PBMCs from healthy donors. These cellular
TME patterns could be preserved until day 21. The ePDO approach could mirror the interaction of
GBM, TME and immunotherapeutic agents and may consequently represent a realistic model for
individual immunotherapeutic drug testing in the future.

Keywords: glioblastoma; organoids; slice culture; tumormicroenvironment

1. Introduction

Glioblastoma (GBM) is the most malignant primary brain tumor with a median sur-
vival time of 14.6 months and a five-year survival rate of 6% [1]. Maximum standard
therapy includes extensive surgery, if functionally possible, followed by radiotherapy com-
bined with concomitant and adjuvant chemotherapy with temozolomide (TMZ) [2]. Lately,
chemotherapy has been modified with Lomustine for patients younger than 70 years and a
methylated MGMT (O6-methylguanine-methyltransferase)-promoter [3]. However, despite
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vigorous efforts in research during the last years introducing tumor treating fields [4] and
anti-angiogenesis monoclonal VEGFR-antibodies [5], survival rates have not changed since
2005. During their limited life-span, patients suffer from neurological deficits such as
hemiparesis, aphasia, seizures, and changes of personality, rendering the disease even more
daunting. Relapse is certain and prognosis is even poorer in patients with a multifocal
involvement [2,6] or an unmethylated MGMT-promoter [7,8]. New therapeutic approaches
are desperately needed. In recent years, major progress has been made in developing
new immunotherapeutic treatment options such as bispecific T-cell engagers (BiTes) [9,10],
chimeric antigen receptors (CAR) T-cell therapies [11–13] or oncolytic viruses [14,15].

Immunotherapeutic therapies for solid tumors such as GBM are more challenging than
for hematological tumors [16]. The solid tumor consists of complex cell–cell interactions of
not only tumor cells, but also stromal, immune and vascular cells in addition to components
of extracellular matrix. Together, these elements represent the tumor microenvironment
(TME) [17]. Within the TME, regulatory T-cells (Tregs), tumor-associated macrophages
(TAMs) or myeloid-derived suppressor cells (MDSCs) contribute to the immunosuppressive
and exhausting character of tumors. Various pro-tumoral cell populations are, e.g., able to
interact with inhibitory receptors as PD-1 (programmed cell death 1), CTLA4 (cytotoxic
T-lymphocyte-associated antigen 4), TIM3 (T-cell immunoglobulin and mucin domain-
containing protein 3), and LAG3 (lymphocyte activation gene 3) on T-cells and mediate
immunosuppression and T-cell exhaustion [18]. Inhibiting these immune checkpoint
receptors can lead to synergistic effects with immunotherapeutic approaches raising their
functionality and rendering them more effective [19].

While the TME consists of only a small number of T-cells, TAMs represent up to 40%
of the TME [20]. Macrophages are the most common infiltrating stromal components of the
TME, generating an immunosuppressive environment [21]. Additionally, TAMs restrict the
glycolytic flow which is important for cytotoxic T-cells [22] and diminish the effective anti-
tumoral immune response. M1-macrophages (iNOS+) are induced via Interferon γ (IFNγ)
and lipopolysaccharides, produce immunostimulating cytokines and, thus, express a tumor
suppressive activity. M2-macrophages (CD163+), on the other hand, are, e.g., activated by
interleukin 4 (IL4), dampen inflammatory reactions and promote immunoevasion of tumor
cells as well as invasion and angiogenesis [23]. There are two main sources of macrophages
in GBM: resident brain microglia and peripheral monocyte-derived macrophages (MDMs).
MDMs are recruited from the bloodstream into the tumor through various chemokine
signals [24]. Chemokine receptor CCR2 has emerged as a marker for MDMs in GBM, as it is
expressed on peripheral monocytes but not on resident microglia [25]. CCR2 is a G-protein
coupled receptor that binds to the chemokine CCL2, which is highly expressed in the GBM
microenvironment [26]. CCL2-CCR2 signaling is critical for monocyte recruitment to the tu-
mor site [27]. In GBM, CCR2+ macrophages have been shown to be predominantly MDMs,
whereas CCR2- macrophages are primarily microglia [25]. CCR2+ macrophages have been
associated with a more pro-tumoral phenotype, including enhanced angiogenesis, invasion,
and immunosuppression [24].

TAMs produce IL4 and interleukin 10 (IL10) [28], leading to PD-1 expression and T-cell
exhaustion [29]. Natural killer (NK) cells (CD7+) as a part of the innate immune system play
a crucial role in fighting GBM as they are able to recognize surface antigens without prior
sensibilization. The metabolic fitness of NK cells is not only influenced by extracellular
vesicles, cytokines and chemokines, but also hypoxic gradients [30]. Myeloid-derived
suppressor cells (MDSC), which are able to wipe out cytotoxic T-cells, can be eliminated by
NK-cells leading to an antitumoral effect [31].

In a preclinical setting, these complex interactions of GBM, TME and therapeutic
agents cannot be mirrored by GBM cell lines alone and antigen surface expression patterns
cannot be assumed to be similar in GBM cell lines and intracerebral tumor tissue. Rupture
of cell–cell-contacts during lysis, duration of cultivation and hypoxic gradients might be
reasons for changes in these patterns [17]. Additionally, a robust TME including stromal,
inflammatory and vascular cells as well as extracellular matrix is missing [32]. Recently,
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new ex vivo models have been introduced as alternatives to immortalized cell lines and
advancement in drug testing [33–35]. Patient derived GBM-organoids (PDO) represent the
histological features, cellular diversity, gene expression and mutational profiles of their
corresponding parental tumors [35]. In addition, they can be generated quickly and reliable
within two weeks from intraoperatively resected tissue [36]. Patient-derived organotypic
slice cultures (OSCs) equally represent parental tumor patterns close to the in vivo tumor
as OSCs contain not only tumor cells, but also components of the TME. Furthermore, the
cellular architecture and tissue compartmentalization is maintained [34]. Freshly sliced,
this tissue is ready to use, but on the downside, slicing is a delicate method susceptible
to deficiencies and depends on tissue quality [34]. Both ex vivo models have different
advantages and can be used complementary in order to test new immunotherapeutic
approaches ex vivo.

Therefore, the aim of the present study was to characterize the ex vivo TME in PDOs
and OSCs in comparison to primary tissue (PT). In a second step, we introduced cellular
TME components in PDOs by co-culture with PBMCs (peripheral blood mononuclear cells)
and thus generated enhanced PDOs (ePDOs). We compared the capability of normal PDOs
(nPDOs) and ePDOs to reflect the TME antigen expression patterns as seen in PT. This
approach might hold potential as an ex vivo test system mirroring complex TME–tumor–
therapy interactions, e.g., for immunotherapeutic approaches.

2. Methods
2.1. Tissue Samples

All patients were treated at the Department of Neurosurgery, University Hospital
Würzburg, Germany, and gave written informed consent in accordance with the declara-
tion of Helsinki, and as approved by the Institutional Review Board of the University of
Würzburg (#22/20-me). The tumors were histologically assessed and graded on formalin-
fixed and paraffin embedded tissue sections by an experienced neuropathologist, according
to the most recent criteria of the World Health Organization [37].

2.2. OSC

OSCs were prepared as previously described in Nickl et al.’s work [33]. After surgical
tumor resection, the tissue was directly transferred to Hibernate A medium containing 1%
Glutamax, 0.4% penicillin/streptomycin and 0.1% Amphotericin (HGPSA) (all from Gibco,
Carlsbad, CA, USA) and stored in ice. Next, the tumor tissue was carefully freed from
necrosis and blood vessels and cut into approximately 2× 0.5 cm pieces using scalpels. The
pre-cut tumor was glued edgewise on a test tube with histoacryl glue and the tube filled
with 38 ◦C molten agarose (Sigma-Aldrich, St. Louis, MO, USA). A −80 ◦C cooling block
ensured rapid hardening of the agarose. The sample tube was clamped in the vibratome
(Precisionary Instruments, Greenville, SC, USA) and 350 µm thick slices were cut using an
advance of 3.5 mm/minutes and an oscillation of 6 Hz. The thin slices had to be carefully
cut out with scalpels before they could be transferred with a wide pipette into the inserts
with a semi-permeable membrane of 0.4 µm pore size (Greiner Bio-one, Frickenhausen,
Germany) in a 24-well plate (Corning Costar, New York, NY, USA) containing brain slice
medium (MEM supplemented with 25% normal horse serum, 25% Hank’s Balanced salt
solution (HBSS), 1% penicillin/streptomycin, 1% L-glutamine (all from Gibco, Carlsbad,
CA, USA), vitamin C and 1% glucose (both from Sigma-Aldrich, St. Louis, MO, USA)
at 35 ◦C, 5% CO2 and 95% humidity. After standardized hematoxylin and eosin (HE)
staining was performed for histology, the tumor content was assessed by an experienced
neuropathologist. OSCs were fixed in 4% formalin (Carl Roth, Karlsruhe, Germany) for
24 h at 4 ◦C and then transferred to phosphate-buffered saline (PBS) (Sigma-Aldrich, St.
Louis, MO, USA) for immunohistochemical staining.
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2.3. PDOs

PDOs were prepared according to Nickl et al.’s description [33]. For this purpose,
fresh intraoperatively gained tumor tissue was temporarily stored on ice in Hibernate A
medium. Necrotic areas and blood vessels were cleared and the tissue was minced carefully
under the microscope into approximately 500 µm pieces with a scalpel. The tissue was then
treated with RBC Lysis Buffer for 10 min and washed twice with Hibernate A medium.
For incubation, tumor sections were transferred in PDO Medium consisting of 47.24%
DMEM/F12, 47.25% Neurobasal, 0.02% B27 without Vitamin A (50×), 0.01% Glutamax,
0.01% N2, 0.01% NEAA, 0.004% penicillin/streptomycin, 0.001% β-Mercaptoethanol (all
from Gibco, Carlsbad, CA, USA) and 0.00023% human insulin (Sigma Aldrich, St. Louis,
MO, USA) to ultra-low attachment 6-well plates (Corning Costar, New York, NY, USA)
and incubated at 37 ◦C, 5% CO2 and 95% humidity on an orbital shaker at 120 rpm.
After 2 weeks of cultivation, PDOs formed successfully and could be used for further
experiments [35]. At the end of the experiments, PDOs were fixed in 4% formalin (Carl
Roth, Karlsruhe, Germany) for 24 h at 4 ◦C and then transferred to phosphate-buffered
saline (PBS) (Sigma-Aldrich, St. Louis, MO, USA) for immunohistochemical staining.

2.4. PBMC Preparation

PBMCs were isolated from healthy donors and cultured for ten days. The cells were
then centrifuged (200 g, room temperature, 12 min) and diluted in 5 mL CTL medium
containing 88% RPMI, 10% ml human serum, 1% Penicillin/Streptomycin, 1% Glutamax,
0.1% β-Mercaptoethanol (all from Gibco, Carlsbad, CA, USA). After a second centrifugation
step (200 g, room temperature, 12 min) cells were brought to a concentration of 2 ×
106/mL with CTL medium and incubated overnight with 150 U/mL IL2 (Miltenyi, Bergisch
Gladbach, Germany) at 37 ◦C, 5% CO2 and 95% humidity. After resuspending and counting
the cells the next morning, they were washed in PBS (D8537; SigmaAldrich, St. Louis, MO,
USA) at 500 g, room temperature, 5 min and brought to a concentration of 1 × 106/mL
utilizing the PDO medium adding 150 U/mL IL2. PDOs and PBMCs were incubated at a
ratio of 1:20 and a half medium change was performed every other day adding IL2 to a
final concentration of 150 U/mL.

2.5. Immunohistochemistry

For immunohistochemistry, tissue was cut into 2 µm-slices, deparaffinized in xylene
and hydrated in a graded series of alcohols. Heat-induced retrieval was either performed
for 8 (CD4, CD8, CD45, CD68, CD163, FOXP3) or 10 (CD14, CCR2, TIM3) minutes with
citrate buffer (pH = 6.0) or for 4 min with citrate buffer (pH = 7.0) (CD86). Alternatively,
heat induced retrieval was performed in Tris-EDTA buffer (pH = 6.1) for 3 (CD7, CD25) or
10 (PD1) minutes or Tris-EDTA buffer (pH = 9.0) for 5 min (LAG3). After blocking with
30% hydrogen peroxide (PanReac Applichem, ITW Reagents, Darmstadt, Germany), slides
were treated with 10% normal goat serum (Invitrogen, Waltham, MA, USA) for CCR2.
Subsequently, the primary antibody was applied over night at 4 ◦C (CCR2, LAG3, PD1 and
TIM3) or 1 h at room temperature (CD4, CD7, CD8, CD14, CD25, CD45, CD68, CD86, CD163
and FOXP3) (CD4 (396202, BioLegend, San Diego, CA, USA, clone: A17070D, dilution:
1:200), CD7 (M7255, Dako, clone: CBC37, dilution: 1:500), CD8 (372902, BioLegend, clone:
C8/144B, dilution: 1:80), CD14 (ab183322, abcam, clone: SP192, dilution; 1:800), CD25
(MA5-12680, Thermo Fisher, Waltham, MA, USA clone: IL2R.1, dilution: 1:40), CD45
(M0701, Dako, clone: 1B11+PD7/26, dilution: 1:2000), CD68 (KiM1P, was gifted, dilution:
1:1000), CD86 (MA5-32078, Thermo Fisher, clone: SJ20-00, dilution: 1:400), CD163 (NCL-
CD163, Leica, clone: 10D6, dilution: 1:800), CCR2 (ab209236, abcam, clone: EPR20261,
dilution: 1:400), FOXP3 (ab20034, abcam, clone: 236A/E7, dilution: 1:400), LAG3 (PA5-
97917, Thermo Fisher, clone: 29-450AA, dilution: 1:1000), PD1 (ab52587, abcam, clone:
NAT105, dilution: 1:400), TIM3 (MA5-32841, Thermo-Fisher, clone: E5, dilution: 1:800)).
Slides were then incubated with the secondary antibody for 20 min and labeled (HiDef
Detection™ HRP 2-step Polymer Detection System, Cell Marque, Rocklin, CA, USA).
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Diaminobenzadine (N-Histofine DAB 2V, Nichisei Biosciences inc., Chuo, Tokyo, Japan)
was applied for 5 min (CCR2), 7 min (CD68, LAG3 and PD1) or 10 min (CD4, CD7, CD8,
CD14, CD25, CD45, CD86, CD163, FOXP3, TIM3) and after rinsing with water, cell nuclei
were counterstained using hemalum solution acid and mounted. Tonsil tissue was used as
a positive control.

For the PT as well as the OSCs, five representative areas of view per slide were
photographed using microscope (Olympus BX50), camera (Olympus DP27) and software
(Olympus cellSense Entry, all Shinjuku, Tokyo, Japan) with standardized settings at 40×
magnification. The whole PDO was photographed and analyzed. We detected positive
staining intensity via the batch processing function of the open source program Fiji [38] by
applying a specialized macro. Finally, we calculated the absolute and relative expression of
all antigens for each PDOs/OSCs. All analyses were monitored and counterchecked by an
experienced neuropathologist.

2.6. Statistical Analysis

Analyses were performed using IBM SPSS Statistics 27 (SPSS Worldwide, Chicago, IL,
USA). For patients’ characteristics we performed descriptive statistics, displaying either
absolute and relative numbers or mean with range (minimum/maximum) wherever suit-
able. Data was examined for Gaussian distribution by Kolmogorov–Smirnov testing before
testing for significance was conducted. We performed ANOVA for equally distributed data
and the Friedmann’s test for non-equally distributed data in order to determine significant
differences in the antigen-expression patterns during the course of time in PDOs and OSCs.
Differences in antigen expression patterns in PT, nPDOs and ePDOs were calculated using
t-test. Effect size was calculated by Pearson’s correlation coefficient r. Data was regarded as
significant if α < 0.05. Whenever percentages are given, they refer to the total cell count.

3. Results
3.1. Characterization of Patient Cohort

To establish the described ex vivo GBM models, tumor samples of 13 GBM IDH
wildtype, CNS WHO grade 4 patients were utilized (Table 1). Patients were between 33
and 80 years old with a median age of 63.4 years and had a KPS between 70 and 100 with a
median KPS of 86. A methylated MGMT promoter in tumor cells was found in 8 patients,
whereas 5 patients had an unmethylated MGMT promoter (cut off 10%).

Table 1. Clinical parameters of glioblastoma samples and the models they were utilized for.
ID = identification number; GBM = glioblastoma; ODG = oligodendroglioma; KPS = Karnofsky
performance score; MGMT = O6-methylguanine-DNA methyltransferase; IDH = isocitrate dehy-
drogenase; ATRX = α thalassemia/mental retardation syndrome X-linked; OSC = organotypic slice
cultures; nPDO = normal patient derived organoids; ePDO = enhanced patient-derived organoids;
N/A = not analyzed.

ID Sex Age
[Years] Histology KPS Ki67

[%]
MGMT

Promoter
Methylation

MGMT
Promoter

Methylation [%]
IDH1

Mutation
IDH2

Mutation
ATRX

Expression Experiment

1 m 74 GBM 90 20 no 4 0 0 1 OSC

2 w 55 GBM 80 20 yes 22 0 0 1 nPDO

3 w 56 GBM 70 25 yes 25 0 0 1 nPDO

4 w 59 GBM 90 30 yes 44 0 0 1 nPDO

5 m 74 GBM 80 20 no N/A 0 0 1 OSC,
nPDO

6 m 68 GBM 80 30 yes 24 0 0 1 OSC,
nPDO

7 w 73 GBM 90 25 yes 57 0 0 1 OSC,
nPDO

8 m 64 GBM 80 40 no 4 0 0 1 OSC,
nPDO

9 m 80 GBM 90 20 no N/A 0 0 1 nPDO
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Table 1. Cont.

ID Sex Age
[Years] Histology KPS Ki67

[%]
MGMT

Promoter
Methylation

MGMT
Promoter

Methylation [%]
IDH1

Mutation
IDH2

Mutation
ATRX

Expression Experiment

10 w 69 GBM 90 25 yes 71 0 0 1 nPDO

11 w 64 GBM 90 20 no 8 0 0 1 ePDO

12 w 70 GBM 80 50 yes 64 0 0 1 ePDO

13 m 33 GBM 100 20 yes 5 0 0 1 ePDO

3.2. TME Expression in PT

We investigated the antigen expression patterns of cellular TME components in PT
and found low abundance of CD7+ cells (0.7%). T lymphocytes were also found in low
levels, especially cytotoxic CD8+ T-cells (0.6%). CD4+ T helper cells could be detected in
higher numbers (2.2%). Regulatory T-cells were not present (CD25+, FOXP3+). In general,
the most abundant cell type in PT were myeloid cells. CD14+ monocytes represented 20.6%
and among CD68+ macrophages (30.5%), M1-macrophages (iNOS+), whose presence was
rather low (1.2%), M2-macrophages (CD163+), which displayed the largest TAM fraction
(16.7%) and CCR2+ peripheral macrophages (3.8%) were found. TIM3 (16.1%) showed the
highest expression of all inhibitory receptors, followed by LAG3 (2.5%) and PD1 (2.0%).
Data are shown in Figure 1.

1 
 

 
 
Figure 1. Relative expression of tumor microenvironment (TME) cells in primary tissue (PT).
n = 10 patients. The relative expression of antigen patterns in GBM is given in [%]; PT is displayed in
bar plots; whiskers indicate standard deviation.

3.3. TME Expression in PDOs

There were significant differences in the CD4+ count when comparing PT (2.2%) to
PDOs at day 14 (0.6%) (p = 0.04). While CD8+ represented 0.6% in PT, none were detectable
in PDOs at day 14. CD14+ monocytes decreased significantly from PT (20.6%) after 14 days
of culture (7.5%) (p = 0.03). In contrast, CD68+ macrophages increased from 30.5% at PT to
34.7% in PDOs at day 7, but dropped significantly from day 7 to 22.8% at day 14 (p = 0.001).
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iNOS+ M1 macrophages dropped from 1.2% in PT to 0.7% at day 14 in PDOs, as well as M2
macrophages from 16.7% in PT to 8.4% in PDOs at day 14. CCR2+ peripheral macrophages
declined from PT (3.8%) to day 14 (0.7%). CD25+ regulatory T-cells were sparsely present
in PT, but absent in PDOs at day 14. Concerning the checkpoint protein expression pattern,
PD1 and LAG3 expression declined significantly until day 14 in PDOs compared to PT
(both p = 0.03). TIM3 and FOXP3 expression dropped, but not significantly. Data are shown
in Figure 2. However, even though the absolute count of immune cells decreased in PDOs
until day 14 compared to PT, the relative distribution of the TME components did not
change. An example of a representative immunohistochemical staining is provided in
Figure 3. 

2 

 
Figure 2. Alteration of TME cell presence over time in PT and in patient-derived organoids (PDOs) at
day 7 and 14 of culture. n = 9 patients. The relative expression of cellular TME components [%] was
quantified in PT (blue) and at day 7 (violet) and day 14 (green) of PDO culture: (A) CD45, (B) CD7,
(C) CD4, (D) CD8, (E) CD14, (F) CD68, (G) iNOS, (H) CD163, (I) CCR2, (J) CD25, (K) PD1, (L) FOXP3,
(M) TIM3, (N) LAG3; Whiskers indicate standard deviation; significant differences are indicated.
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Figure 3. Example of representative immunohistochemical images for the TME composition in PT 
and in PDO day 7 and PDO day 14 (patient 6, Scale bar: 50 µm, magnification 40×). 
Figure 3. Example of representative immunohistochemical images for the TME composition in PT
and in PDO day 7 and PDO day 14 (patient 6, Scale bar: 50 µm, magnification 40×).

3.4. TME Expression in OSC

As PDOs did not reflect the cellular antigen expression patterns to the same extent as
PT after longer culture times, we strived for a different ex vivo model. We investigated the
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TME expression in n = 5 OSCs. OSCs could be cultured up to day 9. Thus, we investigated
antigen expression patterns from day 0 (equivalent to PT) to day 9. Surprisingly, OSCs were
able to retain TME expression patterns to a higher extent. We did not find any significant
alterations up to day 9. CD45+ cells declined (3.8% at day 0, 0.6% at day 9), as well as CD7+
cells and CD4+ cells. The monocytic marker CD14 decreased (16.8% at day 0, 7.7% at day
9), while macrophage markers CD68, CD163 and CCR2 were still expressed at comparable
levels (CD68: 14.7% at day 0, 17.7% at day 9; CD163: 14.2% at day 0, 14.2% at day 9; CCR2:
1.5% at day 0, 0% at day 9, respectively). Interestingly, the M1-macrophage marker iNOS
completely vanished (0.7% at day 0.0% at day 9). At the end of the culture, regulatory T
cells were absent as both CD25 and FOXP3 were not expressed at day 8 or day 9. PD1,
TIM3 and LAG3 expressions were initially at a very low level, but dropped further during
culture. Data are shown in Figure 4. An example of a representative immunohistochemical
staining is provided in Figure 5. 

3 

 
Figure 4. Alteration of TME cell marker abundance over time in organotypic slice culture (OSC)
on day 1 to day 9 of culture. n = 5 patients. The relative expression of cellular TME components
[%] was quantified from day 0 to day 9 of culture: (A) CD45, (B) CD7, (C) CD4, (D) CD8, (E) CD14,
(F) CD68, (G) iNOS, (H) CD163, (I) CCR2, (J) CD25, (K) PD1, (L) FOXP3, (M) TIM3, (N) LAG3. No
significant differences between day 0 and day 9 could be shown in antigen expression; Whiskers
indicate standard deviation; significant differences are indicated.
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Figure 5. Example of representative immunohistochemical images for the TME composition in OSCs 
on day 1, day 2, day 4 and day 7 of culture (patient 5, Scale bar: 50 µm, magnification 40×). 

Figure 5. Example of representative immunohistochemical images for the TME composition in OSCs
on day 1, day 2, day 4 and day 7 of culture (patient 5, Scale bar: 50 µm, magnification 40×).
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3.5. TME Expression in ePDOs

Since OSCs could not be cultured for longer than nine days, we aimed to enhance
the TME in PDOs by co-culturing them with PBMCs. Compared to PDOs, more tumor
material was required to generate OSCs. In addition, PDOs stayed stable in culture over
several months. However, the organoids did not reflect TME expression patterns as cellular
components deteriorated rapidly during culture. Thus, we aimed at enhancing PDOs to better
reflect cellular TME patterns and depict a model for immunotherapeutic testing.

In contrast to nPDOs, ePDOs were not affected by significant alterations in TME
expression patterns until day 21 when comparing to PT (CD45+, CD4+, CD8+, CD7+ and
CD68+ cells). Interestingly, iNOS+, CD14+ and CD163+ cells were practically not detectable
in ePDOs after 21 days of culture, despite being present in the corresponding PT. Data
are shown in Figure 6. An example of a representative immunohistochemical staining
for is provided in Figure 7. Overall, ePDOs were able to reflect TME expression patterns
significantly better than nPDOs.

 

4 

 Figure 6. Expression of cellular TME markers in normal PDOs (nPDOs) and enhanced PDOs (ePDOs)
at day 0, 7, 14 and 21 compared to PT. n = 3 patients. The relative expression of cellular TME
components [%] was quantified in PT (blue) and at day 7 (green), day 14 (orange) and day 21 (red)
of PDO culture in nPDOs and ePDOs: (A) CD45, (B) CD7, (C) CD4, (D) CD8, (E) CD14, (F) CD68,
(G) iNOS, (H) CD163; Whiskers indicate standard deviation; significant differences are indicated.

120



Cancers 2023, 15, 2698
Cancers 2023, 15, x FOR PEER REVIEW 15 of 19 
 

 

Figure 7. Cont.

121



Cancers 2023, 15, 2698Cancers 2023, 15, x FOR PEER REVIEW 16 of 19 
 

 

 
Figure 7. Example of representative immunohistochemical images for the TME in PT, in ePDO and 
nPDO (patient 13, Scale bar: 50 µm, magnification 40×). 

4. Discussion 
GBM is one of the most challenging solid tumors to treat, especially in relapse. Here, 

we presented analysis of TME expression markers in two 3D ex vivo patient-derived mod-
els PDOs and OSCs as well as a time and cost-effective optimization of PDOs in such a 
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We showed that the TME was not sustained in PDOs and deteriorated after a short 
time of culture. In contrast, the TME was maintained in OSCs, albeit on low cellular count 
level. Unfortunately, OSCs could not be cultured longer than 9 days, rendering this model 
impractical for immunotherapeutic testing over a longer period of time. We found an ef-
ficient solution by co-culturing PDOs with PBMCs from healthy donors. Cellular TME 
patterns could be persevered until day 21, which enables longer experimental setups. 

For several reasons, monocytes and CD163+ macrophages were not as strongly rep-
resented in the ePDO model. We did not stimulate macrophages per se using IL13 and 
IL4, but mainly stimulated lymphocytes using IL2. This could preselect lymphocyte over 
macrophage growth in PDOs. Additionally, we used PBMCs after ten days of culture in 
order gain sufficient PBMCs to apply the high PDO: PBMC ratio of 1:20, thereby enhanc-
ing the preselection of lymphocytes over macrophages. If a TME with predominantly mac-
rophage subtypes is desired, it might be favorable to include stimulation with IL4/IL13. 
Third, we did not differ between tumor-resident macrophages and immigrated macro-
phages in the ePDO model. 

According to recent studies [39–41], macrophages and microglia in glioblastoma or-
ganoids exhibit several important functions. Macrophages and microglia are known to 
produce cytokines, such as tumor necrosis factor (TNF)-α, interleukin 1 (IL1), and inter-
leukin 6 (IL6), which can impact GBM cell behavior and contribute to tumor growth, an-
giogenesis, and invasion. Moreover, macrophages and microglia can modulate stress lev-
els and cell viability in glioblastoma organoids by producing factors such as TGF-β and 
reactive oxygen species (ROS), as well as through phagocytosis of GBM cells. Further-
more, macrophages and microglia in GBM organoids interact with other cells of the TME 
and the tumor itself through various mechanisms, including cell-to-cell contact, secreted 
factors, and phagocytosis. These interactions can influence GBM behavior, such as migra-
tion, invasion, and therapy response, by modulating signaling pathways and immune re-
sponses within the organoids. Importantly, GBM organoids have also been used to inves-
tigate the dynamic changes in macrophage and microglia populations upon treatment. 

Figure 7. Example of representative immunohistochemical images for the TME in PT, in ePDO and
nPDO (patient 13, Scale bar: 50 µm, magnification 40×).

4. Discussion

GBM is one of the most challenging solid tumors to treat, especially in relapse. Here,
we presented analysis of TME expression markers in two 3D ex vivo patient-derived models
(PDOs and OSCs) as well as a time and cost-effective way to incorporate TME cells in PDOs.

We showed that the TME was not sustained in PDOs and deteriorated after a short
time of culture. In contrast, the TME was maintained in OSCs, albeit on low cellular count
level. Unfortunately, OSCs could not be cultured longer than 9 days, rendering this model
impractical for immunotherapeutic testing over a longer period of time. We found an
efficient solution by co-culturing PDOs with PBMCs from healthy donors. Cellular TME
patterns could be persevered until day 21, which enables longer experimental setups.

Monocytes and macrophages were not as strongly represented in the ePDO model. As
we did not stimulate macrophages per se using IL13 and IL4, but used PBMCs after ten days
of culture with supplementation of IL2, lymphocytes were preselected over macrophages.

According to recent studies [39–41], macrophages and microglia exhibit several impor-
tant functions in glioblastoma organoids. Both are known to produce cytokines, such as
tumor necrosis factor (TNF)-α, interleukin 1 (IL1), and interleukin 6 (IL6), which can impact
GBM cell behavior and contribute to tumor growth, angiogenesis, and invasion. Moreover,
macrophages and microglia can modulate stress levels and cell viability in glioblastoma
organoids by producing factors such as TGF-β and reactive oxygen species (ROS), as well as
through phagocytosis of GBM cells. Furthermore, macrophages and microglia can interact
with other cells of the TME and the tumor itself through various mechanisms, including
cell-to-cell contact and secreted factors. These interactions can influence GBM behavior,
such as migration, invasion, and therapy response, by modulating signaling pathways and
immune responses within the organoids. Importantly, GBM organoids have also been used
to investigate the dynamic changes in macrophage and microglia populations upon treat-
ment. For instance, studies have shown that radiotherapy, a common treatment for GBM,
can impact the composition and function of macrophages and microglia in GBM organoids,
which may have implications for the response of GBM to therapy and the development
of therapy resistance. These studies highlight the significant role of macrophages and mi-
croglia in GBM organoids, specifically in terms of cytokine production, modulation of stress
levels and cell viability, interactions with other cells, and dynamic changes upon treatment.
Further research in this area could provide valuable insights into the complex interplay
between immune cells and GBM cells in organoid models, with potential implications for
the development of novel therapeutic strategies for GBM.
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The interaction of GBM and TME is mutual. We did not evaluate how tumor metabolism
is influenced by incorporating PBMCs in the ePDOs nor did we analyze whether the phe-
notype of immune cells is changed after incubation with PDOs. Thus, we cannot make a
statement about possible alterations due to co-culturing with GBM cells and the impact of
the tumor on the differentiation of immune cells and vice versa. This would be an interesting
aspect to study in order to characterize GBM-TME interactions closer and to investigate
possible therapeutic approaches that could enhance the efficacy of immunotherapy in GBM.

As a next step, the ePDO model could be tested with various immunotherapeutic
approaches in order to mimic the reality of the GBM-TME interactions even better. Manu-
facturing is technically feasible and cost-effective. In the future, ePDOs could be applied
to draw a sophisticated conclusion whether therapies should be further explored and
evaluated for a clinical setting.

5. Conclusions

We evaluated cellular TME antigen expression patterns using two different ex vivo
tumor models and found that PDOs were not able to sustain the cellular TME, while OSCs
were able to maintain TME cell types at a low expression level. However, we did not
manage to culture OSCs longer than nine days, which renders this model sufficient but
impractical for testing novel immunological approaches. Thus, we aimed for an optimized
3D ex vivo model that could serve for testing new therapeutic strategies in preclinical
settings. By co-culturing PDOs with PBMCs, we showed that cellular TME expression
patterns could be preserved for 21 days. This optimized PDO model can be efficiently
generated, is easy to maintain and can serve as an excellent ex vivo approach to mirror the
complex interactions of GBM and TME in the future.
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Simple Summary: The tumor microenvironment (TME) is vital in tumor biology, impacting tumor
recurrence, prognosis, and treatment response. Brainstem gliomas (BSGs) are challenging gliomas
that originate in the brainstem and have distinct clinical and genomic profiles from other brain
gliomas. However, the inter-tumor heterogeneity of the TME in BSGs and its correlation with clinical
and biological characteristics remain unknown, hindering the development of novel BSG therapies.
In this study, we utilized transcriptional data from a BSG cohort and employed established signatures
to assess the TME status and classify BSGs accordingly. Subsequently, we found an association
between the TME classification and patient prognosis as well as the tumor phenotype. Furthermore,
we explored key genes or radiomics features that can determine classification and potentially facilitate
clinical applications. This research aims to enhance our understanding of TME heterogeneity in BSGs
and to provide insights for improving diagnosis and treatment.

Abstract: The inter-tumor heterogeneity of the tumor microenvironment (TME) and how it correlates
with clinical profiles and biological characteristics in brainstem gliomas (BSGs) remain unknown,
dampening the development of novel therapeutics against BSGs. The TME status was determined
with a list of pan-cancer conserved gene expression signatures using a single-sample gene set
enrichment analysis (ssGSEA) and was subsequently clustered via consensus clustering. BSGs
exhibited a high inter-tumor TME heterogeneity and were classified into four clusters: “immune-
enriched, fibrotic”, “immune-enriched, non-fibrotic”, “fibrotic”, and “depleted”. The “fibrotic” cluster
had a higher proportion of diffuse intrinsic pontine gliomas (p = 0.041), and “PA-like” tumors were
more likely to be “immune-enriched, fibrotic” (p = 0.044). The four TME clusters exhibited distinct
overall survival (p < 0.001) and independently impacted BSG outcomes. A four-gene panel as well as
a radiomics approach were constructed to identify the TME clusters and achieved high accuracy for
determining the classification. Together, BSGs exhibited high inter-tumor heterogeneity in the TME
and were classified into four clusters with distinct clinical outcomes and tumor biological properties.
The TME classification was accurately identified using a four-gene panel that can potentially be
examined with the immunohistochemical method and a non-invasive radiomics method, facilitating
its clinical application.

Keywords: brainstem glioma; tumor microenvironment; classification; survival

1. Introduction

Brainstem gliomas (BSGs) are a group of gliomas originating in the brainstem [1]
that exhibit distinct clinical characteristics and molecular features from gliomas located

Cancers 2023, 15, 4224. https://doi.org/10.3390/cancers15174224 https://www.mdpi.com/journal/cancers126
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in the cerebrum [1,2]. In particular, nearly half of the BSGs are diffuse intrinsic pontine
gliomas (DIPGs) that represent the deadliest brain cancers in children with very low median
survival of less than 12 months [3,4]. Due to the vital functions of the brainstem, surgi-
cal resection is quite challenging [5]. Meanwhile, radiotherapy usually provides limited
benefits to patients’ survival [6,7]. Additionally, Temozolomide-based chemotherapy has
not proven effective in DIPGs, due to their common lack of hyper-methylation in gene
O-6-Methylguanine-DNA methyltransferase [8]. The recent success of immunotherapy in
hematopoietic malignancies and a variety of solid tumors have stimulated the development
of novel immunotherapeutic approaches in treating BSGs, and some have generated en-
couraging results [9–12]. Immunotherapy in theory provides a promising treatment option
for BSGs due to its ability to precisely target tumor cells while causing minimal disruption
to normal neural structures [13]. However, there is no immunotherapeutic approach that
has proven clinically effective against BSGs. Therefore, novel therapeutics are urgently
needed for this type of brain tumor.

A comprehensive understanding of the tumor microenvironment (TME) in BSGs will
facilitate the development of novel therapeutic approaches against BSGs, since TME plays
a pivotal role in tumorigenesis and tumor progression [14] and engages key molecular
pathways determining the response to therapeutics such as radiation and immunothera-
pies [15–17]. Several studies have revealed DIPG as an immune-cold tumor, exhibiting re-
duced infiltration of immune cells and a lower expression of immunosuppressive molecules
relative to glioblastoma (GBM) [13]. These findings are consistent with previous reports
that DIPG is innately resistant to an immune checkpoint blockade [12] and also suggest
their unique TME features from gliomas in the other part of the brain. Meanwhile, recent
advances in the TME investigation have promoted the development of a series of TME clas-
sification models for a variety of malignancies [15,18–20]. Based on inter-tumoral variations
in TME components, these models provided clinicians with a useful tool for predicting
therapeutic repones and patients’ survival, as well as facilitating the development of novel
therapeutics [15,18–20]. In gliomas, a three-subtype TME model suggests that its IS3 sub-
type would have a better response to mRNA-based anti-tumor vaccination [19]. However,
as a unique group of gliomas, the TME classification for BSGs has not been reported.

BSGs are also a heterogeneous group of neoplastic disorders, as evidenced by reports
detailing variations in patient demographics, clinical features, imaging characteristics, and
molecular biology [1,2,21–23]. It is widely known that BSGs are divided into DIPGs and
non-DIPGs, or H3K27M-mutant and H3K27-wildtype, according to their imaging and
genomics findings [2]. Choux et al. defined a four-subtype classification based on tumors’
locations and growth patterns, which proved useful in surgical case selections [21]. A
five-subtype multimodality imaging-based radiological classification can help in selecting
optimal treatment strategies for pediatric DIPGs [24]. We previously grouped BSGs into four
subtypes according to their methylation status, and each type represented distinct clinical
profiles and genomic landscapes [2]. We uncovered gene sets that were enriched in the
methylation cluster H3-Medulla, involving immune-related pathways such as interferon-
gamma/alpha signaling, the IL-10 pathway, and the CTLA-4 pathway [2]. However, the
direct correlation of TME with clinical profiles and biological characteristics of BSGs was
not examined in the study [2] or reported previously. Moreover, whether BSGs also exhibit
inter-tumor heterogeneity in TME and how significant that heterogeneity is remain elusive.

Recently, Bagaev et al. utilized a list of gene expression signatures (GESs) that encom-
pass four key features of TME to classify cancer: anti-tumor immune response, pro-tumor
immune response, angiogenesis/fibrosis, and malignant cell properties [15]. The authors
identified a pattern of TME subtypes, which persist across various types of cancers and
are associated with immunotherapy response. However, the investigation did not in-
clude gliomas. Herein, we exploited these GESs to classify BSGs and revealed rather high
inter-tumor heterogeneity in the TME among BSGs. As such, BSGs are grouped into four
TME clusters with distinct clinical outcomes and differential tumor biological features.
Furthermore, the TME classification system has independent prognostic value and can
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be identified using a four-gene panel, potentially with the routine immunohistochemical
(IHC) method or by a non-invasive radiomics approach.

2. Materials and Methods
2.1. Patient Inclusion and RNA Sequencing

A total of 98 BSG cases were included in this study (Figure S1). Among them,
75 patients had RNA sequencing (RNA-seq) profiles that were published in our previ-
ous study [2], and RNA-seq profiles of 23 cases were firstly included in this study. The
follow-up information of all these patients was updated as of December 2022. The de-
mographic variables and mutation information, as well as other clinical variables, were
extracted from the previously published literature [2]. The study was approved by the
Institute Review Board (IRB) of Beijing Tiantan Hospital. Informed consent was waived
by the IRB because of the retrospective nature and previously obtained consent in the
previous study.

RNA-seq was performed on the Illumina HiSeq X Ten platform by Genetron Health
(Beijing, China) [2]. Alignment was carried out using either STAR or hisat2, while gene
expression profiling was performed using Cufflinks. The presence of batch effects between
the expression profiles of the two RNA sequencing batches was evaluated using the Umap
method (R package umap v0.2.7.0). If significant batch effects were observed, Combat_seq
was employed to mitigate them (Figure S2) [25]. Following this step, the raw count data
were transformed into transcripts per million (TPM) values for further analysis.

2.2. TME Status Estimation and Clustering

A list of GESs that encompass four key features of TME: anti-tumor immune response,
pro-tumor immune response, angiogenesis/fibrosis, and malignant cell properties [15]
were utilized to estimate the TME status of BSGs with the method of single-sample gene
set enrichment analysis (ssGSEA). The results of ssGSEA were subjected to consensus clus-
tering using the R package ConsensusClusterPlus (v1.51.1). The clustering was conducted
by employing partitioning around the medoid and determining the distances between
samples based on the Euclidean distance method. The optimal number of clusters was
identified by analyzing the consensus cumulative distribution function (CDF) plot and
its delta area plot (Figure S3). A heatmap was generated using the R package Pheatmap
(v1.0.12) to depict the distribution of the ssGSEA results of the GESs among the clusters.

2.3. Estimation of Tumor Biological Features and Radiosensitivity

R package PROGENy (version 1.20.0) was used to evaluate the activity of 14 pathways
commonly implicated in tumors based on RNA-seq profiles [26]. Radiosensitivity was
estimated using the radiosensitivity index and radiotherapy risk signature [27,28], both
inversely correlated with survival time after radiotherapy.

2.4. Identification of Key Genes Determining TME Clusters

Given that the TME classification is formed by two orthogonal properties: immune
(immune-enriched vs. immune-depleted) and fibrosis (fibrotic vs. non-fibrotic) [15], we
first examined the differential gene expression between the two immune-enriched clusters
(“immune-enriched, fibrotic” and “immune-enriched, non-fibrotic”) and the two immune-
depleted clusters (“fibrotic” and “depleted”) through the R package limma (v3.15), and
genes with FDR < 0.05 and |Log2FoldChange| > 3 were chosen for further analyses.
Subsequently, we performed the binary least absolute shrinkage and selection operator
(LASSO) regression analysis on these genes, and those with non-zero coefficients were
selected as key genes. An “immune-enriched” score was subsequently generated based on
the expression levels and coefficients of key genes, using the formula score = ∑ (βi × Expi),
where βi represents the corresponding regression coefficient of a gene, and Expi represents
the TPM value of the gene. With the same approach, the key genes and according “fibrotic”
score were established, respectively.
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The established “immune-enriched” and “fibrotic” scores were further validated in
BSG cases in five external datasets, namely the Pacific Pediatric Neuro-Oncology Consor-
tium (PNOC) dataset, the Children’s Brain Tumor Tissue Consortium (CBTTC) dataset, the
Pediatric Cancer Genome Project (PCGP), the Real-time Clinical Genomics (RTCG) dataset,
and our other unpublished RNA-seq dataset comprising 19 BSGs (Figure S1). All the in-
cluded cases were first stratified as the high- and low-expression groups based on the scores
from ssGSEA on GESs related to the immune-enriched or fibrosis properties. Receiver
operating characteristic (ROC) curves were plotted, and the area under the curve (AUC)
was calculated to demonstrate the accuracies of the “immune-enriched” and “fibrotic”
scores in discriminating between the according high- and low-expression groups.

2.5. Multiplex Immunofluorescence Staining

In order to validate whether the key genes have differential expressions between the
corresponding clusters, a total of 31 cases with available formalin-fixed paraffin-embedded
samples were subjected to multiplex immunofluorescence staining. An OPALTM 7-color
manual immunofluorescence staining kit (NEL811001KT, Akoya Bioscience, Marlborough,
MA, USA) was used to perform multiplex immunofluorescence staining detection on
paraffin-embedded tissues. After deparaffinization and hydration, an optimized program
for each antigen was applied to the slides (Tables S1 and S2). Slides were scanned on
the Vectra system (Vectra Polaris 1.0.7, Akoya Bioscience, Marlborough, MA, USA) and
analyzed using the Inform software (2.4.6, Akoya Bioscience, Marlborough, MA, USA). The
positive rate of each marker was defined as the number of positive cells’ nuclei divided by
the total number of nuclei in the section or the positive area divided by the total tissue area
if the antigen was distributed in intercellular space. The counting of positive cells and the
calculation of the staining area were performed by two neuropathologists, and the results
were subsequently cross-validated.

2.6. Generation of Radiomics Models for Identifying TME Clusters

A total of 88 cases with available magnetic resonance imaging (MRI) data were in-
cluded in the analysis. The T1-weighted, T2-weighted, and T1-weighted contrast sequences
were previously published, and they were retrieved for this study [29]. The delineation of
the tumor contour on each sequence was carried out by an experienced neurosurgeon using
Slicer (version 5.2.1) and subsequently confirmed by another neurosurgeon. The extraction
of radiomics features from the original images and images subjected to wavelet filtering
and Laplacian of Gaussian filter was performed using Pyradiomics (version 3.0.1) [30].
Thus, a total of 3390 radiomics features were extracted.

Two predictive models were developed for the two TME properties: immune-enriched
and fibrotic. The included cases were randomly divided into a training set and a test set
using a 6:4 ratio. Within the training set, the radiomics features were compared between
cases with high and low expression in the according TME property using Wilcoxon rank
sum tests. Only features with a p-value < 0.05 were retained. Secondly, retained features
were further selected using a random forest algorithm, resulting in no more than 10 features.
Thirdly, the support vector machines (SVM) algorithm with the eps-regression type and a
radial kernel based on these selected features were used to develop prediction models for
the TME properties. The R package e1071 (version 1.7) was used for the analysis. ROCs
were plotted, and AUCs were calculated to assess the model accuracy for the discrimination.

2.7. Statistical Analysis

Statistical analyses were performed using R (version 4.1.2). For continuous variables
following a normal distribution, means and standard deviations were used for description,
and t tests or ANOVAs were used for intergroup comparison. For continuous variables
following a non-normal distribution, quartiles were used for description, and the Mann-
Whitney U test or Kruskal-Wallis test was used for intergroup comparisons. Frequencies
and percentages were calculated for categorical variables, and chi-square tests were used
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for intergroup comparisons. For pairwise comparisons between subgroups, p values
were corrected via the Benjamini–Hochberg method. Overall survival was estimated and
compared using the Kaplan-Meier method, and risk factors for prognosis were determined
with univariate and multivariate Cox regression (R package survminer v0.4.9).

3. Results
3.1. BSGs Are Grouped into Four Clusters Based on TME Status

BSGs are a group of heterogeneous malignancies located in the brainstem, with distinct
genetic mutations from gliomas in the other part of the brain [1,2]. Herein, we aimed
to understand their heterogeneity in TME through the classification of BSGs utilizing a
list of pan-cancer-conserved GESs that encompass four key features of TME: anti-tumor
immune response, pro-tumor immune response, angiogenesis/fibrosis, and malignant cell
properties [15]. A total of 98 BSG cases were included for the classification (Figure S1),
resulting in four TME clusters: “immune-enriched, fibrotic (IEF)”, “immune-enriched,
non-fibrotic (IENF)”, “fibrotic (F)”, and “depleted (D)” (Figures 1a and S3).

The “fibrotic” cluster was characterized by the highest expression of genes related to
angiogenesis/fibrosis, whereas it exhibited relatively low activity in the immune response
(Figure 1b). The “immune-enriched, fibrotic” cluster showed increased activity in the
angiogenesis/fibrosis and immune response, while the “depleted” cluster displayed the
lowest levels of these TME properties (Figure 1b). Additionally, the “immune-enriched, non-
fibrotic” cluster displayed relatively increased activity in the immune response, whereas
it exhibited a lower level of angiogenesis/fibrosis than the “immune-enriched, fibrotic”
and “fibrotic” clusters (Figure 1b). In terms of malignant cell characteristics, the “fibrotic”
BSGs exhibited the highest tumor proliferation rate, while the “fibrotic” and “immune-
enriched, fibrotic” clusters showed enhanced epithelial–mesenchymal transition (EMT)
activity compared to the other clusters (Figure 1b). These results are consistent with the
previous findings on the other malignancies [15], suggesting the TME classification is also
conserved in BSGs.

Cancers 2023, 15, x FOR PEER REVIEW 5 of 17 
 

 

Statistical analyses were performed using R (version 4.1.2). For continuous variables 
following a normal distribution, means and standard deviations were used for description, 
and t tests or ANOVAs were used for intergroup comparison. For continuous variables 
following a non-normal distribution, quartiles were used for description, and the Mann‒
Whitney U test or Kruskal‒Wallis test was used for intergroup comparisons. Frequencies 
and percentages were calculated for categorical variables, and chi-square tests were used 
for intergroup comparisons. For pairwise comparisons between subgroups, p values were 
corrected via the Benjamini–Hochberg method. Overall survival was estimated and com-
pared using the Kaplan‒Meier method, and risk factors for prognosis were determined 
with univariate and multivariate Cox regression (R package survminer v0.4.9). 

3. Results 
3.1. BSGs Are Grouped into Four Clusters Based on TME Status 

BSGs are a group of heterogeneous malignancies located in the brainstem, with dis-
tinct genetic mutations from gliomas in the other part of the brain [1,2]. Herein, we aimed 
to understand their heterogeneity in TME through the classification of BSGs utilizing a list 
of pan-cancer-conserved GESs that encompass four key features of TME: anti-tumor im-
mune response, pro-tumor immune response, angiogenesis/fibrosis, and malignant cell 
properties [15]. A total of 98 BSG cases were included for the classification (Figure S1), 
resulting in four TME clusters: “immune-enriched, fibrotic (IEF)”, “immune-enriched, 
non-fibrotic (IENF)”, “fibrotic (F)”, and “depleted (D)” (Figures 1a and S3). 

The “fibrotic” cluster was characterized by the highest expression of genes related to 
angiogenesis/fibrosis, whereas it exhibited relatively low activity in the immune response 
(Figure 1b). The “immune-enriched, fibrotic” cluster showed increased activity in the an-
giogenesis/fibrosis and immune response, while the “depleted” cluster displayed the low-
est levels of these TME properties (Figure 1b). Additionally, the “immune-enriched, non-
fibrotic” cluster displayed relatively increased activity in the immune response, whereas 
it exhibited a lower level of angiogenesis/fibrosis than the “immune-enriched, fibrotic” 
and “fibrotic” clusters (Figure 1b). In terms of malignant cell characteristics, the “fibrotic” 
BSGs exhibited the highest tumor proliferation rate, while the “fibrotic” and “immune-
enriched, fibrotic” clusters showed enhanced epithelial–mesenchymal transition (EMT) 
activity compared to the other clusters (Figure 1b). These results are consistent with the 
previous findings on the other malignancies [15], suggesting the TME classification is also 
conserved in BSGs. 

 
(a) 

Figure 1. Cont.

130



Cancers 2023, 15, 4224Cancers 2023, 15, x FOR PEER REVIEW 6 of 17 
 

 

 
(b) 

Figure 1. BSGs are grouped into four clusters based on their TME status. (a) A heatmap for results 
of consensus clustering based on the TME-related GESs among 98 BSG cases; (b) comparison of 
activities between clusters in key components of the pan-cancer TME GESs; the activities were meas-
ured as scores of the according GESs. F: fibrotic; IEF: immune-enriched, fibrotic; D: depleted; IENF: 
immune-enriched, non-fibrotic. 

3.2. The TME Clusters Are Correlative with BSG Clinical and Molecular Features 
We next correlated the clinical characteristics and molecular features of BSGs with 

the TME clusters (Figure 2). We observed that diffuse intrinsic pontine gliomas (DIPGs) 
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3.2. The TME Clusters Are Correlative with BSG Clinical and Molecular Features

We next correlated the clinical characteristics and molecular features of BSGs with
the TME clusters (Figure 2). We observed that diffuse intrinsic pontine gliomas (DIPGs)
accounted for nearly half of the fibrotic cluster; the proportion was significantly higher
than that observed in the other clusters (Figure 2b, p = 0.041). Since a younger age, tumors
located in the pons, the methylation cluster of H3-Pons, and WHO grade 4 tumors are
highly correlated with the DIPG type [2,3], and they were also enriched in this cluster
(Figure 2a,c,e,f). On the other hand, the fibrotic cluster constituted 35.5% of all DIPG
tumors and represented the most common TME type in DIPG (Figure S4A). We also
observed that the PA-like tumors were enriched in the “immune-enriched, fibrotic” cluster
(Figure 2, p = 0.044), leading to a higher proportion of benign tumors (WHO grade 1)
in this cluster (Figure 2, p = 0.003), since the PA-like tumors mainly comprise piloctyic
astrocytoma and ganglioglioma [2]. Additionally, 42.9% of PA-like tumors exhibited the
“immune-enriched, fibrotic” property (Figure S4B). Together, we observed the enrichment
of DIPGs in the “fibrotic” type and the PA-like tumors in the “immune-enriched, fibrotic”
cluster, thereby revealing the TME property for these two BSG types.
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3.3. The TME Clusters Predict Outcomes in BSG Patients

We next investigated the prognostic value of the TME classification system. With a
medial follow-up time of 18.8 months, the four TME clusters exhibited distinct overall
survival (p < 0.001, Figure 3a). Specifically, the “fibrotic” cluster displayed the poorest
outcome with a median survival of 8.3 months, whereas the “depleted” cluster showed a
better prognosis relative to the “fibrotic” cluster, with a median survival of 21.4 months.
Both of the two immune-enriched clusters exhibited more favorable outcomes; the median
survival is 34.0 and 50.8 months, respectively, in the “immune-enriched, fibrotic” and
“immune-enriched, non-fibrotic” clusters.

The TME clusters, driver mutations, WHO grades, tumor locations, and DIPG di-
agnoses had an impact on patients’ survival, as indicated by univariate Cox regression
(Table S3). These variables were included in the multivariate Cox regression analysis, except
for driver mutations, which have already been incorporated with WHO grades [31]. Demo-
graphic variables and “whether received radiotherapy/chemotherapy or not” were also
included as they were potential factors for patients’ survival [6,32]. As shown in Figure 3b,
the TME classification emerged as an independent factor associated with overall survival,
along with the WHO grade, DIPG, received radiotherapy, and common prognosticators for
BSGs [1,6,31,32]. Furthermore, a nomogram was constructed by integrating these variables,
and it showed relatively satisfactory accuracy in predicting the outcomes of malignant
BSGs (Figure 3c).
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Figure 3. The TME clusters predict outcomes in BSG patients. (a) The Kaplan–Meier analysis
showing the survival differences among the TME clusters; (b) the multivariate Cox regression
showing variables including DIPG diagnosis, the TME clusters, received radiotherapy, and WHO
grades as independent risk factors for prognosis; (c) a nomogram based on WHO grades, DIPG
diagnosis, received radiotherapy, and the TME clusters. F: fibrotic; IEF: immune-enriched, fibrotic;
D: depleted; IENF: immune-enriched, non-fibrotic; * p < 0.05.
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3.4. The TME Clusters Exhibit Distinct Molecular Pathway Activity and Radiation Sensitivity

We next explored molecular mechanisms underlying the distinct outcomes exhibited
by the four clusters. As suggested previously (Figure 1), the “fibrotic” cluster exhibited
the highest level of angiogenesis, tumor cell proliferation, and EMT activity, which corre-
late with its worst-outcome phenotype. Meanwhile, this cluster also exhibited relatively
high activity in the molecular pathways related to PI3K, hypoxia, TGF-β, and WNT (Fig-
ure 4a). Abnormal activations of these pathways are typical hallmarks of glioma [33–36],
contributing to glioma progression and malignant phenotypes, such as proliferation, stem
cell property, invasion, and angiogenesis [33,35–37]. In particular, the pathways of TGF-β
and WNT are highly correlated with the process of fibrosis [33,35,37], and both pathways’
activities are elevated in the two fibrotic clusters, “fibrotic” and “immune-enriched, fi-
brotic”, suggesting that these pathways would be intrinsic mechanisms for the fibrotic
phenotype in glioma, thus requiring further exploration.
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In contrast, we observed that the two immune-enriched clusters, “immune-enriched, fi-
brotic (IEF)” and “immune-enriched, non-fibrotic (IENF)”, showed relatively high activities
in the pathways related to the anti-tumor immune response (TNF-α), tumor inflammation
(NF-κB and JAK-STATs), and apoptosis (Trail), as compared with the other clusters, thus
providing molecular clues for their better outcomes (Figure 4a).

Since radiotherapy is a standard treatment for most BSGs [1], we next asked whether
these clusters exhibited a difference in sensitivity to radiation, thus leading to their distinct
outcomes. Therefore, we utilized two independent radiation-resistant signatures, both of
which have shown high accuracy in predicting radiotherapeutic outcomes in glioma [27,28].
As a result, we observed that the “fibrotic” cluster showed a relatively high resistance score
as compared with the two immune-enriched clusters (Figure 4b), reflecting that the “fibrotic”
cluster is more resistant to radiotherapy. With respect to mechanisms underlying radiation
resistance, the TP53 pathway is the core mechanism involved in radiation response, and its
activity was consistently decreased in the cluster (Figure 4a). Furthermore, other pathways
such as hypoxia, WNT, TGF-β, and PI3K are reportedly linked to glioma radio-resistance
by modulating the TP53 pathway [33,38–40], and their activities were also elevated in
the cluster (Figure 4a), indicating an intertwined effect of these pathways on the BSG
radiotherapy response.

3.5. A Four-Gene Panel Determines the TME Classification

For the better clinical application of the TME classification system, we tried to identify
a few key genes that can distinguish among the clusters and be examined using routine
clinical assays as well. Since the classification is formed by two orthogonal axes, the immune
(immune-enriched vs. immune-depleted) and fibrosis (fibrotic vs. non-fibrotic) [15], we
first identified the differential gene expression related to the immune and fibrosis axes,
respectively (Figure S6).

We next utilized the method of LASSO regression on filtered genes for dimensionality
reduction and determining the key genes associated with each axis (Figure S6). As a result,
we revealed that CD3E was a key gene overexpressed in the “immune-enriched” clusters,
whereas COL3A1, CA9, and MMP1 were relatively highly expressed in the “fibrotic”
clusters. Based on the coefficients computed from the LASSO regression, two signatures
were constructed: fibrotic score = COL3A1 × 0.0010181389 + MMP1 × 0.0257429451 + CA9
× 0.0005309276; immune-enriched score = CD3E × 0.01988081.

The expression of the four-gene panel can classify the BSG into four TME clusters
(Figure 5a,b). The panel exhibited rather high accuracy for classification with the value of
AUC (area under the receiver operating characteristic curve) as 0.9813 and 0.9009 for the
immune and fibrotic axes, respectively. This performance was also validated in another
five external BSG datasets (Figures 5c and S5), further indicating the high accuracy of the
panel for TME classification.

Finally, we exploited the IHC method to assay the expression of the four key genes in
tumor tissues for validating and examining the possibility of using routine clinical assays
for the determination of TME classification. As a result, the expression of the four genes
was significantly elevated in the according clusters (Figure 5d,e), suggesting the reliability
of these key genes and their potential as IHC markers for TME classification.

3.6. Radiomics Features Related to TME Clusters

After the selection via the methods of the Mann–Whitney U test and random forest
selection, a list of 10 radiomic features emerged as the most important indicators for iden-
tifying the immune-enriched or fibrotic clusters (Figure 6a,b). Interestingly, most of the
fibrosis-related features correlated with increased texture complexity, and the majority of
immune-related features reflected high variation in the gray level, implying underlying
links between the TME clusters and MRI features. SVM models integrating these features
were successfully built for identifying the “immune-enriched” and “fibrotic” clusters, re-
spectively. The two models demonstrated a rather high accuracy in identification according
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to clusters in the training, test, and external datasets (Figure 6c). Therefore, the TME clusters
can be identified with non-invasive MRI analysis, which would facilitate the wide clinical
application of TME classification.
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Figure 5. A four-gene panel determines the TME classification. (a) A heatmap showing distinct
expression of the four genes among the TME clusters; (b) the immune-enriched or fibrotic scores based
on the four-genes’ expressions showing good discrimination ability for the TME clusters; (c) ROC
curves showing high accuracy of the immune-enriched or fibrotic scores for identifying the according
clusters in six independent cohorts; (d) differences of four genes’ expressions between the TME
clusters observed using multidimensional fluorescence staining; (e) representative multidimensional
fluorescence staining images of four genes’ expressions: CD3E in red, Collagen III in green, MMP1
in tangerine, and CA9 in gold. * p < 0.05; ** p < 0.01; F: fibrotic; IEF: immune-enriched, fibrotic;
D: depleted; IENF: immune-enriched, non-fibrotic.
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Figure 6. Radiomics features related to the TME clusters. (a) The top 10 most important radiomics
features selected with random forest algorithm for identifying the “fibrotic” clusters; (b) the top
10 most important radiomics features selected with random forest algorithm for identifying the
“immune-enriched” clusters; (c) discrimination ability of generated radiomics models for identifying
the “fibrotic” or “immune-enriched” clusters. * p < 0.05; ** p < 0.01; *** p < 0.001.

4. Discussion

Mounting evidence has supported the fundamental role of TME in tumor genesis
and progression [15,16], thus significantly impacting the tumor recurrence, prognosis, and
therapeutic response [17]. Additionally, TME classification models have been reported for
a variety of tumor types, which have been reported as valuable for predicting prognosis
and selecting treatment [15,19,20]. Therefore, a comprehensive understanding of TME
is essential for the precise diagnosis and thus better management of BSGs. BSGs are
reported to be a group of tumors with significant heterogeneity [1,2,21], and we have found
differences in tumor immune microenvironments between cases in previous studies [2].
However, there is still a lack of systematic research on the heterogeneity of BSGs in terms
of TME, and TME classification for BSGs has not been systematically reported before
this study.
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Herein, we utilized a list of pan-cancer-conserved and TME-related GESs [15] to
classify BSGs according to the TME status. Additionally, consistent with the findings on
the other malignancies [15], BSGs are also grouped into four clusters, reflecting that the
TME classification is conserved in BSGs. Interestingly, we observed the high inter-tumor
heterogeneity of TME in BSGs, even in DIPGs, which are often unanimously recognized as
immune-cold tumors [13]. These results suggest that the TME classification would be an
important indicator for BSG subtyping. Also, we observed that the TME classification was
associated with the tumor phenotype, had an independent influence on prognosis, and
was correlated with the activities in malignancy-related pathways and radiation sensitivity.
Further, a four-gene panel and a radiomics approach were developed to identify the TME
clusters. This may be the first study to report a TME classification specifically for BSGs,
which may be useful in deepening the understanding of BSGs and improving their precise
diagnosis and treatments.

DIPGs comprise a group of BSGs that diffusedly infiltrate pons and commonly harbor
a K27M mutation in gene H3F3A [3,4]. It represents one of the deadliest pediatric brain
malignancies, with a short medial survival of less than 12 months after diagnosis [3]. It
is also universally concerned as an immune-cold tumor [4,13] that is innately resistant
to immunotherapy such as an immune checkpoint blockade [2–4,41]. In this study, we
also observed a higher proportion of the “fibrotic” cluster in DIPGs than the other BSGs
(Figure 2b), and on the other hand, the immune-depleted clusters (the “fibrotic” cluster
and the “depleted” cluster) constituted the majority of DIPGs (Figure S4A). However, we
uncovered nearly 40% of DIPGs grouped into the immune-enriched clusters, suggesting a
TME heterogeneity in DIPGs that would be transferred into their distinct clinical outcomes
(Figure 3), differential response to radiation sensitivity (Figure 4), and immunotherapies as
well. Therefore, the TME classification would impact outcomes in DIPG patients receiving
experimental therapeutics and should thus be considered in the design for the according
clinical trials. Additionally, the intrinsic mechanisms driving heterogeneity also pose an
intriguing question that warrants further exploration.

Several studies have shown TME features as another dimension of prediction systems
for prognosis, improving the predictive accuracy of current TNM staging systems [15,42,43].
We also revealed the TME classification as an independent predictor for BSG patients’
outcomes (Figure 3a,b). Accompanying the WHO grading system, DIPG, and radiotherapy,
the TME classification provided additional valuable information, allowing for a more
precise prediction for prognosis (Figure 3c) and highlighting its clinical significance as a
new prognosis prediction system for BSG patients. Meanwhile, since the TME clusters have
shown their independent prognostic value, it is suggested that novel treatments that can
modify the TME status may have the potential to benefit BSG patients [16,44].

The determination of the GESs requires measuring hundreds of genes, which may
restrict the clinical use of the TME classification. As a result, two simplified methods were
developed to identify the TME subtypes. We developed a four-gene panel that demon-
strated high accuracy in identifying TME clusters in both our cohort and external datasets.
The four genes included in the panel were mechanistically reasonable, as CD3E is present
in the majority of T cells, while COL3A1 and MMP1 are representative components and
enzymes in the fibrotic extracellular matrix environment [15,45,46]. Moreover, since these
genes have been validated through IHC to show significant differences between subtypes,
it is suggested that the panel is not only reliable but also has the potential to be clinically
determined using a common IHC method. Furthermore, an identification approach was de-
veloped using radiomics features and the SVM algorithm, which demonstrated satisfactory
efficacy in identifying the TME clusters. This finding is consistent with similar research
conducted on other types of tumors that show that the TME status can be predicted using
radiomics approaches [47]. And future studies will include additional imaging features
and more advanced algorithms in order to develop TME prediction models that are more
effective and easier to interpret. These models will also be validated in larger sample sizes
and across multiple centers.
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However, there are some limitations in this study. Firstly, this is a post hoc study
utilizing old data, most of which have been published [2], and would contain confounding
factors restricting the extension of our result. For instance, the majority of DIPG tumor
samples were collected from patients who received debulking surgery at our center [2,23].
Additionally, the DIPGs eligible for debulking surgery contained a higher proportion of
MRI-contrast-enhanced appearances than the biopsy-eligible DIPGs that usually appear as
homogenously non-contrast images. Therefore, the observation of high TME heterogeneity
could be partly attributed to the DIPG type with contrasted MRI appearances. Secondly,
due to the rarity of BSG and the difficulty in obtaining tumor tissues using neurosurgical
approaches, the sample size in this study is relatively small, which might also introduce
biases in the conclusion. A larger multi-center cohort established through international
collaboration is thus warranted [6] to better understand the significance of this TME
classification. Thirdly, due to the limited number and small scale of BSG trials, a study on
the value of TME classification in therapeutic responses is lacking.

5. Conclusions

BSGs exhibited a high inter-tumor TME heterogeneity, such that they were classified
into four TME clusters with distinct clinical outcomes and tumor biological properties.
The TME classification can be well identified using a four-gene panel and a non-invasive
radiomics method, thus facilitating its clinical application.
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Simple Summary: In this manuscript, we review the most relevant biological findings on glioblas-
toma peritumoral tissue. This area, which is beyond frank tumoral tissue, presents a unique mi-
croenvironment with a peculiar cellular landscape and genomic and transcriptomic alterations that
ultimately lead to glioblastoma progression or recurrence after treatment. Indeed, while some infiltrat-
ing tumor cells are found in about one third of cases, these alterations are seen even in non-infiltrated
cases. This is of utmost translational interest, as the peritumoral brain zone (PBZ) is the real target of
post-operative adjuvant treatment.

Abstract: Glioblastoma is a deadly disease, with a mean overall survival of less than 2 years from
diagnosis. Recurrence after gross total surgical resection and adjuvant chemo-radiotherapy almost
invariably occurs within the so-called peritumoral brain zone (PBZ). The aim of this narrative review
is to summarize the most relevant findings about the biological characteristics of the PBZ currently
available in the medical literature. The PBZ presents several peculiar biological characteristics. The
cellular landscape of this area is different from that of healthy brain tissue and is characterized by
a mixture of cell types, including tumor cells (seen in about 30% of cases), angiogenesis-related
endothelial cells, reactive astrocytes, glioma-associated microglia/macrophages (GAMs) with anti-
inflammatory polarization, tumor-infiltrating lymphocytes (TILs) with an “exhausted” phenotype,
and glioma-associated stromal cells (GASCs). From a genomic and transcriptomic point of view,
compared with the tumor core and healthy brain tissue, the PBZ presents a “half-way” pattern with
upregulation of genes related to angiogenesis, the extracellular matrix, and cellular senescence and
with stemness features and downregulation in tumor suppressor genes. This review illustrates that
the PBZ is a transition zone with a pre-malignant microenvironment that constitutes the base for GBM
progression/recurrence. Understanding of the PBZ could be relevant to developing more effective
treatments to prevent GBM development and recurrence.

Keywords: glioblastoma; glioma-associated microglia; glioma-associated stromal cells; immune
infiltrate; microenvironment; peritumoral brain area; peritumor; tumor-infiltrating lymphocytes

1. Introduction

Glioblastoma (GBM) is the most common and most deadly primary brain tumor in
humans, being classified as the fourth and most malignant grade of central nervous system
(CNS) tumors by the World Health Organization (WHO) classification system [1]. Before
2016, gliomas were divided into different types and grades (from 1, the most indolent, to
4, the most aggressive) according to their histological characteristics. Classical histologi-
cal characteristics of GBM include a diffusely infiltrative growth pattern, nuclear atypia,
mitotic activity, increased cellular density, pseudopalisades, microvascular proliferation,
and necrosis. The latter two were often considered as pathognomonic of GBM. However,
in the last decade, molecular biology has figured strongly in the WHO CNS classification.
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Indeed, the new 2021 edition divided adult-type, diffuse gliomas into only three types:
astrocytoma, IDH-mutant; oligodendroglioma, IDH-mutant and 1p/19q-codeleted; and
glioblastoma, IDH-wildtype [2]. Therefore, all IDH-mutant diffuse astrocytic tumors are
considered a single type (astrocytoma, IDH-mutant) and are then graded as CNS WHO
grade 2, 3, or 4. Moreover, grading is no longer entirely histological, since the presence of
CDKN2A/B homozygous deletion results in a CNS WHO grade of 4, even in the absence of
microvascular proliferation or necrosis. Lastly, according to the 2021 classification, a diagno-
sis of glioblastoma should now be diagnosed in the setting of an IDH-wildtype diffuse and
astrocytic glioma in adults if there is TERT promoter mutation or EGFR gene amplification
or there are +7/−10 chromosome copy-number changes, regardless of histological features
of a lower grading [2].

Gross total surgical resection (GTR) or maximal safe resection followed by radio-
chemotherapy is considered the treatment of choice for newly diagnosed glioblastoma [3–5].
The extent of resection has been extensively associated with prolonged survival in these
tumors [6,7].

However, the above strategies have prolonged the overall survival of our patients by
only a few months, averaging 20 months from diagnosis in recent series. It is a common
clinical experience to observe tumor recurrence in the area surrounding the surgical margins,
generally between 1 and 2 cm from the resection cavity, even in cases of GTR confirmed by
post-operative MR scans performed with the most-advanced machines and techniques and
followed by full adjuvant therapy [8].

This has long been known in the neurosurgical community, with discouraging early
experiences of recurrences even after hemispherectomies in a small series of patients in the
1920s [9]. Histopathological and biomolecular evidence of tumor cells located at relevant
distances from the tumor core, both in the same hemisphere and in the contralateral one,
led to the diffuse opinion that glioblastoma should be considered a systematic brain disease
and not a delineated tumor [10,11].

Our interest in the “periphery” of GBM, namely, the brain tissue around MR con-
trast enhancement and seen as apparently normal at surgical resection, started with the
initial observation of longer survival in GBM patients with no tumor cell infiltration
of apparently normal white matter compared to patients with white matter infiltration
(21 vs. 12 months) [12].

As our research went on, we realized that the alterations in the “periphery” were
not limited only to the presence of frank tumor cells but also included a different cellular
and molecular microenvironment compared to healthy brain tissue. This was true also in
cases where no tumor cell infiltration was detected. Whether this is related to intracerebral
tumor cell migration [13], to tumor-initiating stem cells [14], or to “normal” brain cells
undergoing a tumorigenic cascade cross-talking with and recruited by tumor cells [15] is a
matter of debate.

Regardless of its origins, it is now accepted that the so-called peritumoral brain zone
(PBZ) contributes to GBM heterogeneity and recurrence. Since the PBZ is what actually
remains after surgical resection, being the real target of adjuvant therapies, it is evident that
a deeper knowledge of its radiological, cellular, and molecular characteristics could be of
paramount importance in GBM treatment.

Several strands of evidence have recently shown that the tumor microenvironment
plays a crucial role in GBM progression and treatment resistance by promoting tumor
growth and invasion while suppressing the immune response [16,17]. The immune mi-
croenvironment of GBM also contributes to treatment resistance by inhibiting the anti-tumor
immune response [17]. Therefore, active research on therapies targeting the tumor microen-
vironment to enhance the immune response, disrupt tumor–stroma interactions, and make
tumor cells more susceptible to treatment is ongoing [18–20].

The scope of this narrative review is to summarize the main findings on different
aspects of the PBZ microenvironment in glioblastoma.
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It is important to underline that, as mentioned above, grade 4 astrocytoma was
introduced only in 2021 by the WHO CNS tumor classification [2]. This entity was defined
as IDH-mutated glioblastoma in the 2016 WHO classification [21], and before 2016 it was
known as “secondary” glioblastoma, that is, the result of an anaplastic transformation
and malignant progression of a lower-grade glioma [22,23]. Therefore, the bulk of the
literature currently available on the PBZ does not differentiate between glioblastoma and
grade 4 astrocytoma.

However, it is a common experience that IDH-wildtype glioblastoma is by far the most
common grade 4 glioma (90–95% of grade 4 gliomas); therefore, most of the data included
in this review refer to the most common clinical entity.

Ethical Statement: The data included in Figures 1 and 2 were part of a prospec-
tive GBM biobanking study authorized by the Chieti-Pescara Local Ethics Committee
(EC number: 08/21.05.2020). The patients gave written consent to the use of their radiologi-
cal and surgical data in anonymous form.
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Figure 1. Exemplificative case of peritumoral brain zone (PBZ) sampling in left temporal pole
glioblastoma. (A) Pre-operative contrast-enhanced T1w MR images. Note the tumor core composed
of an inner necrotic area and an enhancing border. Peritumoral brain zone is beyond the enhancing
border. (B) Pre-operative MR scans were imported into a neuronavigation workstation and several
regions of interest (ROIs) were detected: enhancing tumor (pink ROI), two ROIs from PBZs at 1 cm
from enhancing tumor (red and green ROIs), and one ROI from PBZ at 2 cm from enhancing tumor
(blue ROI). (C) Three-dimensional surface rendering of the case with superimposed dotted lines
showing the supratotal en-bloc resection (yellow dotted line) that includes enhancing tumor (pink
dotted line) and the preselected ROIs of PBZ at 1 cm and 2 cm from enhancing tumor (red and blue
dotted lines, respectively). Please note that FLAIR alteration goes far beyond enhancing tumors and
that sampled PBZ ROIs are located within FLAIR alterations. A complete “FLAIRectomy” could
not be performed in this case due to the risk of postoperative language deficits related to posterior
superior temporal gyrus (“Wernicke area”) involvement in FLAIR alteration. (D) Surgical sample
with ROI overlay.
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Figure 2. Right temporal glioblastoma. (A) T1w gadolinium enhanced MRI, sagittal view. (B) Axial
plane. Note the necrotic core, the enhancing ring, and the peritumoral signal alteration (hypointense in
T1-weighted scans). (C) Overlay of surgical sample on pre-operative scan. Please note the correspondence

145



Cancers 2023, 15, 5460

of the tumor core, seen as altered brain parenchyma, even at gross visual inspection, with the
enhancing area. (D) Surgical sample with an overlayed contouring of tumor core (red dotted line).
(E) Graphical rendering of the cellular microenvironment seen when analyzing slices from a supratotal
GBM resection. Cellular types are detailed on the right side. The distribution of cellular types between
tumor core and peritumoral brain zone (PBZ) resembles evidence in the literature as per the main
text of this manuscript.

2. Definition of the Peritumoral Brain Zone (PBZ)

When dealing with the PBZ (sometimes defined as the peripheral brain zone or as brain
adjacent to tumor (BAT)), the first, difficult issue is its definition. The most-used definition
of the PBZ is the area around the contrast-enhancing tumor seen in T1-weighted MR scans.
This is quite a vague definition, since contrast enhancement is related to blood–brain barrier
disruption and is not a fully reliable picture of tumor extension. Moreover, it is common to
see a halo of hyperintensity in T2-weighted and FLAIR sequences around the enhancing
tumor [24]. This signal abnormality is related to a mixture of increased cellularity/cellular
infiltration and vasogenic edema, with tumor cell infiltration and even frank tumor tissue
documented in up to 76% and 9% of samples, respectively, in a recent study [25]. On this
basis, the surgical concept of “FLAIRectomy” has recently emerged [26,27]. More advanced
radiological techniques based on diffusion-weighted sequences (ADC, FA, and DTI) appear
to be more sensitive to changes in the peritumoral area and could be correlated with the
degree of glioma infiltration [28,29]. The novel field of radiomics, which aims to extract
large numbers of quantitative features from medical images using data-characterization
algorithms, could help in the pre-operative analysis of the PBZ, and specific PBZ features
could be predictive of survival [24–26,30–32].

In our neurosurgical practice, we defined, and whenever possible systematically
sampled, preferentially via en-bloc supratotal resection, the PBZ as apparently normal
brain tissue 1–2 cm around glioblastoma margins, defined through surgical magnification
and with neuronavigation [14]. Believing in a small, but still significant, survival advantage
of supratotal resection also in GBM [33], when regarded as functionally safe (e.g., in right
fronto-polar GBMs), we extended our resection up to 3.5 cm from the enhancing tumor
margin: tissue analysis from areas more distant from the tumor showed the same alterations
found in areas located within 1 cm from the margin of the tumor [34]. Figure 1 shows an
exemplificative case with our usual workflow in PBZ sampling.

3. Cellular Characteristics of the PBZ
3.1. Tumor Cells

An important concept is that the PBZ is not always infiltrated by frank tumor cells at
pathological examination. However, even in these cases, cellular and molecular differences
from healthy brain tissue can be detected.

GBM cell infiltration of the PBZ is generally seen in 35–45% of cases [15,24], with
some authors reporting an even larger percentage of infiltration in their experience [25]. If
present, the number of tumor cells detected in the PBZ is generally between 10 and 30% of
the total number of cells in the specimen [35].

At surgical resection, tumor cells from the PBZ do not usually fluoresce when
5-aminolevulinic acid (5-ALA) is used [36]. These cells differ phenotypically from those ob-
tained from the core of the tumor [37–39]. In particular, neoplastic cells from the PBZ show
a lower stem-cell molecular signature than cells from the core of the tumor, differing in
expression of CD133, Sox2, nestin, and musashi 1 [37–39]. Therefore, in vitro stemness char-
acteristics, such as self-renewal, are reduced in peripheral tumor cells. However, conflicting
results have been published about the in vivo tumorigenic potential of tumor cells from
the PBZ. If cancer stem cells (CSCs) derived from the periphery of the tumor have shown
little if no tumorigenic potential in animal models [40], a population of non-self-renewing
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tumorigenic cells has been demonstrated from the same area [39]. Tumor cells from the
core and the periphery of a GBM also differ in their response to drugs and irradiation
in vitro [38,41].

Nestin expression sharply decreases in peritumoral tissue compared to proper tumor
areas. Despite being classically considered as a marker of neural stem cells, a mild nestin
increase in apparently normal cells of the PBZ was shown [34]. This could be related to
reactive changes in normal astrocytic cells, thus indicating an induced “pre-malignant” state.
Expression of nestin and CD105 in endothelial cells of neo-formed microvessels of the PBZ
morphologically quite similar to those present in the tumor [42] was also demonstrated.

Bastola and coworkers described uniquely elevated markers attributable to GBM
core cells (CD44, MYC, HIF-1α, VIM, ANXA1, CDK6, and JAG1) and GBM edge cells
(OLIG1, TC2, SRRM2, ERBB3, PHGDH, and RAP1GAP), showing that intercellular cross-
talk from core GBM cells promotes aggressiveness of the edge counterparts, with HDAC1
as the initiator of the cross-talk and sCD109 acting as the mediator via HDAC1-C/EBPβ
regulation [41].

Other genetic differences between tumor cells in the PBZ and tumor cells from the
core of a GBM involve genes related to invasion (Galectin-1, Rac1, Rac3, RhoA GTPases,
p27, and avb3 integrin), cell adhesion (CDH20 and PCDH19), migration (SNAI2, NANOG,
USP6, and DISC1), and immune or inflammatory responses (TLR4) [43].

Among others, serine protease inhibitor clade A, member 3 (SERPINA3) protein is
more expressed in the PBZ, and its expression correlates with poor prognosis. The in vitro
knockdown of SERPINA decreases tumor cell proliferation, invasion, migration, transition
to mesenchymal phenotype, stemness, and radioresistance [44].

3.2. Non-Neoplastic Cells

The majority of cells detected in the PBZ are peculiar non-neoplastic cells that can
be found also when there is no evidence of tumor cell invasion [45]. Among these PBZ
non-neoplastic cells, we will discuss the characteristics of angiogenesis-related endothelial
cells and of the already mentioned reactive astrocytes, microglia, and other inflammatory
and stromal cells. These cells are also detected in the core of the tumor and their vital role
in controlling the course of pathology has been revealed in the last decade [46].

3.2.1. Endothelial Cells

Angiogenesis is a key feature of glioblastoma and several trials with anti-angiogenic
drugs have been conducted in the last years, with limited impact in clinical practice [47].
However, this exuberant new vascularization is very inefficient, leading to highly hypoxic
areas within the tumor and associated necrosis, with hypoxia-inducible factor-1 (HIF-1),
the main transcription factor activated by hypoxia, upregulating several genes involved in
angiogenesis, metabolic reprogramming, cell invasion, immunosuppression, and cancer
stem-cell phenotypes [48]. Hypoxia has, therefore, a major role in GBM maintenance and
progression [49].

Neo-angiogenic potential is shared by GBM cancer stem cells derived from both the
core and the PBZ [50]. Moreover, neo-angiogenesis occurs in the peritumoral tissue even
in the absence of cells with neoplastic morphology. This is suggested by the expression of
HIF-1α, HIF2α, vascular endothelial growth factor (VEGF), and VEGF receptors (VEGFR1
and VEGFR2) in both GBM and peritumoral tissue, indicating that both areas contain,
to some extent, cells that are either responsive to angiogenic stimuli or able to trigger
angiogenic response. However, the vascular characteristics of the PBZ differ from those of
the tumor core. Although nestin, CD105, and CD34 are clearly expressed in endothelial cells
in the PBZ, HIF-1α and VEGFR-1/2 expression is either low or negative [51]. Also, VEGF-A
expression in the PBZ is low compared with that in the core. VEGF-A expression is related
to HIF-1α, and this axis plays a pivotal role in the development of the immunosuppressive
microenvironment by inhibition of the maturation of dendritic cells, stimulation of the
proliferation of regulatory T cells, and suppression of anti-tumor immunity [52,53].
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3.2.2. Reactive Astrocytes

Reactive astrocytes are astrocytes that undergo morphological, molecular, and func-
tional changes in response to pathological situations in surrounding tissue [54]. Useful
markers for reactive astrocyte detection are GFAP, CD274, proliferation markers (such as
Ki67, PCNA, and BrdU incorporation), aldehyde dehydrogenase-1 L1 (ALDH1L1), glu-
tamine synthetase (GS), and aldolase-C (ALDOC) [54,55]. In gliomas, astrocytes display a
reactive phenotype due to activated microglia induction and glioma cell contact, working
synergistically to promote GBM proliferation and invasiveness [56,57]. Reactive astrocytes
are also believed to offer chemoprotection to glioma cells via gap-junction communication,
and especially connexin 43 [58,59], and immunoprotection via paracrine secretion of several
factors, including tenascin-C [60] and IL-10 [61]. A higher expression of factors related
to reactive astrocytes is found in the PBZs of patients with shorter survival after surgical
resection compared to longer-term-survival patients [62].

3.2.3. Glioma-Associated Microglia/Macrophages (GAMs)

Microglia, which are the brain-resident immune cells, and peripheral blood macrophages
are the most common non-neoplastic cells detected in the GBM microenvironment [63]. As
per reactive astrocytes, the pro-tumor role of microglia and macrophages in GBM growth
and progression has been recently postulated [64]. In fact, these cells could contribute to
immune evasion, growth, and invasion of GBM [65,66].

Three possible phenotypes have been described for microglia/macrophages [67–69]:
the M0 phenotype, or resting microglia, contributing to the maintenance of a healthy
environment for neuronal function; the activated M1 phenotype, or pro-inflammatory
microglia, characterized by the ability to release pro-inflammatory cytokines/mediators,
such as IL-1β, IL-6, TNF-α, CCL2, reactive oxygen species (ROS), and nitric oxide (NO);
and the activated M2 phenotype, or anti-inflammatory microglia, associated with the ability
to produce anti-inflammatory and immune-suppressive factors, including ARG-1, Ym1,
and CD36, as well as upregulate the cell surface markers CD163, CD204, and CD206 and
anti-inflammatory cytokines, such as IL-10. M2 GAMs also secrete transforming growth
factor beta (TGF-β), VEGF, and matrix metalloproteinase 9 (MMP9).

However, a rigid, dichotomic characterization (M1 vs. M2 phenotypes) is considered
an oversimplification, and a new view based on the coexistence of multiple states is
currently encouraged by experts in the field [70]. Glioma and microglia interaction result
in a dynamic stimulus-dependent microglia phenotype expression [71–73]. In a condition
mimicking the late stage of GBM in vitro, microglia present as a mixture of polarization
phenotypes (M1 and M2a/b), while microglia exposed to factors resembling the early stage
of pathology show a more specific pattern of activation, with increased M2b polarization
status and upregulation of IL-10 only [71].

Ex vivo, glioma-associated microglia/macrophages (GAMs) show a heterogeneous
M1/M2 polarization within the tumor and the PBZ. CD163+, M2-polarized GAMs, are
highly expressed in the tumor core, with a core-to-PBZ decreasing gradient [74,75]. A
correlation between high CD163 expression and reduced overall survival has been shown in
GBM and grade 3 gliomas but not in grade 2 gliomas [74,76]. Nonetheless, iNOS + GAMs,
that is, M1-polarized GAMs, also show a higher concentration in the tumor core compared
with the PBZ [74], confirming that these cells are recruited by the tumor and that the notion
of a stimulus-dependent microglia phenotype should replace the oversimplified M1/M2
polarization paradigm [72,73].

Regarding the role of GAMs in GBM progression, intense GAM–glioma cross-talk has
been shown [77,78]. Most GAMs arise from circulating monocytes, whose recruitment and
differentiation into GAMs is supported by CCL2 and CSF-1. Indeed, glioma cells release
several other chemoattractive factors (e.g., MCP-1 and 3, HGF/SF, CX3CL1, GDNF, ATP,
SDF-1, GM-CSF, etc.) to recruit GAMs to the tumor tissue. Moreover, tumor cells secrete
inflammatory factors, chemokines, and signal molecules to promote the M2 polarization of
GAMs, such as IL-4, CCL2, and TGF-β [79]. In turn, GAMs release several other factors
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to promote glioma cell invasion, such as TGF-β, STI1, EGF, IL-6, and IL-1β. In particular,
TGF-β triggers the release of pro-MMP2 and versican from glioma cells and a cascade
that ultimately leads GAM cells to produce active MMP2 and MMP9, which enhance
degradation of the extracellular matrix and glioma invasion [77].

3.2.4. Tumor-Infiltrating Lymphocytes (TILs)

Other inflammatory cells found in the GBM microenvironment are T-cells and NK
cells [80]. However, GBM is often described as a “cold tumor”, due to the prevalence among
tumor-infiltrating lymphocytes (TILs) of regulatory T-cells, a specialized subpopulation of
T cells that act to suppress the immune response, thereby maintaining homeostasis and
self-tolerance, and a relative lack of cytotoxic T-cells (CD8+). Moreover, it has been shown
that TILs in GBM are more immunosuppressed than their peripheral counterparts, and
dysfunction of these TILs, which often show an “exhausted” phenotype, is a hallmark of
GBM [81].

T-cells, identified through CD3 positivity, are more prevalent in the tumor core than
in the PBZ, with a similar gradient to CD163+, M2-like GAMs [75]. These M2-like im-
munosuppressive GAMs, as well as reactive astrocytes, release several immunosuppressive
factors, such as IL-10 and TGF-β, both of which inhibit cytotoxic T-cell functions [82,83];
arginase, which inhibits T-cells through arginine depletion from the tumor microenviron-
ment [84]; and indolamine 2,3-dioxygenase (IDO), which acts to recruit regulatory T-cells
and inhibit cytotoxic T-cells through tryptophan depletion [85,86]. Our research group
recently showed that IDO is expressed almost exclusively in the tumor core, with substan-
tially no staining in the PBZ, and that IDO positively localizes with CD163+ cell clusters,
confirming GAMs as the source of IDO secretion [75]. Also, a high HIF-1α concentration in
the tumor core attracts regulatory T-cells and promotes the migration and differentiation of
immunosuppressive GAMs, resulting in further suppression of cytotoxic T-cells.

In summary, when compared with the tumor core, the PBZ shows a higher density of
CD8+ cytotoxic T-cells, a lower density of Foxp3+ regulatory T-cells, and a similar number
of CD4+ T-cells, which include both regulatory and helper T-cells [87]. Interestingly,
cytotoxic T-cells show a significantly lower expression of programmed cell death-1 (PD-1)
in the PBZ compared with the tumor core [87]. Indeed, expression of PD-1, a T-cell surface
protein serving as an immune checkpoint which downregulates the immune system to
prevent auto-immunity [88,89], is upregulated by VEGF-A [90]. Of note, hypoxia in the
tumor core induces VEGF expression via the HIF-1α pathway, which also induces the
expression of the PD-1 ligand (PD-L1) [91].

3.2.5. Glioma-Associated Stromal Cells (GASCs)

It has been shown that in systemic carcinomas a significant component of the tu-
mor stroma is constituted by cancer-associated fibroblasts (CAFs), also known as my-
ofibroblasts [92]. Recently, GBM-associated stromal cells (GASCs) from histologically
tumor-free PBZs with phenotypic and functional properties similar to CAFs have been
isolated [93]. The nomenclature of these cells is still debated, as several names, including
glioma-associated human MSCs (GA-hMSCs), glioma-associated or glioblastoma-derived
MSCs (gbMSCs), glioma stroma MSCs (GS-MSCs), brain tumor-derived MSCs (BT-MSCs),
mesenchymal stem-like cells (MSLCs), tumor MSCLs (tMSLCs), glioma stromal MSLCs
(GS-MSLCs), CAF-like cells, and glioblastoma-associated stromal or glioma-associated stem
cells (GASCs), have been used in the literature [94], inducing confusion and possible errors.
Probably, the most problematic name used by some authors is glioma-associated stem
cells, which could erroneously be interpreted as a synonym of glioma stem cells (GSCs).
However, GASCs and GSCs are genetically different, as GASCs are typically diploid and
do not harbor the genetic alterations commonly seen in GSCs, such as loss of chromosome
10 or gain of chromosome 7 [95,96].

Interest in GASCs is related to the evidence that their probable progenitor cells, namely,
mesenchymal stem cells (MSC), also known as bone marrow-derived mesenchymal stem
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cells (bm-MSC), show anti-tumor behavior [97] and are regarded as carriers for cancer
therapy [98]. Nonetheless, there is still an ongoing debate on the progenitor cells of GASCs,
which goes beyond the scope of this manuscript, and even their role in GBM behavior is
debated [95,99–101].

However, several experimental data seem to confirm that tumor-resident GASCs
have a pro-tumorigenic role. Indeed, GASCs have a complex cross-talk with GBM tumor
cells [102]. Tumor cells recruit GASCs and enhance their angiogenic potential via platelet-
derived growth factor-BB (PDGF-BB), Matrix Metalloproteinase 1 (MMP1), IL-8, VEGF-A,
and TGF-β1 secretion [103–106]. In turn, GASCs can facilitate tumor cell migration by
remodeling the extracellular matrix [107], drive phenotypic changes in GBM cells, and
stimulate GBM cells, leading to greater tumor infiltration [99,108]. The interaction of GASCs
with GSCs could even produce fusion cells that were more angiogenic than the parental
cells in animal models [109].

Two subtypes of GASCs differentiated by DNA methylation upon transcriptome
analysis can be isolated: GASCs-A and GASCs-B [37]. The latter show pro-carcinogenic
properties both in vitro and in vivo, promoting the development of tumor cells and en-
dothelia. It has been shown that GASCs can stimulate glioma malignancy also through
the M2 GAMs and are associated with the level of immune checkpoints in the glioma
microenvironment [110].

3.3. Summary of Cellular Characteristics of the PBZ

Several cellular types play a role in GBM development and behavior. The PBZ shares
most of these players with the tumor core. However, most of the involved cell types show
different characteristics depending on their spatial distribution. Overall, an increasing
malignant-behavior gradient is present from the PBZ to the tumor core, where GBM ex-
presses the apex of its immunosuppressive properties. Hypoxia has a key role, orchestrating
the molecular landscape of the tumor core. In turn, the tumor core influences angiogenesis
in the PBZ, which still has some preserved immune properties that are progressively lost
when approaching the tumor core.

Figure 2 shows a second exemplificative clinical case of a GBM undergoing supra-
total resection and sampling of the PBZ, with a graphical rendering of the main cellular
populations in the tumor core and the PBZ.

Table 1 and Figure 3 summarize the main cellular properties of the peritumoral brain
zone in glioblastoma and the cross-talk between different cellular populations to promote
tumor growth, invasion, and immune-, chemo-, and radioresistance.

Table 1. Summary of main cellular characteristics of PBZ.

Peritumoral Brain Zone
Cellular Characteristics

Cell Type Details Main References

Tumor-infiltrating cells

• Seen in 35–45% of cases, representing 10–30% of cells in
the specimen

• No/low fluorescence at 5-ALA
• Low stem-cell molecular signature
• Show a different expression of tumor markers compared with

tumor core neoplastic cells
• Different in vitro response to drugs and radiation compared

with tumor core neoplastic cells

• Mangiola 2013 [15]; Lemée 2015 [24]
• Idoate 2011 [36]
• Clavreul 2015 [37]; Piccirillo 2012 [39];

Bastola 2020 [41]
• Glas 2010 [38]; Nimbalkar 2021 [44]

Endothelial cells

• Angiogenesis occurs in both tumor core and PBZ, also with
no infiltrating tumor cells

• HIFs are pivotal in GBM microenvironment
• As in tumor core, in PBZ, endothelial cells express nestin,

CD105, and CD34
• Compared to tumor core, in PBZ, endothelial cells express

low or null HIF-1α, VEGF-A, and VEGFR-1/2

• D’Alessio 2016 [50]
• Domènech 2021 [48]; Shi 2023 [49]
• Tamura 2018 [51]
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Table 1. Cont.

Peritumoral Brain Zone
Cellular Characteristics

Cell Type Details Main References

Reactive astrocytes

• Promote GBM proliferation and invasiveness
• Chemoprotection through gap junctions and connexin 43
• Immunoprotection through tenascin-C and IL-10
• Reduced survival in patients with higher density in PBZ

• Placone 2016 [56]; Liddelow 2017 [57]
• Lin 2016 [58]; Munoz 2014 [59]
• Huang 2010 [60]; Fujita 2008 [61]
• Fazi 2015 [62]

Glioma-associated
microglia and macrophages

• Recruited and polarized by tumor cells
• Contribute to immune evasion, growth, and invasion of GBM
• M2-polarized GAMs (anti-inflammatory phenotype) are

prevalent, with a decreasing gradient from core to PBZ. They
have a prominent pro-tumorigenic role

• Also, M1-polarized GAMs (pro-inflammatory phenotype) are
recruited by GBM, with a decreasing core-to-PBZ gradient,
similar to M2 GAMs

• Annovazzi 2018 [76]
• Hambardzumyan 2016 [77]
• Hussain 2006 [65]; Watters 2005 [66]
• Ge 2020 [79]; Lisi 2017 [74]
• Rahimi Koshkaki 2020 [75]

Tumor-infiltrating
lymphocytes

• PBZ shows higher number of PD-1-negative CD8+ cytotoxic
T-cells

• Cytotoxic T-cells in tumor core have an “exhausted”
phenotype and the majority are PD-1+ (immunosuppressive)

• Tumor core has higher density of regulatory T-cells
(immunosuppressive)

• Overall, more TILs in tumor core with same gradient
of GAMs

• Tamura 2018 [87]
• Woroniecka 2018 [81]
• Rahimi Koshkaki 2020 [75]

Glioma-associated
stromal cells

• Similar to cancer-associated fibroblasts seen in systemic
cancers

• Several names used in the literature
• Unknown progenitor cells (mesenchymal stem cells?)
• GASCs and GSCs are genetically different, as GASCs are

typically diploid and do not harbor the genetic alterations
commonly seen in GSCs, such as loss of chromosome 10 or
gain of chromosome 7

• Tumor cells recruit GASCs and induce their angiogenic
potential

• GASCs facilitate tumor cell migration by remodeling the
extracellular matrix and inducing phenotypic changes in
GBM tumor cells

• GASCs also interact with M2-polarized GAMs

• Clavreul 2012, 2014, 2020 [93–95]
• Hossain 2015 [96]
• Schichor 2006 [103]
• Zhang 2021 [106]
• Birnbaum 2011 [105]
• Ho 2009 [104]
• Lim 2018 [107]
• Cai 2021 [110]

Abbreviations: 5-ALA: 5-aminolevulinic acid; GAMs: glioma-associated microglia and macrophages;
GASCs: glioma-associated stromal cells; GBM: glioblastoma; GSCs: glioma stem cells; HIFs: hypoxia-inducible
factors; PBZ: peritumoral brain zone; TILs: tumor-infiltrating lymphocytes; VEGF: vascular endothelial growth
factor; VEGFR: vascular endothelial growth factor receptor; PD-1: programmed cell death protein 1.
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boxes at the side of any cell type. Core GBM cells promote aggressiveness of the PBZ counterparts,
with sCD109 acting as the mediator of HDAC1-C/EBPβ pathway. GBM cells induce reactive astro-
cytes via TNF-α secretion and through direct cell–cell contact by a variety of signaling pathways,
including the JAK/STAT and NF-κB pathways. In turn, reactive astrocytes offer chemoprotection
to glioma cells via gap-junction communication (connexin 43) and immunoprotection via paracrine
secretion of tenascin-C and IL-10. The necrotic core induces endothelial cell proliferation via the
HIF-VEGF-A axis, which also induces MMP production and PD-L1 expression in GBM cells. Glioma
cells attract resident microglia and peripheral monocytes and induce their transformation into M2-
polarized glioma-associated microglia/macrophages (GAMs). The cross-talk between M2-GAMs
and glioma cells leads to MMPs production and PD-L1 overexpression in GBM cells.M2-GAMs also
suppress the immune system by secreting IDO, IL-10, and TGF-β, which activate regulatory T-cells
and induce PD-1 expression by cytotoxic T-cells. These mechanisms are similar between the tumor
core and the PBZ, with a decreasing gradient of immunosuppressive properties from the center to
the periphery.

4. Molecular Characteristics of the PBZ

Here, we report the most relevant findings from immunohistochemistry analysis and
the main genomic and transcriptomic characteristics of the PBZ in GBM. Some of these
data have already been mentioned in the previous subsections as part of the narrative.

4.1. Immunohistochemistry

Glial fibrillary acidic protein (GFAP) immunolabeling in the PBZ is common and
associated with reactive astrocytes.

Ki-67 immunoreactivity is dependent on the presence or not of infiltrating tumor cells.
As already mentioned in the previous section, neo-vascularization markers, such as

nestin and CD105, are expressed in the PBZ regardless of the presence of tumor cells [42].
Indeed, nestin is expressed also in reactive astrocytes and normal glia of the PBZ [34].
The presence and activation of mitogen-activated protein kinases both in tumors and
the PBZ was also shown. These are signal transduction pathways activated by growth
factors. In particular, the presence and activation of the extracellular signal-regulated
kinase ERK1/2 and stress-activated protein kinases/c-Jun NH2-terminal kinases (JNKs)
were detected [34,111]. As per nestin, this was shown independently of the presence of
neoplastic cells and not only in reactive astrocytes, but also in apparently normal glial
cells. ERKs play a crucial role in transducing growth factor signals to the nucleus and are
involved in a wide range of biological responses, including cell proliferation, differentiation,
and motility; thus, this pathway might be involved in tumor progression. The role of JNK is
more controversial. It is strongly expressed in the tumor core. Enhanced JNK activation has
been found in brain tumor cell lines in response to epidermal growth factor, and the isoform
JNK2a2 promotes phenotypes associated with tumorigenesis and proliferation [112,113].
However, JNK is also associated with apoptosis [114]. Prolonged OS has been shown in
GBM patients who presented in their PBZs a higher expression of JNK in its activated form
(pJNK), a higher ratio between pJNK and total JNK expression (pJNK/tJNK), and higher
pJNK/nestin and (pJNK/tJNK)/nestin ratios [34].

Increased expression of HIF-1α as well as other hypoxia-regulated proteins, such as
VEGF, in the PBZ have been correlated with reduced progression-free survival after surgery
and adjuvant treatment [115].

The tumor border, sometimes called the infiltration zone, showed strong staining
for the “signal transducer and activator of transcription” STAT-1, both in tumor elements
and in reactive astrocytes and microglia of the non-invaded brain [116]. STAT proteins
are intracellular transcription factors activated by the membrane cytokine receptor JAK
(the JAJK/STAT pathway) that mediate many aspects of cellular immunity, proliferation,
apoptosis, and differentiation. STAT-1 can be induced by interferon γ and growth factors,
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such as the interleukins IL-6 and IL-10, growth hormone, thrombopoietin, and insulin-like
growth-factor binding proteins (IGFBP-3). The role of STAT-1 expression in GBM and the
PBZ is controversial. Its involvement in apoptosis could constitute a neuroprotective mech-
anism and could favor response to chemotherapy [116]. However, a correlation between
increased STAT-1 expression and shorter overall survival has been documented [117]. This
could be related to overexpression of STAT-1 in its inactivated form, as suggested by the
restriction of the staining to the cytoplasm of tumor cells, indicating that in glioblastomas
STAT-1 is not translocated to the nucleus [116].

Microglia of the PBZ also avidly stain for A1 adenosine receptor (A1AR), one of
the receptors for the regulatory nucleoside adenosine expressed in response to cellular
stress and damage, such as episodes of tissue hypoxia and inflammation. A1AR has
anti-inflammatory properties and its expression seems to play an anti-tumorigenic role
mediated by microglia cells [118].

Our research group recently showed that galectin-3-binding protein (LGALS3BP), a
secreted, hyperglycosylated protein, is highly expressed, with a cytoplasmatic pattern, in
the GBM tumor core, while it is barely detectable in the PBZ, where it is primarily confined
to perineuronal glial cells [119]. This secreted protein has several proposed roles in con-
tributing to a pro-tumorigenic microenvironment (for a review, consult Capone et al. [120]).
While we could not show a correlation between this expression and any significant clinic-
pathological finding, we showed that tumor cells are the source of extracellular vesicle
(EV)-associated LGALS3BP. Indeed, increased levels of EV-associated LGALS3BP were
found in glioma patients compared with healthy donors, with increasing concentrations
associated with increasing glioma grade [119,121]. These findings are relevant, since they
show that GBM cells secrete LGALS3BP, probably to favor tumor progression in the PBZ,
and circulating EV-associated LGALS3BP could have a role in “liquid biopsy” from plasma
sampling in GBM diagnosis and monitoring. Moreover, LGALS3BP could be a target for
non-internalizing antibody–drug conjugates [122], which are considered as a promising
new frontier of personalized cancer medicine [123].

4.2. Genomic and Transcriptomic Characteristics

Studies from the French Grand Ouest Glioma Project could not find significant
genomic alterations in non-infiltrated PBZs [24,35], while tumor-cell-infiltrated PBZs
showed some genomic alterations in common with their tumor cores, in particular,
chromosome 7 polysomy, EGFR amplification, and chromosome 10 deletion.

However, other research groups, including ours, could detect some abnormal gene
expression in PBZs not invaded by tumor cells upon pathological analysis [15,124]. Indeed,
when matching genomic alterations of a tumor core with the corresponding PBZ in a single
patient, a variable amount of correlation was found [124,125]. Non-infiltrated PBZs and
enhancing tumors were shown to share some genomic anomalies: del(1p36), del(2p21),
MDM2 and CDK4 amplification, and amplification of 15q24.1, 219, and 222 [14]. CDK4
is a known cancer promoter gene involved in several systemic cancers, including breast
carcinoma, that participates in the Cyclin D1 (CCND1)–CDK4/6–CDKN2A (p16INK4A)–
Rb axis, which is often altered in the GBM [126]. Overexpression of CDK4 in the GBM PBZ
is related to poor outcomes [125].

Indeed, gene expression shows only a partial overlap between the tumor core and
the PBZ. Both tissues show upregulation of genes related to angiogenesis, the extracellular
matrix, and cellular senescence and with stemness features, while downregulation is seen
in tumor-suppressor genes, such as SLC17A7 and CHD5 [127]. Moreover, the PBZ shows
upregulation of UBE2C, NUSAP1, IGFBP2, SERPINA3, and PBK genes when compared to
the tumor core [127].

When summarizing transcriptomic data, it should be kept in mind that the possible
infiltration of tumor-infiltrating cells or even of glioma stem cells could influence the
reported data, as only a few manuscripts have tried to minimize this possible bias. We will
therefore now focus on these studies.
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When comparing tumor cores, non-invaded PBZs, and normal white matter from
non-glioma patients, several differences in gene expression were found [15]. Briefly, tumor
and PBZ samples showed significant changes in the expression of 1323 genes. Among genes
with at least a 10-fold difference in expression level, 20 genes were overexpressed in GBM
when compared to the PBZ, while 45 genes were downregulated. High overexpression was
seen for genes involved in angiogenesis (VEGF and ANGPT2), genes associated with cell
growth (IGFBP2 and GAP43) and with the cell-cycle activator CKS2, and genes encoding
proteins associated with extracellular matrix formation, including COL4A1, COL4A2,
COL1A1, COL3A1, and COL1A2. The majority of the 45 genes highly downregulated in
GBM compared to the PBZ were involved in the development of the nervous system (MOG,
RAPGEF5, GRM3, SH3GL3, NINJ2, UGT8, MOBP, and MBP).

PBZs with no tumor cell infiltration showed significant differences in the expression
of 57 genes compared to white matter from control patients: 15 genes were overexpressed
and 42 genes were downregulated in the PBZs. EGFR expression levels showed the largest
difference between healthy white matter and PBZs, being highly expressed in the latter.
Moreover, genes belonging to two main relevant biological processes were particularly
deregulated in the PBZs. In detail, genes associated with growth and proliferation (CSRP2,
TAZ, ID3, and DTNA) and cell motility/adhesion (HIST2H2AA, EGFR, IGFBP5, VCAM1,
and CD99) were upregulated, while genes involved in neurogenesis (SYNJ1, NBEA, SER-
PINI1, CNTNAP2, and RELN) and several tumor-suppressor genes (BAI3, PEG3, PRDM2,
and RB1CC1), along with the natural killer receptor KLRC1, were downregulated in
the PBZs.

Interpretation of the above data is difficult, with the postulate of a “pre-cancerous”
state of brain tissue surrounding the tumor under the influence of cross-talk between tumor
cells and normal cells resulting in a recruitment of the latter cells in GBM proliferation and
growth being an intriguing possibility.

In another work, GBM de novo tumor cores and PBZ transcriptomes were compared
through a serial analysis of gene expression (SAGE) technique, and their miRNomes
were compared through a subsequent microRNA deep sequencing [62]. The results were
analyzed separately for short- (<36 months) and long-term (≥36 months) survivors. In
agreement with other groups’ findings [35,45], the transcriptional features of the PBZ
showed a predominance of the TCGA neural subtype [128], regardless of the presence or
not of tumor cell infiltration and with no correlation with the tumor core features. The
tumor center showed overexpression of several molecules belonging to the “mesenchymal
signature” of glioblastoma, likely due to microglia and reactive astrocytes infiltration.

Chemokine (C-X-C motif) ligand 14 (CXCL14) RNA was found to be overexpressed
in the tumor cores and PBZs of both long- and short-term survivors when compared
to healthy white matter from non-glioma patients [62]. However, while in long-term
survivors its expression resulted in comparable tumor centers and PBZs, in short-term
survivors it was overexpressed in the majority of tumor center samples compared to
paired PBZs [62]. CXCL14 is a small cytokine, mainly contributing to the regulation of
immune cell migration [129], whose transcription is induced in microglia activated towards
the pro-invasive, immunosuppressive (M2) phenotype by glioma cells in experimental
conditions [130].

Transforming growth factor beta-induced (TGFBI) protein is considered a feature of
the mesenchymal GBM subtype. TGFBI RNA was found to be overexpressed in both the
tumor cores and PBZs of all patients compared to healthy white matter from controls,
with significant overexpression in the tumor cores between long-term and short-term
survivors [62]. TGFBI is a protein secreted in the extracellular matrix, the mediator of the
non-SMAD-mediated TGFβ signaling pathway in GBM [131], that interacts with several
other extracellular matrix components, such as collagens, in cell–cell or cell–substrate
adhesion. TGFBI is preferentially secreted by M2-like GAMs and indicates poor prognosis
in GBM patients [132].
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Giambra and colleagues found some peculiar gains in some loci in the short arms of
chromosomes 11 and 16 in PBZs, not shared by tumor cores, focusing on the possible role of the
EXT2 gene, which is involved in the biosynthesis of the heparan sulfates—glycosaminoglycans
distributed on the cell surfaces and in the extracellular matrices of most tissues which could
be involved in angiogenesis and tumor proliferation [125].

mRNA analysis of tumor cores compared with their own PBZs showed several signs of
a higher participation of reactive cell types, such as microglia and reactive astrocytes, which
could be depicted as a generally more “mesenchymal” feature, in short-term survivors
but not in long-term survivors [62]. Comparing the PBZs of short-term and long-term
survivors, indications of a possible higher contribution of tumor “stromal” cells, such as
IGFBP5 mRNA expressed by reactive astrocytes, in short-term cases were documented.
In addition, a sound overexpression of the extracellular protein lumican in long-term
survivors’ PBZs as compared to short-term survivors’ ones was detected. This stromal
protein has recently been shown to positively correlate with prolonged survival after tumor
resection in pancreatic ductal adenocarcinomas due to its limiting role in EGFR-expressing
pancreatic cancer progression [133].

MicroRNA analysis showed overexpression of miRNAs involved in TGFβ active
pathways and mediators of a general state of immune escape typically sustaining glioma
growth in all tumor core and PBZ samples compared with heathy white matter. In particular,
overexpression of miR-106b and miR-93, found to target a ligand of the activating receptor
of natural killer (NK) cells (NKG2DL), and of the TGFβ-induced miR-183, reported to
suppress tumor-associated NK cells, was detected. The latter “oncomiR” (miR-183-5p),
together with the chromosome 7-located miR-182-5p and miR-96-5p, showed differential
expression between PBZ samples with detectable tumor cell infiltration and non-infiltrated
samples. These three miRNAs are recognized as mediators of TGFβ signaling in GBM [134].

Underexpression of miR-128a, miR-181a, miR-181b, and miR-181c in tumor centers
compared to PBZs was shown [135]. These miRNAs show peak expression at the adult
stage when compared to embryonic and early post-natal stages: this might indicate some
non-random correlation with a de-differentiated state of tumor cells (having lost their
“adult brain signatures”).

Piwecka and collaborators showed that miR-625 was downregulated in the PBZ com-
pared to normal tissue but not in the tumor core [136]. MiR-625 overexpression suppresses
cell proliferation and colony formation, induces G0/G1 arrest, increases chemosensitivity
to temozolomide by targeting AKT2 in glioma cell lines, and suppresses tumor growth and
angiogenesis in animal models [137].

The target-mimetic, sponge/decoy function of long non-coding RNAs (lncRNAs)
on microRNAs was recently uncovered: they can act as miRNA sponges, reducing their
regulatory effect on mRNAs [138]. A higher expression of the highly expressed long
non-coding RNA in glioblastoma (lncHERG), acting as an miR-940 sponge, was found
to indicate a lower survival rate and poorer prognosis, being related to cell proliferation,
migration, and invasion, both in vitro and in vivo. LncHERG expression was shown to
be higher in glioblastoma than non-tumor tissues, while the tumor suppressor miR-940
was, on the contrary, shown to be downregulated in glioblastoma tissues compared to
peritumoral tissues [139].

Very few data on PBZ proteomics are available [140], with some proteins being overex-
pressed in the PBZ, in particular, the histone H3F3A and the crystallin B α-chain (CRYAB),
both recognized as oncogenes.

The main immunohistochemistry, genomic, and transcriptomic characteristics of the
PBZ are summarized in Figure 4.
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5. Discussion

Analysis of the cellular and molecular characteristics of the PBZ is fundamental not
only for understanding GBM pathophysiology but also to enhance therapeutic options,
since glioblastoma will almost inevitably recur from this tissue after extensive surgical
resection and radio-chemotherapy. Indeed, several molecular mechanisms involved in the
tumor core–PBZ cross-talk are currently regarded as potential therapeutic targets.

The key concepts of this review are:

- The PBZ is the real target of post-surgical therapies; therefore, understanding it is of
paramount translational significance.

- Only in about one third of cases is it possible to detect tumor cells via microscopic
analysis of the PBZ; nonetheless, we can observe distinct abnormal features also in
cases of no infiltration.

- If some data on the PBZ can suggest the influence on the features of this area of
tumor cells migrated well beyond the tumor border, diluted in brain parenchyma, and
possibly having a “dormant” feature and therefore liable to be missed by pathological
examination, others suggest the recruitment of surrounding cells reprogrammed
towards a neoplastic phenotype.

- Angiogenesis and hypoxia play a pivotal role in influencing the tumor and
PBZ microenvironment.

- An increasing immunocompromised gradient is seen from the PBZ to the tumor core.
- The role of inflammatory cells has been illuminated in recent years, and several

alterations in the PBZ can be related to an activation of microglia and astrocytes that
could promote tumor growth and invasion.

- The transcriptomic profile of the PBZ is extremely complex, since this tissue differs
from normal white matter, shares some tumor core characteristics, and possibly shows
some peculiar alterations. Overall, the PBZ seems to be “half-way” on the road
towards malignancy. However, the data are highly heterogeneous due to possible
infiltration of glioma cells/glioma stem cells. Single-cell analysis could improve
our understanding.

In summary, current data show that GBM actively induces transformation of the
surrounding environment, inducing degradation of the extracellular matrix and recruiting
astrocytes, microglia, macrophages, and regulatory T cells to promote an immunosuppres-
sive environment. However, these mechanisms have a decreasing gradient at increasing
distance from the tumor necrotic core, with the presence of still-competent immune cells in
the PBZ, namely, a higher number of PD-1 negative CD8+ cytotoxic T-cells. Currently, sev-
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eral ongoing trials are trying to enhance self-immunity [141,142]. Since the post-operative
target of therapies is the PBZ, future research should focus on its molecular mechanisms,
which only partially overlap with those of the tumor core.

Indeed, while a huge amount of data are available on the glioblastoma core, the PBZ
is still relatively poorly investigated, with increasing interest in it having been shown
only in the last few years in the medical literature. Moreover, it is difficult to reproduce
the PBZ microenvironment in both in vitro and in vivo animal studies, as patient-derived
cell lines can usually be obtained only from the most aggressive, tumor core-like GBM
cells that infiltrate the PBZ. Therefore, most of the data on the PBZ can be derived by
histopathologic and multi-omics analyses of appropriately selected surgical samples. Hence,
it is fundamental for neurosurgeons to be directly involved in neuro-oncology research in
order to opportunely select patients from whom PBZs can be safely sampled, pre-plan PBZ
tissue resection with an adequate intraoperative methodology, and store the samples in an
appropriate form for the planned biological analyses.

6. Conclusions

A better understanding of the PBZ would be of high translational potential. Indeed,
the pathophysiology of the PBZ can be indicate early events of GBM tumorigenesis and
help in detecting its initial alterations. From a surgical point of view, understanding of PBZ
characteristics could help in the development of intraoperative techniques aiming to detect
areas of alteration surrounding the macroscopically evident tumor. From a translational
and therapeutic point of view, new molecular targets and possibly personalized adjuvant
therapies could be developed with a better understanding of the PBZ, which is the real
target of post-surgical therapies.
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Simple Summary: Glioblastoma (GBM) is the most aggressive brain tumour. Patients with GBM
have a dismal survival and there is a distinct lack of curative treatments. We are increasingly
understanding that the GBM tumour is composed not only of tumour cells but a complex tumour
microenvironment (TME) of neuronal, glial and immune cells. Research into this area is important
because the diversity of tumour cells and interactions with the TME contribute to the aggressiveness
and treatment resistance of GBM. In this work, we review the multiple types of cells forming GBM and
their interactions and provide examples of how our improved understanding can suggest potential
new treatment strategies for this devastating disease.

Abstract: Glioblastoma (GBM) is the most common primary malignant brain tumour, and it confers a
dismal prognosis despite intensive multimodal treatments. Whilst historically, research has focussed
on the evolution of GBM tumour cells themselves, there is growing recognition of the importance
of studying the tumour microenvironment (TME). Improved characterisation of the interaction
between GBM cells and the TME has led to a better understanding of therapeutic resistance and
the identification of potential targets to block these escape mechanisms. This review describes the
network of cells within the TME and proposes treatment strategies for simultaneously targeting GBM
cells, the surrounding immune cells, and the crosstalk between them.

Keywords: glioblastoma (GBM); heterogeneity; tumour microenvironment (TME); myeloid cells;
microglia; tumour associated macrophages (TAMs); therapeutic targeting

1. Introduction

Glioblastoma (GBM) is a disease of significant unmet need with a median overall
survival of only nine months [1]. The standard treatment for GBM comprises maximal
safe surgery, adjuvant radiotherapy (RT) with concurrent temozolomide (TMZ), and then
adjuvant TMZ [2]. Despite there being many clinical trials over the last two decades, the
management of the disease has not changed. Methylation of the O6-methylguanine-DNA
methyltransferase (MGMT) promoter is the most impactful prognostic biomarker, and it
confers a better prognosis and predicts response to treatment [3].

Although novel treatments have not demonstrated substantial improvement in overall
survival (OS) in phase III clinical trials, subsets of patients with GBM appear to benefit.
Bevacizumab, an anti-vascular endothelial growth factor (VEGF) monoclonal antibody
(Ab), was shown to improve progression-free survival (PFS) but not OS [4]. Tumour-
treating fields (TTFs), an approach that uses alternating electrical fields, were reported to
confer a modest OS benefit in newly diagnosed patients with GBM [5] but has not been
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widely adopted. Recently, the therapeutic vaccine DC-VaxL, which adds dendritic cell
(DC) therapy to standard therapy in newly diagnosed patients, demonstrated a median
OS of 19.3 months compared to 16.5 months in matched historical controls [6]. Immune
checkpoint inhibitors (ICIs) with anti-PD-1 and anti-CTLA4 have radically changed the
treatment of many other tumour types but have not demonstrated a survival advantage in
GBM thus far [7,8]; however, further evaluation is ongoing, with neoadjuvant ICI showing
promising initial results [9,10]. Finally, the remarkable success of chimeric antigen receptor
(CAR) T-cell therapy in haematological cancers drives the exploration of this therapy in
solid tumours, including GBM [11].

Clinical trials have demonstrated that GBM is largely resistant to immunotherapeutic
approaches as it is an immunologically “cold” tumour [12]. The low immunogenicity of
GBM is characterised by low T cell infiltration and absence of DC, a low tumour mutational
burden, limited MHC-I expression, a highly immunosuppressive tumour microenviron-
ment (TME), and a lack of conventional draining lymph nodes [13–15]. More detailed
analyses of how treatments impact GBM and its TME are needed to identify potential
therapeutic limitations and resistance pathways. Additionally, studies focusing on the
origin of GBM and the complex crosstalk between a tumour and the surrounding cells will
further improve our understanding of tumour development and the dynamic response to
treatment. Additionally, detailed molecular analyses have aided the understanding of the
cellular interactions and transcriptional pathways underlying GBM tumour composition.
Identifying shared features between injuries and tumorigenesis has helped us understand
the impact of inflammation on brain parenchyma and its potential link to the origins of
GBM [16].

In this review, we will first describe our current understanding of the origins and
genetic evolution of GBM. We will then focus on the interplay among tumour cells, astro-
cytes, and neurons as a cell network. The role of infiltrating immune cells in GBM will be
described, and we will conclude with the therapeutic opportunities offered by targeting
these cells and their interactions.

2. Molecular Subtype and GBM Stem Cells

In 2010, as part of the TCGA project, a pivotal paper by Verhaak et al. described four
distinct molecular subtypes of GBM: proneural, neural, classical and mesenchymal [17].
Key genetic driver alterations are associated with each subtype: PDGFRA amplification
for proneural, EGFR overexpression or amplification for neural, EGFR mutation, amplifica-
tion, or overexpression for classical, and NF1 mutation or deletion for mesenchymal [18].
Subsequently, as molecular techniques evolved from bulk to single-cell tumour profiling,
similarities with the normal neural lineage were identified [19]. These lineages are referred
to as oligodendrocyte-progenitor-cell-like (OPC-like), neural-progenitor-cell-like (NPC-
like), and astrocyte-like (AC-like). Additionally, mesenchymal-like (MES-like) cells found
in GBM are not observed in normal neural development but are induced in response to
injury [19].

The cell of origin of GBM is still debatable. Evidence points towards either neural
progenitor cells (NPCs) or oligodendrocyte progenitor cells (OPCs), as experimentally
inducing somatic mutations in stem cells from either NPCs or OPCs can lead to tumour
development [20]. Additionally, the subventricular zone (SVZ) has been identified as a
potential stem-cell niche and the possible site of origin of GBM [21]. While the cell-state
composition of the tumour mass is likely to be impacted by the cell of origin, its evolution
is also influenced by various parameters, including mutations acquired during tumour
development and interactions with the TME [22–24]. Specifically, TP53 or NF1 mutations in
neural stem cells (NSCs) lead to the development of OPC progeny [21]. There is also high
intra-tumoural heterogeneity, with the coexistence of up to five spatially resolved gene
signatures, including NPC-like, OPC-like reactive astrocytes, MES-like, and MES-hypoxia,
in the majority of GBM tumour samples analysed in a recent study [25].
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As a tumour grows, it induces injury-associated inflammation, disrupting the physio-
logical organisation of the brain parenchyma via mechanical, chemical, and even surgical
or treatment-related impacts [26]. Injury-associated inflammation and wound response
gene expression signatures have been described, and they can account for a significant
proportion of the transcriptional heterogeneity of GBM [27]. Furthermore, the presence
of GBM stem cells (GSCs) in the tumour bulk is positively correlated with tumour inva-
sion, and OPCs can migrate to injury sites and proliferate to differentiate and promote
remyelination [28].

Specific GBM molecular subtypes can impact prognosis, with the MES-like signature
and the clustering pattern of AC-like tumour cells being associated with poor patient
outcomes [29]. However, the prognosis is improved if the AC-like tumour cells are dis-
persed and in contact with other subtypes [30]. The MES-like subtype displays features
of reactive astrocytes and is induced by the presence of tumour-associated macrophages
(TAMs), which are enriched in regions of the tumour with the MES-like signature [31]. RNA
velocity analysis suggests that MES-like cells are derived from an AC-like state in most
tumours [30], but direct evolution from NPCs to MESs has also been described, drawing
into question the necessity of the development of a transient astrocyte state [32].

Overall, the described molecular signatures illustrate the complexity of cellular in-
teractions and dynamics within GBM tumours, with GSC plasticity driving evolution to
escape treatment effects and leading to resistance to therapy and tumour recurrence [33,34].
Understanding the evolution and dynamics of these molecular subtypes will improve our
understanding of the impact of treatment.

3. Blood–Brain Barrier Disruption in GBM

The physiological blood–brain barrier (BBB) is composed of astrocyte endfeet and
tight junctions between endothelial cells and pericytes, which limit the accessibility of
pathogens and many molecules, including chemotherapy, to the central nervous system
(CNS) [35]. GBM growth induces physical distortion of the BBB, and the associated in-
flammation with neo-angiogenesis leads to the formation of leaky blood vessels, further
disrupting its integrity [36,37]. Consequently, tumours are more permeable and show
an increase in blood perfusion. VEGF is the major cytokine driving neo-angiogenesis; it
decreases the expression of intercellular adhesion molecule (ICAM-1) and vascular cell
adhesion molecule 1 (VCAM-1), thus limiting the adhesion and infiltration of immune cells
to and into the tumour [38]. The aberrant and disorganised vascular morphology within
the GBM tumour also limits the distribution of oxygen or nutrient supplies, leading to
hypoxia and treatment resistance [39–41]. Through the induction of the transcription factor
HIF1α, hypoxia regulates many genes implicated in diverse features, such as angiogenesis,
survival, treatment resistance, genomic instability, and invasion [42–44]. Expression of
HIF1α is associated with an increase in MDR1, which can drive chemoresistance. In vitro
experiments in GBM cells have demonstrated hypoxia-induced resistance to cisplatin, TMZ,
and etoposide, as well as the overexpression of CD133, a marker associated with stem-
ness [42,45,46]. As hypoxia limits the generation of reactive oxygen species (ROS), it can
dampen the effectiveness of RT [46,47], and the limited perfusion of the tumour core causes
necrotic areas and hypoxic regions that attract macrophages with immunosuppressive
functions to develop [48].

4. The Complex Glioblastoma Microenvironment

The CNS parenchyma comprises neurons, astrocytes, oligodendrocytes, and microglial
cells with complementary functions. Improved understanding of the complex crosstalk
between the highly heterogeneous GBM cells and diversity of cell types in the surrounding
TME will hopefully elucidate novel antitumour therapeutic strategies.
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4.1. Astrocytes

Astrocytes maintain the structure and balance of the brain’s parenchyma as they
buffer the metabolic environment and provide an energy substrate (glucose and lactate) for
neurons [49]. In the presence of GBM tumour cells, astrocytes detect damage-associated
molecular patterns through pattern recognition receptors and sense mechanical stress
and injury. These triggers activate a specific molecular signalling network through the
JAK/STAT pathway, leading to reactive astrocytes in a process known as astrogliosis [50].
Along with JAK/STAT activation, reactive astrocytes overexpress GFAP and can express
the immunosuppressive molecule PD-L1 [51,52]. Reactive astrocytes produce high levels
of immunosuppressive chemokines in the TME, including IL-10 and TGF-β [51]. As a
feedback loop, IL-10 and IFNγ induce the reactive state of astrocytes through JAK/STAT
activation [51,53]. Increased extracellular ATP from parenchymal damage leads to ATP
secretion from astrocytes and the recruitment of microglia. Moreover, pro-inflammatory
reactive astrocytes are less efficient at maintaining the integrity of the BBB and further
contribute to local inflammation [51,54,55]. Thus, given their role in inducing the immuno-
suppressive state of the GBM TME, limiting the formation of reactive astrocytes could
favour therapeutic interventions.

4.2. Neurons

GBM tumours comprise a complex neuronal and axonal architecture [56], and they
can directly form synapses with glioma cells to drive their proliferation via glutamatergic
signalling [57]. GBM cells also interact with neurons through paracrine signalling with
neuroligin-3, brain-derived neurotrophic factor, and AMPAR-mediated excitatory elec-
trochemical synapses from neurons, promoting tumour growth [58–61]. Similarly, GBM
cells can influence neurons through the secretion of non-synaptic glutamate [62,63] and
can reduce the activation of inhibitory interneurons [64]. Gliomas may also increase the
risk of epilepsy by influencing glutamatergic and GABAergic signalling in neurons [65],
with studies in awake patients observing more neuronal excitability in the GBM-infiltrated
cortex [59]. Short-range electrocorticography on the tumour-infiltrated cortex revealed
functional remodelling of language circuits as some tumour regions with TSP-1+ tumour
cells maintained functional connectivity with neurons. This molecularly distinct GBM sub-
population is responsive to neuronal signals and has a synaptogenic, proliferative, invasive,
and integrative profile, ultimately conveying a poor prognosis [16]. Moreover, it has been
proposed that gliomas originating from functionally connected cortical regions are more
connected to neurons and will promote the invasion of specific GBM subpopulations [16].

4.3. Glioblastoma Connectome

Large subpopulations of GBM cells are connected via tumour microtubes (TMs), which
are the mechanical base for a tumour cell network, through gap junctions [66,67]. TMs can
support the exchange of cell nuclei, microvesicles, mitochondria, Ca2+, and chemotherapy
molecules and are ultimately associated with treatment resistance [66,67]. Glutamatergic
synapses in these networks can activate tumour cells and are associated with increased
tumour cell proliferation and invasion [58–61]. These connections between tumour cells
have been linked to invasiveness in other malignancies, such as breast, colon, and prostate
cancer [68], and more recently to GBM [69]. Historically, it was believed that GBM invades
the surrounding brain parenchyma by following anatomic structures, such as blood vessels,
nerves, and astrocytic tracts [70]. However, a recent study identified GBM tumour cells with
a neuronal molecular state that lacked connections with other tumour cells or astrocytes
and that were the main drivers of diffuse brain invasion [16,71]. The molecular state of
unconnected tumour cells was more enriched for neuronal and NPC-like cells and less
enriched for MES-like cells [16]. GBM cell invasion resembles neuronal migration during
development, with glutamatergic stimulation of synapses increasing the invasiveness
of GBM cells, leading to TM formation. After invading surrounding tissue, invading
unconnected tumour cells connect with the tumour mass and surrounding astrocytes to
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form what has been described as the “GBM connectome” [16]. Connected tumour cells are
enriched for astrocytic, mesenchymal, and non-neuronal cell states that are consistent with
injury response states. Confirming these findings, the upregulation of neuronal signalling
programs is associated with invasiveness at recurrence of GBM [72].

4.4. Myeloid Cells

Myeloid cells in GBM comprise bone-marrow-derived macrophages and microglia,
which are brain-resident cells originating embryologically from the yolk sac. These two pop-
ulations represent more than 95% of the immune infiltrate in GBM [73]. In the healthy brain,
microglia secrete neurotrophic factors and promote synaptic pruning to maintain CNS
homeostasis [74,75]. Gliomas with an increased number of tumour-associated macrophages
(TAMs) are associated with a higher grade and poor survival at diagnosis and at recur-
rence [76–78].

In GBM, TAMs are predominantly pro-inflammatory and secrete various cytokines,
including TNFα, IL-1a, IL-6, and IL-12, but they also have immuno-suppressive properties,
which are mainly through IL-10 and TGF-β secretion [79,80]. TAMs recruit polymorphonu-
clear neutrophils (PMNs) that generate ROS and nitric oxide (NO), further contributing
to the inflamed and immunosuppressive TME. Single-cell RNA sequencing (scRNA-Seq)
studies have described an enriched TAM population in the core of the tumour, which
harbours a pro-inflammatory phenotype, whereas, at the tumour periphery, microglia
with anti-inflammatory properties are more prominent [81–84]. Differences in the myeloid
component of GBM were also noted between the tumour at diagnosis and at recurrence, as
proportionally more microglia cells were present in GBM at diagnosis and proportionally
more TAMs were present in recurrent GBM [85]. TAMs promote the differentiation of
GBM towards the MES-like signature mainly through TNFα, C1q, IL-1a, and IFNγ [32],
and the loss of NF1 and PTEN in MES-like GBM cells is associated with greater TAM
infiltration [86].

TAMs are highly plastic and dynamic, with their different states being defined by
multiple gene signatures [85]. M1 and M2 phenotypes were proposed to distinguish classi-
cally and alternatively activated macrophages, respectively [87]. In vitro, M1 macrophages
are induced after exposure to pro-inflammatory cytokines (such as TNFα or IFNγ) and
produce pro-inflammatory factors [88]. M2 differentiation is triggered by anti-inflammatory
cytokines (such as IL-4, IL-10, and IL-13), and these macrophages are less cytotoxic and
produce immunosuppressive cytokines, such as IL-10 and TGF-β [89]. In GBM, most TAMs
are described as being polarised to M2 and will limit T cell activity, secrete extracellular
matrix components, and stimulate angiogenesis [43]. Arguably, this dichotomy is mainly
observed in vitro, as in GBM patients, scRNA-Seq could not confirm the presence of these
two polarised M1/M2 stages [90,91]. Although CD163 and CD206 have been proposed
to help discriminate between the two extremes [91], many macrophages co-express M1
and M2 markers, and instead, a continuum with many states between the M1 and M2
spectrum exists [92,93]. Moreover, dynamic changes in the tumour and the TME that are
driven by tumour growth and therapeutic interaction impact the TAM phenotype [88].
With single-cell resolution enabling the detection of smaller populations that can be diluted
in bulk analysis, new TAM subtypes in the GBM TME have recently been described. The
MARCOhi macrophages and CD163+-HMOX1+ microglia are present only in mesenchymal
GBM [94,95], with MARCOhi macrophages inducing the mesenchymal transition and with
HMOX1+ microglia driving T cell exhaustion. High-grade glioma-associated microglia
are proliferative and proinflammatory, and they promote GBM progression through the
induction of the inflammasome [96]. CD73hi macrophages are immunosuppressive, and
their signature persists after anti-PD-1 treatment [97]. This population does not directly
impact prognosis, but knocking out CD73 in mice led to increased iNOS+ myeloid cells and
enhanced antitumor efficacy of an ICI treatment [97], indicating that CD73hi macrophages
drive some immunosuppressive TME features.
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Myeloid-derived suppressor cells (MDSCs) represent another myeloid population in
the TME and are divided into monocytic and granulocytic MDSCs [98]. MDSCs harbour
immunosuppressive features as they increase the catabolism of L-arginine by using arginase-
1, depleting an essential amino acid for T cell proliferation. MDSCs can also generate ROS,
impacting T cell efficacy [99], and they contribute to IL-10 and TGF-β secretion in the TME.

Neutrophil infiltration is associated with poor prognosis and treatment resistance
in GBM [100]. A recent study identified a substantial neutrophil infiltration in the GBM
TME [101], with CXCL8 and IL-8 being the main chemokines attracting neutrophils to the
centre of the tumour [102]. Neutrophils secrete elastase, promoting tumour proliferation
and angiogenesis [103], and they contribute to the immunosuppressive TME through the
secretion of arginase-1, GM-CSF, and S100A4 [100,104].

4.5. Dendritic Cells

DCs are key to bridging innate and adaptive immunity by presenting antigens (Ag) to
T and B cells [105]. They are not seen in the physiological brain parenchyma but, rather,
during chronic inflammation. CCL5 and XCL1 can recruit DCs to the GBM TME, as
observed in mouse models [106]. Based on the scRNA-Seq profiling of GBM tumours, it
was estimated that about 4.5% of cells in the GBM TME have a molecular DC signature [73].
If present, DCs can secrete IL-12, which recruits CD8+ T cells and reinvigorates anergic
T cells [105]. Regulatory DCs have also been described and can promote regulatory T cells
(Tregs) [107] while limiting CD8+ T cell recruitment [108].

4.6. Lymphoid Cells

Natural killer (NK) cells exert contact-dependent cytotoxic activity through the secre-
tion of granzyme B and perforins [109]. NK cells are found in the GBM TME [110], but
radio-chemotherapy can decrease their presence [111]. NK cells are inhibited by the expres-
sion of MHC-I, which is often downregulated in GBM [112], and NK cell functionality is
enhanced when NKp30 binds to B7-H6 on tumour cells [113].

T cells are the hallmark effectors of anti-tumour immunity. Their cytotoxic activity can
lead to tumour eradication in other cancers and in mouse models of GBM, especially with
ICI treatment [114]. However, generally, only a small number of T cells are present in the
GBM TME, and when present, they exhibit an exhausted phenotype due to chronic exposure
to Ag, which is associated with a lack of stimulation that leads to ineffective anti-tumour
activity [115]. Many studies have explored the potential of ICI to enhance T cell activity
in patients with GBM, but these have mostly failed to demonstrate significant clinical
improvement [7]. Two companion studies have, however, observed that the neoadjuvant
administration of anti-PD-1 Ab showed a signal towards improved OS, which will need to
be validated in larger cohorts [9,10].

Tregs are immunosuppressive T cells, and their presence in GBM is associated with
poor prognosis [116,117]. In contrast to CD4+/CD8+ T cells, Tregs highly express the
transcription factor FOXP3, which downregulates the expression of pro-inflammatory
cytokines such as IL-2 through the induction of two other transcription factors, NFAT
and NFkB [118]. Innate immune cells secrete CXCL9, -10, -11, CXCR3, and CCL5-CCR5,
which attract Tregs in the GBM TME [119]. As an autocrine loop, Tregs also secrete IL-10
and TGF-β, which further promotes the transition of T cells into Tregs and supports local
immunosuppression [120,121]. Tregs also express high levels of the immunosuppressive
molecules CTLA-4, PD-1, and GITR, thus providing inhibitory signals for all infiltrating
immune cells.

5. Therapeutic Perspectives

Understanding the complex interactions between the multiple cell types underlying
the GBM TME and their respective states or molecular profiles can help in the design of
treatment strategies. Figure 1 illustrates these different cell types, and Table 1 highlights
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potential therapeutic approaches targeting the different components of GBM, as well as
potential anticipated limitations.

No new systemic anti-cancer therapies have been approved for GBM for nearly twenty
years, and whilst many cancers have benefited from ICI, GBM has been left trailing behind.
Clinical trials evaluating ICIs have had little or no impact on the overall clinical outcomes
of patients with GBM. However, case reports have demonstrated the potential for clinical
benefit in an as-yet unidentified subpopulation of GBM, and early trials of neo-adjuvant
PD-1 therapy appear promising, as do other forms of immunotherapy, such as CAR-T
cell therapies and the recent results from DC Vax-L [6,122–125]. Improved outcomes
from these immunotherapies were mainly observed in patients with methylated MGMT
promoter tumours. This raises the question of these tumours having a potentially more
immunotherapy-permissive TME and warrants further investigation.

Table 1. Examples of therapeutic strategies for targeting GBM and TME interactions. ICI, immune
checkpoint inhibitor; TMB, tumour mutational burden; Ab, antibody; TAMs, tumour-associated
macrophages; DCs, dendritic cells; NK, natural killer; BBB, blood–brain barrier; TME, tumour
microenvironment; GBM, glioblastoma; GSCs, glioblastoma stem cells; DCs, dendritic cells.

Cell Targeted Mechanism Targeted Potential Strategy Potential Limitations

GBM

Tumour cells Enhancing immunogenicity

Increasing MHC-I expression
Increasing TMB and, therefore,
neoantigen presentation with
RT/TMZ treatment

Dampened NK cell response
Sub-clonal TMB is associated with
poor response to ICIs
Effect may be restricted to
MGMT-methylated GBM

Tumour cells, immune cells Blocking negative regulators of
antitumour immune response ICIs Lack of T cell infiltration, highly

immunosuppressive TME

GSCs Targeting specific markers
Promoting GSC differentiation

Inhibition of CD133/ GPD1/ L1CAM
Graphene oxide, Sulindac

Lack of truly specific targets,
intrinsic treatment resistance

Tumour cells Limiting the impact of hypoxia HIF1α inhibition Limited efficacy thus far

TME—normal brain

Astrocytes Limiting astrogliosis to suppress
reactive astrocyte formation JAK/STAT inhibition Limited data available

Neurons Targeting AMPAR signal Perempanel treatment Limited data available

Connectome Targeting gap junctions Connexin 43 targeting Limited data available

TME—immune component

TAMs Limiting infiltration CCL2 inhibition Limited data available

Limiting M2 polarization CSF-1R inhibition Induced resistance

Enhancing phagocytosis CD47 inhibition Haematological side effects

Depleting specific populations CD73+ or MARCOhigh depletion Limited data available

DCs Enhancing immune activation Therapeutic vaccines Efficacy dependent on T cell homing
to the tumour

Neutrophils Limiting infiltration Blocking chemokines

Tregs Depleting cells IL-25 depleting Ab Limited data available

T cells Enhancing targeting and
activation CAR-T cell therapy Antigen loss, on-target off-tumour

effect

NK cells Enhancing activation Activating cytokines Limited data available

CNS—integrity

BBB Increasing permeability Focused ultrasound Transient effect
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Figure 1. The complexity of the glioblastoma tumour microenvironment and the differences in
techniques used to analyse it. (A) Schematic representation of the multiple cells composing the
microenvironment of GBM. (B) Detailed representation of tumour microtubes and the different
elements exchanged through this system. (C) Illustration of recently identified subpopulations of
myeloid cells (MARCOhi tumour-associated macrophages (TAM), CD73hi TAM, HMOX1+ microglia,
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and high-grade glioma (HGG)-associated microglia) and their associated primary biological functions.
(D) Representation of reactive astrocytes expressing GFAP and PD-L1 and secreting the immuno-
suppressive cytokines IL-10 and TGF-β. (E) UMAP plot indicating the diversity of cell populations
in GBM. Single-nucleus RNA-Seq data were obtained from GBM-CPTAC [126], processed using
Seurat [127], and mapped to GBmap reference cell types [128] using Azimuth [129]. (F) Illustrative
representation of spatial transcriptomics with single-cell resolution offered by new technological
advances. This allows the identification of the complexity of the GBM TME by using gene expression
to identify the different cells while keeping the biological architecture. The figure was created with
BioRender.com, accessed on 16 October 2023.

Specific glioblastoma cell populations play prominent roles in tumour resistance or
invasion. However, targeting these populations may not be sufficient as many other players
support tumour growth in the TME. While the genomic profiling of GBM has identified
several key dysregulated signalling pathways [130], targeted therapies have been ineffective
in GBM, with intra-tumoural heterogeneity being a likely key factor driving this treatment
resistance. The interaction between GBM cells and the TME drives immunosuppression
and tumour progression. Consequently, an effective approach to therapy in glioblastoma is
likely to involve simultaneously targeting GBM cells, the surrounding immune cells, and
the crosstalk between them.

Multipotent GSCs drive tumour initiation and self-renewal, which supports tumour
progression and therapy resistance. Therapeutic strategies targeting GSCs could increase
treatment success [42,43,47,131,132]. In vitro studies showed that while TMZ initially
inhibits GSC proliferation, MES-like tumour cells are resistant to this treatment, driving tu-
mour recurrence [133,134]. The altered metabolic pathways of GSCs have been successfully
targeted with epigallocatechin gallate, a bioactive polyphenol inhibiting transglutaminase,
which has been shown to restore the sensitivity of GSCs to TMZ and inhibit their prolifera-
tion in vitro [135]. However, it remains unclear if this strategy will translate to clinical trials.
Additionally, targeting newer GSC-specific markers, such as the stem-like cell marker SOX2
that promotes tumour progression [136] or SOCS3, USP8, and DOT1L, which were recently
linked to GSC growth, may be more efficient [137].

The molecular subtype of GBM cells is dynamic during treatment, as GBM cells with
NPC- and OPC-like tumour signatures, which are more sensitive to RT, shift to an MES-like
signature after RT. Consequently, RT enriches tumours for the MES-like subtype, which is
more resistant to RT, which is possibly because of their proximity to RT-resistant reactive
astrocytes. Additionally, RT leads to an acute accumulation of TAMs in the peritumoral area,
driving resistance to RT, as TAM depletion restores sensitivity to RT [138,139]. Altogether,
these changes in the TME after RT lead to an overall MES-like transformation, which is also
the most stable subtype throughout various treatments [140].

Reactive astrocytes resist apoptosis through Fas or TRAIL pathways and have more
DNA damage repair pathways than normal astrocytes [141]. Reactive astrocytes induced by
activating injury pathways at the tumour margin can cause recurrence in that location [142].
This is not only due to tumour cells remaining after treatment but also because of their
pro-tumoral profile [142]. Limiting the reactive injury response would, therefore, be a
rational strategy for limiting tumour growth and resistance. The induction of reactive
astrocytes mainly depends on the activation of the JAK/STAT pathway, which could be
limited by specific inhibitors such as ruxolitinib [51]. Another strategy could be to target
the tumour–astrocyte connectome, as this can drive treatment resistance. The inhibition
of connexin 43 in TMs showed promising results in a pre-clinical model when combined
with TMZ [143]. Additionally, in vitro experiments targeting AMPAR signalling with the
anti-seizure medication perampanel limited the neuronal input to tumour cells and showed
a synergistic effect with TMZ [144].

TAMs are critical for promoting tumour progression and immunosuppression in GBM
and have likely contributed to the failure of immunotherapies in GBM thus far. Limiting
TAMs’ infiltration or modulating their pro-tumoural polarisation are promising therapeutic
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strategies. The CCL2/CCR2 chemokine axis is implicated in TAM infiltration, and the inhi-
bition of CCL2 led to lower TAM recruitment and improved ICI efficacy in a mouse model
of GBM [145,146]. However, the efficacy may have been blunted by the increased immuno-
suppressive microglia observed in CCR2 knockout mice [85]. TAMs express CSF-1R, which
regulates survival and key TAM functions. The modulation of CSF-1R signalling can be
used to reprogram TAMs and limit immunosuppressive polarisation. The small molecule
BLZ945 inhibits CSF-1R. Although it does not deplete TAMs, it induces polarisation to-
wards a more M1 phenotype, reducing tumour progression [138]. The concurrent inhibition
of the IGFR/PI3K pathway should be explored, as GBM cells can acquire resistance to
BLZ945 through this pathway [147]. BLZ945 also enhances the initial response to RT [139]
and the efficacy of anti-PD-1 therapy [148]. However, CSF-1R inhibition with PLX3397
monotherapy in humans was ineffective [149]. The CD47/signal-regulatory protein alpha
(SIRPα) pathway is a critical innate macrophage checkpoint, as CD47 expression on tumour
cells limits the phagocytic function of TAMs. [150]. In mice, depleting CD47 increases
the phagocytosis of macrophages and limits glioblastoma tumour progression [151]. Tar-
geting specific TAM subpopulations, such as CD73+ cells, extended the survival of mice
with glioblastoma and showed synergistic effects when combined with anti-PD-1 and
anti-CTLA-4 therapy [97]. In the same manner, Ab targeting of MARCOhi macrophages
limited the transition of tumour cells to the MES-like subtype and the stemness features of
GSCs [95].

Considering the failure of ICIs in GBM, accumulating evidence points towards the
lack of efficient T cell priming by DCs [152]. A recent study compared the immune profiles
of brain metastases with those of primary GBM tumours. As the primary tumours were
not in the CNS, metastases exhibited more efficient T cell priming by peripheral DCs,
generating a more effective T cell response against brain metastases compared to that of
GBM [153]. FLT3L-mediated DC population expansion led to enhanced immune priming in
a mouse model of GBM [154], and the recent encouraging results of DC-Vax-L [6] support
the exploration of DC-targeted therapies.

CAR-T cell therapy for GBM could bypass the need for local T cell activation, as
lymphocytes are activated ex vivo. CAR constructs targeting single tumour antigens have
shown only occasional clinical improvements, but the field is now moving toward targeting
multiple antigens with multivalent CARs, which is supported by a pre-clinical study where
a trivalent CAR directed toward HER2, IL13Ra2, and EphA2 showed better cytotoxicity
than that of monovalent CAR T cells [155].

Depleting Tregs by targeting CD25 initially faced limitations, as the anti-CD25 antibody
also blocked bystander IL-2 receptor signalling, limiting T cell antitumour activity [156].
However, recent developments showed that improved antibody specificity could efficiently
deplete Tregs without impacting IL-2 signalling, supporting further evaluation of this
strategy [156].

Targeting other immune cells could help shape a more immuno-permissive TME.
The administration of NK cells activated with IFNγ, IL-2, and anti-CD3 to enhance their
cytotoxicity improved PFS in a phase III clinical trial, although the primary endpoint of
improved OS was not met [157].

Finally, as the BBB and irregular neovessels limit the optimal delivery [158] and
therapeutic concentrations of drugs [159], the recent development of transient BBB opening
with focused ultrasound [160] could pave the way for new chemotherapeutic protocols or
large molecules, such as antibody or antibody–drug conjugates, in patients with GBM.

6. Conclusions and Future Directions

Advances in genomic techniques have led to a better understanding of the intratu-
moural heterogeneity of GBM, although this has yet to make a therapeutic impact. With
the development of spatial transcriptomics, our understanding of the interactions within
the TME will be further improved and may be used to identify location-dependent cell
interactions that are lost in single-cell data (Figure 1), and this technology is already improv-

173



Cancers 2023, 15, 5790

ing with the development of sub-cellular resolution. For example, Figure 1E depicts the
diversity of cells composing human GBM based on a single-cell RNA sequencing analysis.
Cells are clustered based on the similarities in their gene expression profiles. Figure 1F
illustrates a spatial transcriptomics readout in which the histological cell architecture is
maintained, and single-cell identities are similarly determined according to their gene
expression profiles.

Identifying the different components of the TME, their physical connections, and
their interactions reveals new mechanisms of targeting glioblastoma. As illustrated by
previous clinical studies, targeting only one subpopulation of GBM tumour cells or only one
pathway, such as EGFRvIII+ or PD-1, is not effective due to target loss and tumour resistance.
Concurrent targeting of tumour cells and the TAM compartment or reactive astrocytes has
therapeutic potential, as they form a connectome that contributes to invasion and treatment
resistance. For example, reactive astrocytes that are induced by the JAK/STAT pathway
could be targeted by a JAK inhibitor such as ruxolitinib, a drug that was initially developed
for myelofibrosis.

The broader immune system can modify the therapeutic response in GBM. For ex-
ample, the gut–brain axis has recently been associated with neurological disorders [161].
Studies of GBM have identified different compositions of the gut microbiome in both
patients and GBM-bearing mice compared to healthy controls [162]. There is also an asso-
ciation between antibiotic treatment and GBM growth in mice [163], and a recent study
showed that GBM can present bacterial epitopes that drive a specific T cell response [164].
As observed in other tumour types, the gut microbiome composition can alter ICI effi-
cacy [165,166]. Therefore, further evaluation of the gut–brain axis is warranted to optimise
therapeutic strategies using GBM immunotherapy.

In conclusion, recent studies and technological developments have advanced our un-
derstanding of the complex and intricate interactions between glioblastoma and the tumour
microenvironment, providing insights into how glioblastoma evades current treatments
and paving the way towards more effective therapies in the future.
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