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Abstract

Glioblastoma (GBM) is an extremely aggressive brain tumor for which there is currently no curative therapy available. The tu&
microenvironment comprises an intricate interplay of various cells and molecules. Recent research has increasingly emphasized the
inhibitory characteristics of the microenvironment, which significantly influence tumor growth, proliferation, and response to therapy
through mechanisms including immunosuppression, hypoxia, and nutritional deficits. Comprehension of the crosstalk between
GBM and the suppressive tumor microenvironment has the potential to advance future investigations aimed at surmounting this
inhibitory microenvironment. Additionally, it could offer guidance for the formulation of novel therapeutic approaches. Significantly,
we reviewed advanced therapeutic strategies to overcome GBM, such as immune checkpoint inhibitors, chimeric antigen receptor
therapies, nanoparticles, small molecule inhibitors, and stem cell-based therapies. These strategies are continuously evolving and
being improved, with the potential to significantly augment the therapeutic effectiveness against GBM.

Abbreviations: BBB = blood-brain barrier, CAR = chimeric antigen receptor, CTLA-4 = cytotoxic T lymphocyte associated
antigen 4, GBM = glioblastoma, HIF-1 = hypoxia-inducible factor 1, ICls = immune checkpoint inhibitors, MDSCs = myeloid-derived
suppressor cells, MSC = mesenchymal stem cells, NK = natural killer, NSC = neural stem cells, PD-1 = programmed cell death
protein 1, TAMs = tumor-associated macrophages, TGF-f = transforming growth factor beta, TME = tumor microenvironment,

TMZ = temozolomide, Tregs = regulatory T cells, VEGF = vascular endothelial growth factor.
Keywords: chimeric antigen receptor, crosstalk, glioblastoma, immune checkpoint inhibitors, tumor microenvironment

1. Introduction

As a multifaceted systemic illness, the clinical management of can-
cer has progressed from conventional approaches such as surgical
resection, radiotherapy, and chemotherapy to a comprehensive,
multimodal treatment framework. In recent years, advancements
in biomedical technology have led to the emergence of novel ther-
apeutic approaches, including exosome drug delivery systems,
CRISPR-Cas9 gene editing, and immunomodulatory biomateri-
als, which offer new strategies for cancer intervention.!'*! Given
the heterogeneous and stage-specific nature of cancer progression,
the development of individualized combinatorial therapeutic pro-
cedures has emerged as a significant focus in clinical practice.

Glioblastoma (GBM) represents the most prevalent primary
brain tumor in the adult population.*’! In recent times, signifi-
cant progress has been achieved in understanding the pathology,
early detection, and strategic selection of combination therapy
for GBM. However, the formidable aggressiveness of GBM
results in persistently low survival rates for patients, positioning
it as one of the malignancies with the most unfavorable 5-year
survival outcomes.!*!
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The prevailing treatment regimen for GBM involves prior-
itizing extensive surgical resection, complemented by a blend
of radiotherapy, systemic therapy (chemotherapy and targeted
therapy), and supportive care. Nevertheless, each of these
strategies presents distinct challenges. Primarily, the invasive
character of GBM often results in incomplete tumor removal
during surgical resection.!®’ Additionally, potential resistance
to chemotherapeutic medications renders GBM inherently
resistant to them.'”! The existence of the blood—brain barrier
(BBB) poses an additional challenge to treatment, hindering
the attainment of therapeutic drug concentrations at the tumor
site.!'" Immunotherapy has emerged as a promising strategy for
treating cancer, as it involves activating or enhancing the body’s
immune system to identify and eliminate cancerous cells.'>!3 In
recent years, immune-based therapies, such as immune check-
point inhibitors (ICIs), cytokine therapies, and tumor vaccines,
have demonstrated significant improvements in survival rates
for various types of solid tumors, such as melanoma and non-
small cell lung cancer. However, these treatments have not
shown the same success in patients with recurrent GBM.!"
One important consideration is the existence of a suppressive
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microenvironment (immune, hypoxic, and metabolic microen-
vironment) in solid tumors that renders immune cells dysfunc-
tional.l'!%l The inherent heterogeneity and limited ability to
provoke an immune response of GBM also present a signifi-
cant obstacle in its treatment.'””"! The interactions and cross-
talk within the suppressive surroundings in the GBM tumor
microenvironment (TME) are being studied to offer valuable
perspectives on addressing the formidable and intricate obsta-
cle of GBM.

In this review, we provide a comprehensive overview of the
features of the inhibitory TME and its mechanisms of inter-
action with GBM tumor cells (Fig. 1). This analysis highlights
the pivotal role of the microenvironment in contributing to the
therapeutic resistance observed in GBM, thereby offering novel
insights into the pathophysiological processes underlying this
malignancy. Additionally, we advocate for the development of
advanced therapeutic approaches targeting the inhibitory TME
(Fig. 2). We examine the potential integration of novel technol-
ogies, including nanoparticles and chimeric antigen receptor
(CAR) therapies, in the treatment of GBM. Furthermore, we
suggest therapeutic strategies that focus on the modulation of
the microenvironment, which may contribute to the advance-
ment of next-generation therapeutics for GBM.
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2. TME

The term TME denotes the intricate interplay of cells and mol-
ecules that support the growth and evolution of GBM. TME is
comprised of an intricate network of cancerous cells, stromal
cells, immune cells, and various bioactive molecules that are
released by these cells.?**'! TME not only serves as a conducive
medium for the growth and dissemination of GBM but also
facilitates the expression of the aggressive characteristics of
GBM through reciprocal communication between the tumor
and its surrounding components.??! Particularly, the stromal
cells within the TME have the capability to release a diverse
array of growth factors, extracellular matrix components, and
metabolites, which serve to facilitate the proliferation, inva-
sion, and angiogenesis of GBM. Furthermore, immune cells
present in the TME, including tumor-associated macrophages
(TAMs) and myeloid-derived suppressor cells (MDSCs), among
others, can contribute to the evasion of immune response by
the tumor and confer resistance to therapeutic interventions
through their interactions with tumor cells.?32% There is also
emerging evidence supporting the targeting of the TME for

the treatment of GBM, demonstrating potential therapeutic
benefits.26-281
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Figure 1. Suppressive tumor microenvironment in glioblastoma. In the microenvironment of glioblastoma (GBM), various cell types, such as tumor cells,
tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs), neutrophils, and regulatory T cells (Tregs), collaborate to create an immu-

nosuppressive microenvironment. Furthermore, the hypoxic conditions and inadequate nutrition within the GBM contribute to the promotion of tumor growth,
metastasis, angiogenesis, immune evasion, and resistance to treatment.
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Figure 2. Integrated therapeutic approaches for GBM. A range of novel strategies has been established to address GBM. These include the utilization of
immune checkpoint inhibitors to alleviate immunosuppression, the application of chimeric antigen receptor therapies for targeted tumor destruction, the use of
nanoparticles to facilitate drug delivery across the blood-brain barrier, the development of small molecules aimed at specific signaling pathways, the employ-
ment of stem cells as therapeutic carriers, and the implementation of combination therapies to augment treatment efficacy.

3. Suppressive immune microenvironment

3.1. TAMs

In gliomas, particularly in the case of GBM, TAMs represent
the predominant stromal cell population, comprising approxi-
mately 30% to 50% of the total cell population.*>?* TAMs are
composed of bone marrow-derived macrophages and resident
microglia.’% Despite carrying out comparable roles, the present
research indicates that macrophages and microglia originate from
distinct sources within the TME.! Microglia serve as the primary
intrinsic immune cells within the skull, originating from primi-
tive myeloid progenitors during the initial stages of embryonic
development. These progenitor cells retain the capacity for self-
renewal following maturation within the cranium, thereby ensur-
ing the maintenance of their population within this region.'-*?!
Microglia are significantly involved in maintaining the homeosta-
sis of brain tissue and conducting immune surveillance in normal
physiological circumstances. In contrast, macrophages originate
from monocytes derived from bone marrow hematopoietic stem
cells, which infiltrate blood vessels to travel to tumor tissue and
undergo differentiation into macrophages.*® However, distin-
guishing between these 2 groups is challenging due to the absence
of distinct cell surface markers.*¥! In the TME, alterations in the
presentation of surface markers also pose challenges in distin-
guishing between the 2 groups.’*’! Recently, several sophisticated
technologies such as single-cell sequencing, cell fate mapping,
and microscopic imaging have broadened our comprehension of
these 2 cellular populations.’¢=8! Further investigation is needed
to understand the impact of microglia/macrophage composition
and variations on the interaction network within the TME.

In a dichotomous model, TAMs are categorically divided
into pro-inflammatory (M1) and pro-cancer (M2) phenotypes

according to their functional characteristics. Typically, the
M1 phenotype is evident in the initial phases of tumor forma-
tion and demonstrates anti-tumor effects, while the transition
from M1 to M2 promotes the advancement of the tumor.*”!
It is important to acknowledge that the constraints of this
dichotomous model are becoming evident, as there is grow-
ing evidence suggesting that the characteristics of TAMs are
constantly changing and adaptable. In intricate TMEs, where
both M1 and M2 macrophage types are often intertwined, the
dynamics of the TME lead to the emergence of diverse TAM
phenotypes.* New subpopulations of TAMs have been identi-
fied using recent single-cell techniques,**?! which represents a
new individualized therapeutic strategy for addressing various
states of TAMs.

A growing body of research is dedicated to examining the
intricate interplay between TAMs and GBM. This interaction
encompasses not only the growth, invasion, and metastasis
of tumor cells but also the modulation of the host’s immune
response. Specifically, TAMs can promote angiogenesis and alter
the extracellular matrix for parenchyma invasion and tumor
spread of GBM through multiple mechanisms,****! including
the secretion of soluble mediators, direct interaction between
cells, and the release of exosomes (reviewed in Broekman et
al?"). Furthermore, TAMs disrupt immune surveillance through
various mechanisms, including the secretion of immunosuppres-
sive factors (e.g., IL-6, transforming growth factor beta [TGF-
B], IL-10),BY expression of CD47 molecules (“Don’t eat me”
signals),'*l and the alteration of immune checkpoint molecules
(e.g., cytotoxic T lymphocyte associated antigen 4 [CTLA-4],
programmed cell death protein 1 [PD-1]) to deactivate T-cell
activity,**! thereby aiding GBM in evading immune system
attacks.
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TAMs are significantly involved in the progression of GBM,
and manipulating TAM function may offer novel therapeu-
tic approaches for GBM treatment. Preclinical studies have
identified several promising strategies, including inhibiting
TAM recruitment, enhancing TAM depletion, and repro-
gramming TAMs into M1 phenotypes, which exhibit anti-
tumor effects.*=!l However, it is worth noting that the intricate
nature of TAMs within the TME hinders the effectiveness of
individual treatments, and focusing solely on TAMs may not
be adequate for the complete eradication of tumors.’>%3 Most
current targeted therapies focus on modulating the activity and
characteristics of TAMs rather than directly targeting TAMs
themselves. Additionally, the potential for drug interactions
with other cell types may reduce the efficacy of alternative treat-
ment approaches, such as ICIs. This underscores the necessity of
utilizing combination therapy. For instance, in a glioma model,
the use of a colony-stimulating factor-1 receptor inhibitor in
conjunction with radiotherapy demonstrated notable benefits
in suppressing tumor recurrence compared to individual treat-
ments.’ Likewise, the co-administration of IL-12-expressing
lyssaviruses with 2 ICIs resulted in a notable extension of
the survival of mice with GBM through the augmentation of
Mi1-like TAMs and the enhancement of effector T-cell func-
tion.’! Clinical trials are currently being initiated to explore
combination strategies for the treatment of GBM, which may
potentially offer novel therapeutic options for patients.’3!!

3.2. MDSCs

MDSCs are a subset of immunosuppressive cells originating
from the bone marrow. In healthy circumstances, myeloid cells
undergo rapid differentiation and migration to various periph-
eral organs to carry out their immune functions. However,
in pathological states such as chronic inflammation and can-
cer, myeloid progenitor cells and immature myeloid cells are
hindered from progressing to maturity, leading to their accu-
mulation at various stages of differentiation and eventual
development into MDSCs.I*! Based on their phenotype and
morphology, MDSCs can be categorized into various types,
such as granulocytes or polymorphonuclear cells, monocytes
(M-MDSCs), and early MDSCs.’”! In various types of tumors,
the presence of MDSCs is linked to unfavorable prognosis and
reduced response to treatment. In the case of GBM, there is a
consistent elevation in the frequency of MDSCs, which have
been observed to accumulate at the tumor site, as well as in
the spleen and peripheral blood.*3-¢! Cytokines, transcription
factors, chemokines, and exosomes released by tumor cells have
been shown to play a role in the expansion and recruitment of
MDSCs, facilitating the translocation of MDSCs into the TME
(reviewed in Lakshmanachetty et al'®?).

While the specific type of MDSCs prevalent in the TME
remains to be determined, a growing body of evidence indicates
that MDSC:s recruited to the TME utilize various mechanisms to
exert immunosuppressive effects. These effects are linked to the
inhibition of the activity of a broad spectrum of immune cells,
including T cells, natural killer (NK) cells, and dendritic cells.
Furthermore, MDSCs play a role in recruiting other immuno-
suppressive cells, such as regulatory T cells (Tregs), regulatory B
cells, and M2 macrophages. This extensive immunosuppression
contributes to the progression of GBM.!%! Recent research has
indicated that aside from their role in suppressing the immune
system, MDSCs facilitate the advancement of tumors through
non-immune pathways, including the modulation of angiogene-
sis and stromal degradation.[®¥

Due to the immunosuppressive role of MDSCs, researchers
have increasingly focused on the potential of targeting MDSCs as
a therapeutic strategy for GBM in recent times. Numerous strat-
egies have been devised to target MSDCs in GBM. For instance,
the use of low-dose, metronomic capecitabine in conjunction
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with bevacizumab therapy has been shown to alleviate immuno-
suppression in the TME by reducing the population of circulating
MDSCs. 651 Recent research has also shown that bavituximab, a
monoclonal antibody possessing anti-angiogenic characteristics,
effectively acts on MDSCs within the TME and exhibits effi-
cacy in treating newly diagnosed GBM.!*®l Approaches aimed
at restraining the proliferation and recruitment of MSDCs have
exhibited promising therapeutic implications. For instance,
Takacs et al revealed that the migration of immunosuppressive
M-MDSCs to the TME relied on CCL2 and CCL7, and con-
current targeting of CCL2 and CCL7 resulted in diminished
MDSCs 171 Similarly, a nanoparticle-based CXCL12/CXCR4
pathway therapy attenuates the infiltration of M-MDSCs into
the TME. When combined with radiotherapy, this treatment has
led to prolonged survival in mice with GBM.[**) In summary, the
strategic targeting of MDSCs to restructure the functional TME
represents a significant approach in the treatment of GBM.
However, additional clinical investigations are required to com-
prehensively assess the feasibility and therapeutic potential of
targeting MDSC:s in this context.

3.3. Neutrophils: a dual role

Neutrophils exhibit a prompt response to infection and inflam-
mation within the organism and were initially characterized as
cellular components that combat pathogenic infections. The
prevailing perspective suggests that chronic inflammation at the
site of the tumor leads to significant recruitment of neutrophils.
Within the TME, neutrophils exhibit a multifaceted role. On
one hand, they facilitate tumor growth through various mech-
anisms, while on the other hand, they are implicated in diverse
anti-tumor effects, indicating the heterogeneous and function-
ally diverse nature of neutrophils.®”"! In a manner akin to the
categorization of macrophage polarization, the categorization
of N1 and N2 was implemented to delineate neutrophils with
anti-tumor and pro-tumor capabilities, respectively, predicated
on their functional distinctions.”!! These 2 categorizations may
indicate distinct functional conditions of neutrophils within
tumors; however, additional research is required to differentiate
between these 2 cellular states.

While the investigation into the involvement of neutrophils in
GBM is still in its early stages, several studies provide evidence
for a potential contribution of neutrophils to the development
of GBM. As far back as 1999, a research study demonstrated
a connection between the grade of glioma and the rate of neu-
trophil infiltration, indicating a greater incidence of neutrophil
infiltration in high-grade GBM.?! Additionally, Liang and col-
leagues’ investigation into the infiltration of neutrophils not
only demonstrated a correlation with glioma grade and tumor
progression but also with the development of resistance to anti-
vascular endothelial growth factor (VEGF) therapy in patients
with GBM.®l Rahbar et al conducted a study that emphasized
the prognostic significance of neutrophil activation in the pro-
gression of disease among patients with GBM. Their findings
indicated that patients exhibiting heightened neutrophil activity
experienced a less favorable prognosis.”* A recent investigation
examined the impact of specific microenvironments and tumor
types on the characteristics of neutrophils. The study revealed
that the microenvironment of brain tumors exhibited a greater
presence of neutrophils and displayed a unique pro-inflammatory
phenotype in comparison to neutrophils found in peripheral
areas.” Significantly, brain tumor neutrophils exhibit prolonged
survival compared to peripheral neutrophils of similar charac-
teristics, both through direct interaction and via soluble cyto-
kines. These findings indicate that the microenvironment plays a
crucial role in inducing changes in the phenotype and function
of neutrophils and that neutrophils entering the brain undergo
transcriptional alterations to acclimate to distinct microen-
vironments.””! It is noteworthy that there is a bidirectional
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crosstalk between glioma cells and neutrophils. The cytokine
environment in GBM patients plays a role in recruiting neutro-
phils and prolonging their lifespan. Conversely, neutrophils in
close proximity to the tumor enhance the production of immu-
nosuppressive agents, such as reactive oxygen species, to sustain
a persistent state of inflammation in the TME.”") A mechanistic
investigation indicates that tumor cells experience ferroptosis
when neutrophils penetrate the tumor stroma, leading to tumor
necrosis in the progression of GBM.””

Numerous recent preclinical investigations have explored the
potential of directing therapeutic interventions towards neutro-
phils in the context of treating GBM. One such example is the
examination of Dapsone, which has been found to modulate
neutrophil migration and chemotaxis and to demonstrate anti-
tumor effects.”® Several treatments are currently in develop-
ment that utilize the chemotactic properties of neutrophils to
effectively target GBM cells. One such example is the utilization
of drug delivery systems based on neutrophil membranes, which
demonstrate high permeability through the BBB and notably
enhance their ability to combat GBM.” The neutrophil-based
emerging CAR platform specifically delivers microenvironment-
responsive nanomedicines and exhibits superior anti-GBM
activity.®” However, as a result of the intricate interplay among
the diverse cellular constituents within the TME, there is a com-
pensatory recruitment of an alternative cell population when
targeting a single-cell population alone.®!! A thorough under-
standing of the intricate intercellular communication within the
TME and the design of combination therapies that can effec-
tively target multiple cell types are essential.

3.4. Tregs

Tregs are a class of T cell subpopulations with significant
suppressive effects.®” Tregs are scarcely present in healthy
brain tissue, but they are identifiable in 48% of GBM, indi-
cating a higher prevalence of Tregs in high-grade gliomas.*’
Furthermore, research has revealed that the percentage of Tregs
present in tumor tissue is elevated in patients with GBM at
38.5%, compared to the peripheral blood of matched patients
at 11.9%. Notably, the percentage of peripheral Tregs decreases
in GBM patients following tumor resection and increases again
upon recurrence, indicating a potential correlation between the
proportion of Tregs and tumor burden.® Comparable find-
ings also indicated a notable elevation in the proportion of
Tregs within tumor lesions among individuals diagnosed with
GBM.B Several studies have discussed the prognostic signifi-
cance of Tregs in GBM. Wiencke et al found that higher levels
of Tregs were associated with poorer survival rates.*! Another
study demonstrated that a reduction in the proportion of Tregs
in the peripheral blood following DC vaccination was linked to
extended survival in patients with GBM.!%"!

Understanding the mechanisms involved in the delicate bal-
ance of Treg migration and recruitment to GBM tumor tissue
may be key to unlocking the immunosuppressive function of
Tregs. The findings of Jordan et al indicate that the secretion
of CCL2 and CCL22 by tumor cells plays a significant role in
recruiting Tregs.!*®! Similarly, a separate investigation validated
the high expression of the CCR4 chemokine receptor in Tregs
within GBM, thereby emphasizing the significant involvement
of chemokines in the attraction of Tregs.®! The process of
CCL2 production within the TME was investigated by Chang
AL et al. Their findings indicated that cytokines released by
tumor cells stimulated macrophages and microglia to generate
CCL2, which subsequently recruited CCR4-expressing Tregs.
Significantly, the study demonstrated that the use of small-
molecule inhibitors targeting CCR4 reduced the accumulation
of Tregs.’"! Furthermore, Crane CA noted that the superna-
tants of GBM cells transiently facilitated the differentiation of
T cells into Tregs, as indicated by the expression of TGF-f3 and
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FOXP3, implying an alternative pathway for recruiting Tregs in
the TME.[34

It is widely acknowledged that Tregs create and sustain an
immunosuppressive environment through a range of mecha-
nisms.®! In malignant gliomas, glioma cells have the capacity
to stimulate the proliferation of Tregs through non-dependent
mechanisms, including the release of cytokines such as TGF-f3
and IL-10. Furthermore, glioma cells also contribute to the accu-
mulation of Tregs by activating other elements of the microen-
vironment, such as MDSCs and TAMs, through the secretion
of immunosuppressive factors.’”’ Conversely, Tregs also cre-
ate an environment of immunosuppression by suppressing the
activity of other immune cells, including T cells and NK cells.*?!
However, whether Tregs have a direct interaction on GBM still
requires further investigation.

CD25 is a well-established surface marker of Tregs, and
recent research indicates that depletion of CD25 leads to ele-
vated levels of activated CD4 T cells and an increased abun-
dance of NK cells. Notably, CD25 depletion has been found to
enhance the survival of mice with GBM following radiother-
apy.””! Additional research has demonstrated that Tregs play
a significant role in limiting the effectiveness of VEGF block-
ade therapy. It has been observed that the administration of an
anti-CD235 antibody to block Tregs prior to VEGF blockade
therapy can restore the anti-tumor responsiveness mediated by
anti-VEGFR2.°¥ Therapeutic antibodies targeting CD25 have
been utilized in clinical trials and have shown manageable lev-
els of toxicity.””! Given that CD235 serves as a receptor subunit
for IL-2 and that inhibiting CD2$ can disrupt IL-2 signaling in
effector T cells, Solomon et al devised a new anti-CD235 antibody
(RG6292) with the aim of preserving IL-2 levels. Their findings
indicated that this antibody reduced the suppressive function of
Tregs and promoted T-cell activation in homozygous humanized
mice.” A clinical trial is currently in progress to evaluate the
safety and effectiveness of Tregs depletion therapy in individu-
als with solid tumors (NCT04158583). While additional assess-
ment is necessary for GBM, these developments underscore the
potential therapeutic value of targeting Tregs for GBM.

4. Hypoxic microenvironment

Hypoxia has been identified as a significant characteristic pres-
ent in all solid tumors.””! The heightened metabolic activity of
GBM and the extended distance for oxygen diffusion resulting
from an abnormal vascular system are recognized as signifi-
cant contributors to the hypoxic conditions within the GBM
microenvironment.” In GBM, hypoxia triggers the activation
of numerous target genes, leading to the establishment of an
intricate network of processes that influence the malignant
characteristics of tumor cells by impacting crucial signaling
pathways. For instance, hypoxia promotes tumor proliferation,
angiogenesis, invasion, and metastatic potential.”>-1°!l Hypoxia
has been linked to resistance to both radiotherapy and che-
motherapy.['9-1% Significantly, the development of malignant
characteristics driven by hypoxia is closely linked to a nega-
tive prognosis in patients with GBM.!%51% Furthermore, GBM
stem-like cells are present in a limited quantity within GBMs.
These cells demonstrate characteristics akin to stem cells,
including self-renewal and invasive properties. They are believed
to be the primary instigators of tumor initiation, expansion, and
reoccurrence in GBM.!"%7I The increased expression of hypoxia-
inducible factor 1 (HIF-1) in hypoxic environments has been
demonstrated to support the maintenance and amplification of
GBM stem-like cells."®!

In GBM, hypoxia is involved in immunosuppression. GBM
is commonly characterized as a “cold tumor” due to its limited
immune cell infiltration and low neoantigen levels.!'%! Despite
the presence of immune cells such as T cells and NK cells in the
hypoxic microenvironment, they are still susceptible to damage.
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Conversely, the functionality of certain suppressor immune
cells, such as Tregs and M2 macrophages, is heightened in this
hypoxic setting."”! This renders hypoxia the most crucial inhib-
itory microenvironment in GBM.

In preclinical studies, several approaches have been inves-
tigated to block the activity of HIF-1, including manipulating
HIF-1 protein synthesis, facilitating HIF-1 degradation, and
reducing HIF-1 mRNA expression. These approaches have
been tried and shown to ameliorate the malignant phenotype of
tumor cells (reviewed in Domeénech et al''%). While additional
research is needed to explore greater specificity and more effec-
tive approaches, targeting the hypoxic microenvironment could
be a promising strategy to impede the progression of GBM,
given its significant role as a key driver of GBM advancement.

5. Metabolic microenvironment: focus on glycolytic
metabolism

GBM is distinguished by its rapid proliferation and extensive
infiltration, leading to the development of nutrient deficiencies
within the microenvironment. In order to obtain sufficient nutri-
ents, the metabolic pattern of tumor cells is altered, and aerobic
glycolysis (Warburg effect) is an important feature of abnormal
metabolism in tumor cells.""! To meet the elevated metabolic
requirements of GBM, there is an increase in the expression of
glucose transporters and glycolytic enzymes essential for gly-
colysis. Research has demonstrated that GLUT1 is significantly
upregulated in GBM, and its expression levels correlate with
the relative glucose concentration in the TME."?! Furthermore,
there was an increase in the expression of glycolytic enzymes
in GBM, which was correlated with a decrease in the overall
survival rate of patients.!'>4 In contrast, the elimination or
suppression of glycolytic enzymes resulted in a survival advan-
tage in xenograft mice, indicating the significant involvement of
glycolysis in the growth of GBM.[!13:115]

Increased glycolytic metabolism is not exclusive to cancer
cells within the TME. This significant metabolic characteristic
can provide energy support for various cells, including immune
cells." This increased glycolysis plays a crucial role in pro-
viding metabolic support to immune cells, particularly T-cells,
enabling them to undergo rapid proliferation and transition into
an activated state.!''®) On the contrary, swift depletion of glucose
in glycolytic metabolism results in an elevated need for oxygen
in the local environment, causing tissue hypoxia. This condition
contributes to the shaping of an inhibitory immune microen-
vironment. Furthermore, lactate, which is the final byproduct
of glycolytic metabolism, accumulates in the microenvironment
and directly impacts immune cells. This impact includes the
inhibition of anti-tumor immune cells, such as T cells and NK
cells, as well as the promotion of immune-suppressor cell popu-
lations, such as MDSCs.I"! Additional research focusing on the
manipulation of glycolysis to reverse the immunosuppressive
effects caused by heightened glycolysis is a promising area of
interest and offers a compelling approach to altering responsive-
ness to immunotherapy.

6. Novel therapeutic strategies to overcome GBM
6.1. ICIs

ICIs are a category of pharmaceutical agents that augment the
body’s natural anti-tumor immune response by obstructing
immunosuppressive signals, thereby stimulating or facilitating
immune cell activation and mobilization.""”) ICI has demon-
strated notable anti-tumor efficacy across various tumor cate-
gories and is currently being utilized in conjunction with other
pharmaceutical agents to augment its clinical utility."''$!

In GBM, frequently utilized ICIs consist of the PD-1 antibody
and the CTLA-4 antibody. In recent years, numerous clinical
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trials have been conducted to assess the efficacy of ICIs in the
treatment of GBM. In a phase 3 clinical trial (CheckMate 143),
369 patients diagnosed with GBM who experienced a 1st relapse
following standard radiotherapy and temozolomide (TMZ)
treatment were randomly allocated in a 1:1 ratio to receive either
Nivolumab, an anti-PD-1 therapy, or Bevacizumab. The find-
ings indicated that the median overall survival in the Nivolumab
group was comparable to that of the Bevacizumab group,
with respective durations of 9.8 months and 10 months.!'¥
Similarly, in an open-label phase 3 clinical trial (CheckMate
498), Nivolumab in combination with radiotherapy did not
improve survival in patients with newly diagnosed unmethyl-
ated MGMT promoter GBM compared with TMZ in combina-
tion with radiotherapy.l'"! In a separate phase 3 clinical study
involving patients with newly diagnosed GBM and methylated
MGMT promoter (CheckMate 548), researchers noted that the
survival advantage of the Nivolumab + radiotherapy + TMZ
combination was not found to be significantly better than that
of the radiotherapy + TMZ + placebo combination.!'?%!

Although ICIs have not demonstrated significant efficacy in
unselected GBM patients, multiple studies have indicated that
GBM patients with distinct molecular profiles exhibit improved
imaging response and survival outcomes following ICIs treat-
ment.["2122l Numerous studies have also examined the possibil-
ity of using ICIs in neoadjuvant immunotherapy for GBM. For
instance, a study involving 35 patients with recurrent, surgically
removable GBM found that those who underwent PD-1 therapy
before surgical resection and continued immunotherapy after
the operation experienced extended overall survival compared
to patients who received PD-1 therapy solely after the sur-
gery.'?l A similar clinical study also noted that certain patients
with GBM who received ICIs as adjuvant therapy exhibited
improved survival outcomes.!?*!

Based on this information, it is essential to consider the dis-
tinct molecular features of patients when considering the use of
ICIs for GBM treatment in the future. Additionally, it is crucial
to establish early indicators that can predict the response to ICIs
therapy. This will facilitate the identification of patient popu-
lations that are likely to experience clinical benefits from ICI
treatment.

6.2. CAR

The concept of CAR originated in 1989, when Gross G and col-
leagues suggested that equipping T cells with a chimeric receptor
could be a significant approach in combating tumors. Following
years of advancement, CAR-T cell therapy has demonstrated
notable efficacy in treating various malignant tumors, particu-
larly hematological tumors, and is being explored for potential
application in solid tumors.!'?*!

In GBM, promising preclinical outcomes have been observed
with CAR-T cell therapies targeting various antigens such as
IL13Ra2, EGFRVIIL, HER2, EphA2, and GD2.!"2¢! These targets
have also undergone assessment in clinical trials and demon-
strate significant potential for the treatment of GBM.!"*”l In an
instance, during a phase I clinical trial focused on IL13Ra2, the
administration of multiple infusions of CAR-T cells through 2
intracranial routes demonstrated that the CAR-T therapy facil-
itated regression of intracranial tumors and resulted in tem-
porary complete remission in patients with recurrent GBM.
Additionally, the treatment-related toxicities were found to be
manageable.!'?8! In a separate phase I clinical trial focused on
EGFRVIII, a group of 10 patients experiencing recurrent GBM
received treatment with CAR-T cells. These cells were found
to be delivered to the tumor site following intravenous admin-
istration and demonstrated impact on the TME. Specifically,
certain immunosuppressive molecules were observed to be
increased after CAR-T infusion, highlighting the constraints
posed by the immunosuppressive microenvironment on CAR-T
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cell therapy.'*! A clinical trial testing the feasibility and safety
of allogeneic CAR-T cell therapy for the treatment of recurrent
unresectable GBM has shown that a transient anti-tumor effect
was achieved in some patients.!'**) Another research investiga-
tion assessed the efficacy of CAR-modified virus-specific T-cell
therapy in treating individuals with HER2-positive GBM. The
study revealed that out of 16 patients evaluated, 1 experienced
partial remission while 7 exhibited stable disease, indicating the
promising clinical utility of this therapeutic approach.!'3"

NK cells are a type of innate lymphocyte that possess distinct
biological capabilities. Unlike T cells, NK cells do not necessitate
prior sensitization for the recognition and effective elimination
of tumor cells.['*? Creating CAR utilizing NK cells as the effec-
tor cells not only maintains the inherent anti-tumor reactivity
of NK cells but also enables NK cells to selectively home in on
tumors. In recent studies, there is increasing evidence to suggest
that CAR-NK cell therapy has emerged as a promising immu-
notherapy approach for the treatment of GBM.!'*! Comparable
to the targets employed in CAR-T therapies, CAR-NK thera-
pies directed at antigens such as HER2, EGFRVIIL, and GD2
have exhibited potent anti-GBM activity in preclinical investi-
gations.!!3*13¢ The research conducted by Wang and colleagues
introduces a multifunctional approach involving CAR-NK
cells, which has been demonstrated to augment the infiltration
of NK cells and facilitate the eradication of tumors.!'3”! A cur-
rent clinical trial is being conducted to assess the safety and
tolerance of intracranial administration of NK-92/5.28.zCAR
NK cells in individuals with recurrent HER2-positive GBM
(NCT03383978).

6.3. Nanoparticle

The primary factor restricting effective treatment of GBM is
the restricted permeability of drugs through the BBB.!"38I There
is a pressing requirement for a technology that enhances the
effectiveness of current medications and facilitates the transpor-
tation of chemotherapeutic agents across the BBB. The utiliza-
tion of nanocarriers in drug delivery represents a viable strategy
due to their capacity to transport therapeutic agents (such as
anti-cancer drugs, proteins, nucleic acids, etc) and shield these
compounds from premature degradation or release.'*” A syn-
thetic protein nanoparticle based on polymerized human serum
albumin has demonstrated the ability to traverse the BBB
for targeted delivery of anticancer medications to GBM.!'#
Similarly, an synthetic protein nanoparticle therapy encapsu-
lating a CXCL2/CXCR4 pathway antagonist (AMD3100) in
combination with radiotherapy achieves long-term survival and
triggers a beneficial immune microenvironment in hormonal
mice.!*®! Cisplatin-loaded nanoparticles were capable of utilizing
MR-guided focused ultrasound to traverse the BBB and effec-
tively suppress the growth of GBM.!'41]

Numerous clinical trials have been registered on Clinical Trials.
gov to assess the application of nanoparticles in drug delivery
for the treatment of GBM (NCT04881032, NCT03020017,
NCT00734682). However, the intricate process of nanoparticle
preparation and characterization, as well as the assessment of
biodistribution and safety considerations, presents significant
challenges for the utilization of nanoparticles in the treatment of
GBM.["*I There is a need for further research to develop suitable
nanocarriers for efficient drug delivery and to explore different
routes for delivery of therapeutic agents to the central nervous
system.

6.4. Small molecule inhibitors

TMZ is currently the only 1st-line chemotherapeutic agent for
GBM; however, his chemotherapy regimen is susceptible to sys-
temic adverse effects, initial resistance to TMZ, or the devel-
opment of resistance during treatment, all of which restrict its
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effectiveness in combating tumors.!'*¥! Over the past decades,
multilevel solutions have been investigated, such as the devel-
opment of novel small molecule drugs. Currently, several
small molecule inhibitors have been extensively tested in GBM
patients, mainly targeting the major dysregulated pathways
in GBM, including receptor tyrosine kinases, the PI3K/AKT/
mTOR pathway, the p53 pathway, and the RB pathway.!'+¥

The ineffectiveness of most small molecule inhibitors in the
treatment of GBM can largely be ascribed to the insufficient
specificity of the current therapeutic targets. Many of these tar-
gets are also implicated in peripheral tumors, leading to concur-
rent targeting that diminishes therapeutic efficacy.!"*! Most small
molecule therapies in current clinical studies for GBM have a
limited duration of exposure, thereby constraining their effec-
tiveness."*! Insufficient permeation of the BBB is a significant
factor that restricts the clinical application of small molecule
inhibitors. Despite their limitations, small molecule inhibitors
will continue to be the primary focus for the development of
therapeutic drugs for GBM in the future. This is due to their
relatively uncomplicated structure and cost-effective synthesis.
As our understanding of the pathogenesis of GBM and molecu-
lar markers advances, more targeted and BBB-penetrating small
molecule compounds will remain the predominant approach for
GBM drug development.

6.5. Stem cells

Stem cells are a class of cells characterized by their ability to
self-renew and differentiate into various cell types. Subsets of
stem cells, such as mesenchymal stem cells (MSC), hematopoi-
etic stem cells, and neural stem cells (NSC), possess the capabil-
ity to migrate to tumor sites. This migration enables the delivery
of diverse therapeutic agents, such as tumor-destroying viruses,
cytokines, antibodies, and nanoparticles, thereby enhancing
the efficacy of these treatments.!'*! In recent years, stem cells
have emerged as a novel strategy for the treatment of GBM. For
instance, a hybrid MSC/nanosphere system has been developed
to enhance drug retention at the tumor site and demonstrate
substantial anti-tumor effects.['*”) The utilization of NSC mem-
brane for the encapsulation and transportation of lysosomal
viruses demonstrates outstanding abilities to traverse the BBB
and target tumors.!'*8!

Two active phase I clinical trials have been implemented
to assess the efficacy of genetically modified MSCs in treating
GBM (NCT03896568, NCT04657315). Additionally, several
completed phase I trials have utilized genetically engineered
NSCs in patients with high-grade gliomas (NCT01172964,
NCT02015819). Despite remaining ethical and financial con-
siderations, the emergence of these treatments undoubtedly
presents promising new therapeutic prospects for GBM.

Another field of interest pertains to the potential of utilizing
exosomes derived from stem cells for therapeutic purposes in
the context of GBM.!'"*I Research has indicated that MSC and
NSC possess the ability to produce exosomes.!'*®) MSC-derived
exosomes have been shown to improve tumor progression
by releasing therapeutic small molecules, including miRNA-
584.51 Additionally, these exosomes possess the capability to
penetrate the BBB and offer benefits such as minimal immune
response and tumor homing."*>!%3 Utilizing these characteris-
tics, researchers have employed exosomes as delivery vehicles
for the inhibition of tumors through the transportation of pro-
teins, miRNAs, and chemicals.[!5415]

7. Conclusions and directions

The TME is a complex ecological network within GBM. Within
the TME, various inhibitory microenvironments, such as sup-
pressor immune cells, hypoxia, and nutrient deficiencies, closely
crosstalk with cancer cells and impact the biological behavior
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and response to treatment of GBM. A comprehensive under-
standing of these crosstalks is crucial for the advancement of
novel therapeutic approaches. This review offers valuable
insights into the crosstalk between multiple inhibitory micro-
environments and GBM and explores the potential of targeting
these microenvironments for therapeutic purposes. Nevertheless,
it is important to acknowledge that the development of thera-
peutic agents targeting these microenvironments necessitates
extensive experimental and clinical testing.

Immunotherapy and molecularly targeted therapies are cur-
rently the predominant treatment modalities for GBM, offering
advantages in delaying recurrence and enhancing survival rates.
However, the clinical outcomes for GBM have not shown sig-
nificant improvement due to its pronounced heterogeneity and
ability to evade the immune system. Ongoing research is explor-
ing alternative approaches for GBM, including the development
of nanoparticles with enhanced permeability through the BBB
and unique properties for targeting tumor cells. Additionally,
CAR-based therapies represent a crucial advancement towards
personalized GBM treatment. Given the intricate nature of the
TME, the effectiveness of individual therapies is often insuffi-
cient, necessitating the development of strategies to combine
these therapies to maximize efficacy.
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