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ABSTRACT

High-grade central nervous system cancers incur a significant burden of care on society. The combination of therapeutic resist-

ance and high mortality makes it both a challenging target and a devastating diagnosis. Of these, one in two is characterized as

glioblastoma (GBM) with a median survival rate of only 13.5months with the current standard of therapy. Modern interventions,
such as PD-1 and CTLA-4 checkpoint inhibition and autologous CAR T cell delivery, remain stymied by both the difficult nature
of drug delivery to the brain and the inherent immunosuppressive tumor microenvironment. However, recent advances in the
characterization of GBM have unveiled promising new therapeutic avenues aiming to target and eliminate the tumor. In this
review, we summarize the mechanisms through which GBM is initiated, localized, and eludes therapy responses and provide an

update on recent advances made within this therapeutic space to overcome GBM-mediated immunosuppression. We also discuss

the challenges with current and next generational treatment strategies before finally exploring the landscape of potential future

therapeutic targets.

1 | Introduction

Historically, the notion of extensive immunological activity
within the brain has been a controversial affair. Evidence from
the early 1900s, whereby predominantly epithelial tissue trans-
planted from skin to the anterior chamber of the eye and cer-
ebellum of rabbit and rat models resulted in prolonged graft
survival, suggested a limited capacity of immunological activity
within the brain [1, 2]. This reinforced prior research by Paul
Ehlrich [3] who showed that blood vessels within the brain re-
stricted the movement of macromolecules through the forma-
tion of tight junctions by blood vessel endothelium thus isolating
the brain from immunological activity, called the Blood Brain
Barrier (BBB).

By marrying the BBB to graft studies, the exploration of immu-
nology within the brain effectively stalled. While rapid prog-
ress was made in exploring the complex interactions between
the immune system and tissue in various parts of the body, no
such concurrent expansion was seen in the brain. This was the
status quo until recently, where advances in technologies, such
as RNA sequencing, flow cytometry, tissue microarray analysis,
and better in vivo imaging techniques, warranted reinvestiga-
tion of this supposed ‘immune privileged state’. This resulted in
the discovery of significant but highly restricted immune cell
presence within the brain localized to barrier tissues such as
the meninges, perivascular spaces, and choroid plexus [4-6].
Today, neurodegenerative conditions, such as Parkinson's dis-
ease and Alzheimer's disease, have been linked to dysregulated
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immune function [7-9]. Increased cytotoxic activity of menin-
geal CD87 [10, 11] and Th, and Th,, CD4* T cells [12-14], for ex-
ample, was found to drive pathogenesis in Parkinson's disease,
with initiation mediated through decreasing Treg abundance
at early stages [14]. Alzheimer's disease follows this interaction
with CD4 Treg dysfunction linked to disease progression. This
has consequently led to the application of Immunotherapeutics
targeted at reestablishing T cell balance which are showing im-
provements in preclinical models [15, 16].

Comparatively, high-grade CNS tumors remain largely unaf-
fected by immunotherapeutic approaches. Among these, GBM
is particularly notable, accounting for half of these tumors alone
[17]. At present, the best standard of care for GBM is concurrent
chemotherapy, namely Temozolomide (TMZ), and radiotherapy
after maximal safe resection, a treatment that has not func-
tionally changed since its inception in 2005 by Stupp et al. [18].
However, the highly diffuse nature of the tumor makes complete
resection difficult where recurrent tumors may form in inoper-
able locations within the brain, and the adoption of resistance
mechanisms to both radiotherapy and chemotherapeutic agents,
such as TMZ, is common [19-24]. This is typically associated
with an epithelial to mesenchymal shift (proneural to mesen-
chymal subtype shift) with the tumor and ultimately resulting
in the fatal nature of the tumor even with treatment, where the
median survival hovers around at a dismal 13.5months [25].

Exploration of the Tumor Microenvironment (TME) reveals
a self-reinforcing immunosuppressive state enriched in anti-
inflammatory immune cell populations, such as myeloid-derived
suppressor cells (MDSC), anti-inflammatory monocyte-derived
macrophages (MDM) and CD4* Treg cells which not only drive
this immunologically cold nature but provide treatment resis-
tance and promote invasiveness of the tumor. Recently, more
modern immunotherapeutic interventions, such as checkpoint
inhibition (e.g., anti-PD1 and anti-CTLA-4) and engineered ef-
fector cells (e.g., Cimeric Antigen Receptor (CAR) -T and NK
cells) have been applied to reinvigorate the antitumor response.
Despite their efficacy in a broad range of cancers within the
body, they have remained frustratingly ineffective in the treat-
ment of GBM [26-28]. Therefore, the current landscape of GBM
research is focused on the interrogation of the immunosuppres-
sive TME for the development of more effective therapies [29].
To that end, studies have recently begun harnessing techniques,
such as single cell RNA sequencing [30] and tissue microarray
analyses [31], both to stratify the GBM TME as well as devise
more advanced therapeutic interventions by interrogating the
GBM and immune cell directed immunosuppressive pathways.
Broadly, this review will serve as an update on the identifica-
tion and categorization of GBM based on RNA sequencing and
spatial transcriptomics as well as identifying key influences on
immune cell populations driving this immunosuppressive state
before finally exploring how the interrogation of these pathways
is driving the development of ever more effective treatment
for GBM.

2 | Diagnosis

GBMs are typically diagnosed through T1 or T2 weighted mag-
netic resonance imaging (MRI) in patients in their 60s [17, 32]

presenting with neurological symptoms, such as loss of visual
acuity, seizures, headaches, and loss of balance, depending
on the site of tumor formation [33-36]. Tumors are typically
4-6cm [33] on diagnosis and are predominantly located within
supratentorial white matter tracts in either the frontal or tem-
poral lobes [33, 36, 37]. Histologically, GBMs are identified by
the presence of a necrotic core enclosed within a single layer of
elongated cells called the pseudopalisade layer [38]. The invasive
edge of GBM tumors is highly irregular and could appear as hy-
pointense or hyperintense dependent on the T1 or T2 weighting
of MRI, respectively [39]. The 2021 WHO classification of CNS
tumors permitted the diagnosis of GBM based on molecular
subtyping of widely recognized markers [40]. These are: gain
of chromosome 7 and loss of chromosome 10; EGFR amplifi-
cation, particularly resulting in expression of EGFRVIII and/
or TERT promoter mutations resulting in sustained expression
of the transcriptase. Based on the 2021 classification, isocitrate
dehydrogenase (IDH) mutational status is now considered a
distinguishing marker between astrocytoma (IDH mutant) and
glioblastoma (IDH wildtype). Finally, O-6-methylguanine-DNA
methyltransferase (MGMT) methylation status is also explored
where decreased methylation of MGMT promoter region is as-
sociated with increased efficacy of TMZ-induced DNA lesion
repair and is thus indicative of TMZ sensitivity [41].

3 | Stratification of the GBM Tumor

While the molecular diagnostic markers provide some form of
stratification of GBM based on their presence or absence, the
inherent heterogeneity of the tumor TME has fueled further
attempts to stratify GBM based on subtype marker expression.
Today, there are three widely recognized subtypes of GBM
based on differential gene expression of a subset of 20 genes as
defined by Wang et al. [42] identified from the cancer genome
atlas (TCGA). These are proneural (TCGA-PN) defined mainly
by high expression of PDGRFA; classical (TCGA-CL) defined by
high expression of EGFRvIII; and mesenchymal (TCGA-MES)
defined mainly by overexpression of angiogenic markers such
as VEGF as well as frequent inactivating mutations of NFI
(Figure 1).

Proneural subtype tumors were historically considered more
treatable owing to the original inclusion of IDH mutations
within the classification, thus resulting in the production of
the oncometabolite D-2 Hydroxyglutarate (D-2HG) which
hyper-methylates the tumor, reducing its invasiveness [43-45].
However, the 2021 WHO reclassification of CNS tumors rechar-
acterized IDH mutant bearing glioblastomas into oligodendro-
glioma or astrocytoma, dependent on the presence or absence
of 1p/19q chromosomal codeletion [40], thus removing its utility
as a proneural tumor marker and shifting survival toward a less
favorable outcome [46, 47].

Mesenchymal tumors lie juxtaposed to their proneural and clas-
sical counterparts. Instead of adopting a broadly immunologi-
cally cold landscape, these tumors are generally characterized by
abundant immune cell infiltration [48-50], resulting in a highly
heterogenous and diffuse phenotype while remaining the most
aggressive among the three [48]. The nature of this immune
infiltration has widely been considered immunosuppressive
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FIGURE1 | Subtypes of GBM. Schematic overview of the most pre-
scribed distinguishing expression profiles of the molecular subtypes of
GBM as defined by Wang et al. [42]. Mesenchymal subtype is mainly
driven by mutation or loss of NFI and is characterized by expression
of CD44, YKL-40, and VIM. Proneural subtype is driven by PDGFRA
overexpression and displays CD133, CD24, OLIG2, and ASCLI marker
expression. Classical subtype is driven by EGFR overexpression (includ-
ing EGFRVIIT) and is distinguished by NES and CDK6 expression.

[48-50]. Indeed, either inactivation or deletion of the tumor
suppressor gene NF1, which negatively regulates the RAS-cyclic
AMP pathway to reduce cell growth [51], has been shown to
both induce the onset of mesenchymal GBM as well as to drive
a proportional increase in the aggregation of immunosuppres-
sive tumor-associated macrophages (TAM) to the TME [42, 52].
However, NFI mutation is not essential for the maintenance
of the mesenchymal subtype, whereby mutation of the marker
can only be correlated to approximately 30% of mesenchymal
cells [42, 52]. This suggests that while NF1I inactivation is a key
mechanism in establishing the mesenchymal subtype, it cannot
fully encapsulate the formation and maintenance of this immu-
nosuppressive state. Instead, a broad network of interconnected
pathways has since come to light which reinforce the immuno-
suppression [53, 54].

Studies harnessing spatial transcriptomic techniques suggested
that part of the tumor heterogeneity could be explained by spa-
tially distinct tumor layers composed of overlapping GBM sub-
type signatures [30, 46, 55]. Effectively, answering the findings
of co-expression of these subtype gene signatures within patient
tumor samples. Chief among these was Greenwald et al. [55],
who used single cell RNA sequencing to cluster cells into ‘spots’
of similar gene expression, the greater the aggregation of similar
spots, the higher the coherence of the tissue. The study proposed
a layered model (Figure 2), where the central tumor mass pre-
dominantly consisted of a mesenchymal hypoxia dependent sig-
nature (Layer 1) that radiated outward toward a mesenchymal
hypoxia independent signature (Layer 2) bordered by an angio-
genic immune hub (Layer 3) and coinciding with glial microtube

formation followed by a proneural or oligodendrocytic signa-
ture (Layer 4), indicating the invasive edge and finally reach-
ing normal brain parenchyma [55]. This effectively married the
cancer subtypes into structurally distinct regions of the same
tumor rather than as discrete tumors, a factor that could not
have been effectively identified by bulk RNA sequencing alone
[56, 57]. Secondly, this organization was suggested to be highly
correlated with decreasing hypoxia from the mesenchymal core
outward (Figure 2). This further reinforced that decreased ef-
fector function as a consequence of hypoxia within GBM was a
characteristic of mesenchymal GBM and further reinforced the
influence hypoxia plays within its microenvironment.

GBM have long been known to harbor a subset of glioblastoma
stem cells (GSCs) that serve as a self-proliferative cellular reser-
voir for the generation of diffuse and highly heterogenous tumors
[58]. The presence of these cells has been negatively correlated
with patient survival due in part to their capacity to establish
an immunosuppressive tumor microenvironment [54, 58-60].
These GSCs also upregulate STAT3, which has been linked to
enhanced stemness and immunosuppressive functions [61].

All three subsets of GBM harbor GSCs, which divide along
complementary expression profiles to their respective tumors
[30, 62]. The most extensively characterized of which is the
proneural GSC, which is neural stem cell (NSC) like. Lineage
tracing studies track their origin to the subventricular zone
(SVZ), whereby oncogenesis appears to be influenced by pre-
existing TERT mutations. Intracranial injection of hNSCs bear-
ing doxycycline-inducible mutations in TP53, Pten, and NFI in
NOD-SCID mice resulted in gliomagenesis in an ‘oncogenic
burst’ rather than a gradual accumulation of mutations at T2;
however, EGFR overexpression was only found to occur at low
frequency and as an early onset mutation [63]. NSCs bearing
these mutations migrated out of the SVZ and into the dorsolat-
eral caudal cortex (Figure 3). Once at the site, these cells dif-
ferentiated into heterogeneous tumors regardless of subtype. A
subset of cycling NSCs localized around blood vessels and ex-
pressed OLIG2, K167, SOX2, CD133, and CD24, markers of the
GSC cell population [63]. Astrocytic and oligodendrocytic tran-
scription factors are upregulated in these NSC-like GSCs, which
are directly regulated by the expression of the master transcrip-
tion factor AP-1. Inhibition of AP-1 reduces the stem cell pheno-
type through decreased OLIG2 and K167 expression [63].

Mesenchymal GSCs lack CDI133 expression and instead upreg-
ulate CD44 and YKL40 [30, 62], the latter of which promotes
tumorigenesis and confers Temozolomide resistance through
inhibition of DNA Damage Responses (DDRs) specifically in
unmethylated MGMT GSCs [20]. Unlike their proneural coun-
terparts, the origin of GSCs in the mesenchymal tumor subtype
is less clear. While most agree that mesenchymal GSCs are
formed from proneural GSCs (NPC-like GSCs) [48, 64], proneu-
ral to mesenchymal transition has been known to occur upon
tumor recurrence, particularly in response to chemotherapy
and radiotherapy intervention [65, 66]. Interestingly, human cy-
tomegalovirus (HCMV) infection has also been noted to induce
a proneural to mesenchymal transition through upregulation
of RIP2, activating the NF-xB pathway [67] as well as through
collaboration with TGF-f1, resulting in activation of the JNK
pathway [68] (Figure 3). The localization of these GSCs remains
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FIGURE 2 | Schematic of an immunosuppressive GBM TME, stratified through Greenwald et al's layers, and mapped to immune popula-

tions. Figure shows decreasing spatial organization with a decreasing hypoxia gradient from the tumor core outward, based on layers described by

Greenwald et al. [55]. Layer 1 is hypoxic niche, Layer 2 is hypoxia adjacent, Layer 3 is angiogenic hub, Layer 4 is astrocytic, proneural, oligodendro-

cytic signature, and Layer 5 is normal brain parenchyma. GSCs are spatially (Layer 1 vs. 4) defined based on their proneural vs mesenchymal origin.

T cell infiltration is generally restricted to the perivascular cuffs in Layer 3. Vasectasia in blood vessels seen in Layer 2, but not evident in Layer 3

onward based on the presence or absence of mesenchymal GSC and CD31* expression. Layer 5 is normal brain parenchyma enriched in glutamin-

ergic neuronal activity.

distinct between subtypes, with proneural NSC-like GSCs pre-
dominantly located within the perivascular regions at the tumor
edge [69, 70] while mesenchymal GSCs are located within the
hypoxic niche, typically within the pseudopallisading zone
[30, 46]. Additionally, mesenchymal GSCs have extensive in-
teractions with immune cells, facilitating the formation of the
immunosuppressive environment in a complementary fashion
to hypoxia-induced gene expression [71-74].

4 | Mechanisms Driving Immunosuppression in
the TME

The tumor microenvironment encapsulating the developing
GBM is a complex and dynamic structure that changes with
both development of the tumor and therapy intervention. Cells
within the TME are highly interactive with the tumor itself and
surrounding parenchyma, often driving tumoral growth as well
as reaffirming the immunosuppressive state. As such, the TME
can often be a self-reaffirming structure, where infiltrating sys-
temic cytotoxic immune cells adopt more tolerogenic profiles
dependent on the extent of intra- and peri-tumoral modifying

factors. Where these factors can be generated from or influ-
enced by preexisting tolerogenic cells. Within the GBM TME,
these drivers of immunosuppression can be stratified into the
complementary categories of either direct cellular interaction or
hypoxia-induced tolerogenic reprogramming.

4.1 | Immunosuppression Up Close- Decreased
Cytotoxic Activity Through Direct Cellular
Interaction

A significant challenge to the survival of a developing tumor is
cytotoxic activity conducted primarily by MHC class I restricted
CD8* T cells. In response, cancers often downregulate MHC
class I expression in concert with an upregulation of the ligand
PD-L1 [75, 76]. Downregulation of the former prevents neoanti-
gen recognition, while upregulation of the latter induces T cell
exhaustion. Combination of these two strategies results in the
avoidance of CD8* T cell-mediated tumor destruction.

GBM TME utilizes this strategy to great effect. PD-L1 expression
is widely expressed on GBM cells themselves [77, 78], reactive

4
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(HCMYV) in driving mesenchymal GSC formation through both inducing a proneural to mesenchymal shift of GSCs as well as expanding mesenchy-

mal GSC populations through upregulation of mesenchymal subtype gene expression (e.g., AP-1, CD44, NF-xB, Vimentin, and N-Cadherin) while

downregulating proneural subtype gene expression (e.g., OLIG2, PDGFRA).

astrocytes [79], glioma-associated macrophages [80], microg-
lia [80], and carried within GBM-derived extracellular vesicles
(EVs) [81] suggesting an ‘immunosuppressive wall’ against CD8*
T cell activity (Figure 4). Furthermore, outside of immune inter-
action, expression of PD-L1 on GBM cells has been linked to en-
hanced proliferation, migration, and invasive potential of these
cells by upregulating the STAT3/IRAK2 pathway [77]. IRAK2
activated NF-xB, which in turn drove production of the inflam-
matory IL-6 cytokine. This induced both MDSC expansion and
DC inhibition, further reinforcing the immunosuppressive state
[77]. However, exhaustion within these CD8* T cells is not an
end state. Recent studies have shown that a subset of these cells
can adopt a proliferative exhausted phenotype (Tpex), denoted
by expression of PD-1* CD39~ Slamf6* TIM3~ TCF1* TOX1igh
Ly-108" CXCRS5*, which differentiate into effector exhausted
(T...q), denoted by: PD-1* CD39* Slamf6~ TIM3* TCF1-
TOX1%Y Ly-108~ CXCR5™, before finally becoming terminally

exhausted (T, .,.,)> denoted by PD-1* CD39* Slamf6~ TIM3*
TCF1~ TOX1'igh Ly-108~ CXCR5™ and losing all cytotoxic ca-
pacity [82]. The presence of these T ,ex cells allows for cytotoxic
activity in the face of high PD-L1 expression within these tu-
mors. PD-1 checkpoint inhibition results in an immediate pro-
liferative burst of Toex cells with subsequent differentiation into
T, o Cells [83-85].

Recently, such a CD8* T cell stem-like population was identified
to exist within the GBM TME. Wang et al. [86] characterized an
exhausted TIM3* CD101* proliferative CD8* T cell population
that differentiated into a further exhausted CD101~ subtype,
which they termed CCT precursor and CCT cells, respectively.
Both cell populations differed significantly in their intracellu-
lar pathways, with CD101* cells showing extensive interaction
with SPP1* macrophages, a pro-tumorigenic population known
for promoting CD8* T cell exhaustion and which subsequently
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diminished with PD-1 blockade. Both TIM3 and CD101 have
previously been included as markers of both T, - and T, ...,
which are TIM3* CD101t and TIM3* CD101-, respectively [87]
suggesting that these CCT precursor cells and CCT cells bear a

strong similarity with T, _.and T, cells (Figure 4).

eXx-el ex-term

As a companion to PD-L1 expression, GBM cells upregulate
CD155 [88] which preferentially binds to the inhibitory recep-
tor TIGIT compared to the stimulatory CD226 [89] expressed
on Tpex cells. This results in a shift from Tpex t0 Ty iorm CElls in
the tumor, thus removing responsiveness to PD-1 checkpoint
therapies [90]. While the exact mechanisms for this transition
are still debated, it is likely driven through AP-1 independent
translocation of NFAT to the cellular nucleus which then sub-
sequently drives the transcription of TOXI and NR4A which in
turn inhibit TCF1 expression [88, 91, 92] (Figure 4). It is unclear
whether this mechanism of action is achieved through CD155
and TIGIT interaction or occurs independently through TCR
chronic stimulation. Multiple studies have shown that inhibi-
tion of TIGIT rescues TCF1I expression at the expense of TOX1
and NRFA2, suggesting that TIGIT is in part responsible for the
T phenotype [88, 93].

ex-term

While PD-1 expression is most associated with lymphocyte pop-
ulations, a growing body of evidence is highlighting its impor-
tance within granulocyte myeloid progenitor derived cells in
the TME [94-97]. PD-1 directly impairs IFNy secretion through
direct interaction with the JAK2/STAT3 pathway and promotes
the differentiation of cells into tolerogenic ‘N2’ neutrophils,
monocytic myeloid-derived suppressor cells (M-MDSC), and
tolerogenic ‘M2’ macrophages (Figure 4), which in turn drive
immunosuppression through suppressive cytokine secretion
[94, 95]. Specific ablation of PD-1 on monocytes results in a shift
in macrophage polarization toward a proinflammatory ‘M1’
state [97]. This extends to T cell involvement, where an increase
in effector memory (IFNy* IL-17A* IL-10%) CD8* T cells can be
observed [94, 96, 97].

The downregulation of classical MHC class I genes (HLA-A,
HLA-B, and HLA-C) by cancer cells may avoid CD8* T cell-
mediated immunosuppression but presents an opportunity
for the activity of NK cell-mediated destruction. To avoid this,
GBM employs complementary inhibitory mechanism of CD155
overexpression and noncanonical HLA-E loaded with peptides
from HLA-G or HLA class 1. Unlike CD8* T cells, CD155 can
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induce NK cell cytotoxicity and IFNy secretion through binding
with the activating receptor DNAM-1 and CD96 [98]. However,
recent studies have shown that sustained overexpression of
CD155 paradoxically downregulates DNAM-1 potentially due
to increased interaction with the inhibitory receptor KIR2DLS5,
subsequently impairing IFNy secretion [99-101] (Figure 4). This
parallels the interaction with CD8* T cell exhaustion, an obser-
vation that is only reinforced by the expression of PD-1 on NK
cells in GBM, which induced exhaustion and NK cell-mediated
immunosuppression [102]. Direct interaction of PD-1 express-
ing CD56rgM NK cells with proneural GSCs has been reported
within the perivascular space where NK cytotoxic activity was
modulated by CD155 expression [99].

Furthermore, NK cells express the inhibitory NKG-2A and
the immunostimulatory NKG-2C membrane bound receptors
which bind to the non-classical HLA 1b marker, HLA-E [103].
The frequency of this NK receptor expression varies with both
the maturation state of the cell and the disease environment. In
glioblastoma, both HLA-E and NKG-2A are highly upregulated
in their respective cell types, triggering extensive NX cell im-
munosuppression (Figure 4). This interaction is particularly no-
table with proneural GSC cells (as with PD-1 expression), where
IFNy and irradiation induced upregulation of HLA-E has been
reported [104]. The interaction of HLA-E with NKG-2A results
in immunosuppression of NXK cells and has been linked to the
reversible exhaustion of the cell through inhibition of the PI3K/
AKT pathway [105, 106].

4.2 | Immunosuppression at a Distance- Hypoxia

Hypoxia is a widely recognized mechanism for driving tolero-
genic immune activity due mainly through the upregulation of
the hypoxia response genes of the HIF family. Several recent re-
views already cover the role of this family of genes in hypoxia
[60, 107, 108]. This section will thus focus on the less explored
hypoxia-related roles of HMOXI and STAT3 predominantly in
mesenchymal GBM.

Typically, hypoxia induces the upregulation of STAT3 in an IL-6
and IL-10 dependent fashion through the JAK/STAT pathway.
Thisin turn upregulates hypoxia inducible genes such as VEGFA,
HK1, HK2, PFKP, HILPDA as well as HMOX1 [109, 110]. While
HIF-1a stabilization is most prominently associated with hy-
poxic response [59, 60, 111-114], the ablation of STAT3 resulted
in impaired immune cell response and angiogenesis, suggesting
a fundamental role in hypoxia [109]. Furthermore, pericytes
within the vasculature of the brain have been shown to upregu-
late STAT3 earlier than HIF-1a under hypoxic conditions [115],
once again suggesting that STAT3 may be an earlier stage regu-
lator of ischemic or hypoxic response [116]. However, interaction
between STAT3 and HIF-1«x is well documented [109, 116, 117],
and thus it is likely that while cytotoxic factors may initiate
STAT3 activation, HIF-Ia maintains its function. From a clin-
ical standpoint, GBM tumors with high expressed HMOX1 or
STAT3 are linked to worse clinical outcomes [118, 119]. This ex-
pression profile greatly contributes to the broad tolerogenic im-
mune landscape. For example, tumor infiltrating CD8* T cells
have been known to lose cytotoxicity and instead adopt an ex-
hausted phenotype in mesenchymal tumors [120]. Subsequent

Nearest Functional Connected Neighbor (NFCN) and CD3*
IBA1* (AIFI) doublet analysis identified that close interaction
with HMOX1*CD163" macrophages and microglia may play a
driving factor in this exhausted state. Functional depletion of
these hypoxic myeloid cells resulted in increased expression of
GZMB indicating restoration of effector function in an IL-10-
dependent manner [121]. Additionally, HMOX1*" CD163* mono-
cytes have been subsequently shown to preferentially migrate to
hypoxic mesenchymal cells where they subsequently upregulate
CCL2 secretion, a lymphocytic recruiting chemokine [120, 121].
In line with Greenwald et al.'s [120] characterization of an im-
munological layer, the exhausted CD8" T cell expression closely
correlated with a mesenchymal-astrocytic tumor signature.

STAT3 upregulation has also been observed in tumor infiltrat-
ing Tregs [122], which contribute to the immunosuppressive
phenotype predominantly through secretion of IL-10 and TGFf
[123, 124]. These Tregs can potentially upregulate HMOX1I pro-
duction in response to oxidative stress [119]; however, studies
have shown an antagonistic relationship between HMOX1 ex-
pression and TGF-f signaling [125-127]. Given that STAT3 is an
upstream regulator of HMOX1, it is likely that STAT3 upregula-
tion rather than HMOXI1 expression is the prevailing pathway
for hypoxia-resistant Tregs in GBM. Additionally, STAT3 activa-
tion is essential for the recruitment of Th,, cells [128-131]. Here,
infiltration has been shown to be a poor prognostic indicator in
GBM [132, 133]. STAT3 activation under the influence of TGF-f
has been shown to induce Th,, polarization [134]. This effect is
magnified under hypoxia due to upregulation of HIF-1a [135].

Within myeloid cells, the role of STAT3 has been well described
in driving anti-inflammatory macrophage, neutrophil, and
dendritic cell populations. Analysis of TCGA and the Chinese
Glioma Genome Atlas (CGGA) showed upregulation of HMOX1
within mesenchymal glioma. This upregulation correlated with
increased M2 macrophage infiltration and increased expres-
sion of checkpoint markers TIM-3, PD-1, CD273, and HVEM.
This resulted in decreased infiltration of CD4, NK, and T fol-
licular helper cells [136]. Additionally, the HMOXI and STAT3
expression were found to be coupled in these infiltrating M2
macrophages whereby HMOX1 knockdown reduced CD163*
M2 macrophage infiltration. Neutrophils harbor a near identi-
cal phenotype, where STAT3 upregulation has been linked to
the anti-inflammatory ‘N2’ state and impair type I IFN signal-
ing [137, 138]. Neutrophil-specific inhibition of STAT3 resulted
in increased expression of cytotoxic IFN-y"Ki67Pigranzyme
B (GZMB)M perforin™ population of CD8* T cells specifically,
with no effect on the CD4 T cell compartment [139]. Dendritic
cells follow a similar trend where STAT3 blockade in combina-
tion with whole brain radiation therapy (WBRT) induces tighter
CD11c* DC and T cell interactions which results in longer pa-
tient survival [140]. Additionally, all three myeloid populations
have been shown to secrete IL-10 and TGFf [141-143], which
have strongly been associated with the immunosuppressive
milieu.

5 | The Trajectory of GBM Treatment

In 2005, Stupp et al. [18] altered the GBM treatment land-
scape with a landmark study depicting the inclusion of the
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chemotherapeutic agent Temozolomide to the regimen of surgi-
cal resection and fractional radiotherapy (60 Gy in 30 fractions)
which resulted in a significantly increased median survival
rate of patients from 12.1 to 14.6 months. This approach would
become the standard of care for GBM diagnosed patients.
Unfortunately, since its implementation, there has been little
widespread improvement in GBM treatment. While advances in
the techniques of radiotherapy delivery such as targeted inten-
sity modulated radiotherapy (IMRT) and volumetric modulated
arc therapy (VMAT) have further improved the specificity of
the RT delivery to limit RT mediated neurotoxicity [144], they
have not been able to improve the median survival outcomes of
patients, nor have they been able to reduce the high 90% recur-
rence rate [144]. To address this failure of therapeutic response,
the modern landscape for GBM interventions is highly diverse,
attempting to either refine the current standard of care or sup-
plement its efficacy through immunotherapeutic and hypoxia
targeting means.

5.1 | Radiotherapy Techniques

Radiotherapy techniques such as proton therapy (PT) [145],
boron neutron capture therapy (BNCT) [146] and carbon ion
radiotherapy (CIRT) [147] are currently under investigation in
early-stage clinical trials but lack large-scale randomized con-
trolled trial data [144-147]. These approaches permit highly
targeted radiation to the tumor core, reducing the likelihood of
radiation-induced neurotoxicity (notable for PT) while simulta-
neously permitting a higher dose of radiation to the tumor site
(BNCT dose: ~20Gy-Eq per fraction) and can be used as a hypof-
ractionation agent with the current standard of care [144].

5.2 | Immunotherapies

While there has been a plethora of immunotherapeutic approaches
for targeting GBM, the classical examples of the field remain
checkpoint inhibition and CD8* CAR T cell generation. The for-
mer encompasses anti-PD-1 therapies such as nivolumab [148]
and pembrolizumab [149] as well as anti CTLA-4 therapies such
as ipilimumab [150] which predominantly target inhibitory re-
ceptors on CD8* T cells. Such therapies have proven effective in
solid tumors, such as melanoma [151] and NSCLC [152], but have
remained poor in their effectiveness in GBM resulting in failed
stage III clinical trials even with codelivery [153] (Table 1). A sim-
ilar story is evident in CD8* CAR T cells, which are engineered to
avoid MHC restriction and target highly expressed cancer-specific
antigens, such as EGFRVIII, IL13Ra2, HER2, and B7-H3, ex-
pressed by GBM cells [154, 155]. The site of delivery of CAR T cells
(intravenous vs. intraventricular) influences the efficacy of ther-
apy, with increased proximity to the tumor site increasing CAR T
cell retention [154]. Unfortunately, this treatment approach suffers
from poor retention in GBM, often resulting in exhaustion through
widespread PD-L1 interaction [156]. Attempts to circumvent this
through codelivery with pembrolizumab or engineering of PD-1-
deficient CAR T cells have not yielded significant improvements
to patient median overall survival [157] (Table 1). As such, CAR
T cell development remains mainly situated at preclinical and
early clinical development stages [154]. Subsequent therapies such
as oncolytic viruses like PVSRIPO targeting CD155 expression,

oncolytic vaccines, and microRNA therapies are either preclinical
or at early-stage clinical trials and suggest promising pilot data,
but larger randomized control trials would be required [158, 159].

In the evolving landscape of GBM treatment, it is equally im-
portant to emphasize the contribution of adoptive cellular
immunotherapy (ACI) approaches, which involve isolating im-
mune cells from a patient or donor, expanding or engineering
them outside the body, and reinfusing them to specifically tar-
get and eliminate cancer cells. Among these, cytokine-induced
killer (CIK) cells, which are ex vivo expanded lymphocytes
with both T cell and natural killer (NK)-like properties, have
shown considerable promise for treating GBM. In clinical set-
tings, phase III randomized trials in South Korea demonstrated
that adding CIK cell therapy to standard TMZ chemoradiother-
apy significantly improved progression-free survival (PFS), al-
though effects on overall survival (OS) were variable. Analyses
focusing on pathologically pure GBM further indicated that CIK
therapy may independently predict improved OS and PFS with
an acceptable safety profile [160, 161]. Supporting these obser-
vations, an independent study reported that two of six patients
with malignant glioma, including one with G34-DHG (WHO
grade 4), survived more than 20years following local CIK cell
immunotherapy [162]. Building on these encouraging clinical
results, preclinical studies have explored strategies to enhance
CIK efficacy. The combination of dendritic cells with CIK cells
(DC-CIK) has shown improved antitumor activity in GBM mod-
els, providing a potential alternative to conventional CIK ther-
apy [163]. In addition, a novel immunocytokine aBC-IL15 has
recently been reported to promote T cell- and CIK-mediated
antitumor immunity via a non-MHC-restricted mechanism in
GBM [164]. Furthermore, PPAR-y inhibition in GBM cells has
been shown to potentiate CIK cytotoxicity, suggesting a prom-
ising combinatorial approach to overcome tumor resistance and
improve therapeutic outcomes [165]. Collectively, these findings
underscore the evolving potential of CIK-based adoptive immu-
notherapy in GBM, highlighting both clinical feasibility and
preclinical innovations that may enhance antitumor efficacy.

5.3 | Hypoxia-Targeting Therapies

Where immunotherapy targets cellular interactions, treatments
focused on hypoxia target oxygenation flow to the tumor site.
If immunosuppression is mediated through immune response
to hypoxia, then treating hypoxia would inhibit tumor growth.
While this approach works with solid tumors, such as head and
neck squamous cell carcinoma (HNSCC), where the addition of
a hypoxic radiosensitizer resulted in increased disease-free sur-
vival and locoregional control [166], GBM is largely nonrespon-
sive to hypoxia-targeting therapies. Interventions are divided
into two categories: The first is directly targeting angiogenesis,
either through anti-VEGF IgG antibodies such as bevacizumab
[167, 168]; integrin av@3 and avf5 targeting cligenitide [169]; or
directly increase oxygen perfusion through trans-sodium cro-
cetinate or myo-inositol trispyrophosphate acting on plasma
and hemoglobin, respectively [170, 171]. The second is directly
targeting HIF-1a and HIF-2a gene expression through a vari-
ety of mRNA, protein, and miR inhibitors [172]. Unfortunately,
clinical trials suggest that these therapies may not provide better
patient survival in GBM [172, 173] (Table 2).
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| (Continued)

TABLE 1

Survival outcome

Condition

Arms

ClinicalTrails.gov ID Phase

Intervention type

Glioblastoma No results published

Arm 1: Patients with GBM

Phase I: Cross

NCT06684899

CIK cells

Arm 2: Healthy controls

sectional study

46 months median OS (months):
Arm 1:16.9 (95% CI: 13.9 to 21.9)

Glioblastoma

Arm 1: Temozolomide + Radiotherapy
Arm 2: Temozolomide + Radiotherapy

Phase III: Randomized

NCT00807027

open label trial

Arm 2:22.5(95% CI:17.2 to 23.9)

+ autologous CIK cell infusion

46 months PFS (months):
Arm 1: 5.4 (95% CI: 3.3t0 7.9)
Arm 2: 8.1 (95% CI: 5.8 to 8.5)

9months OS (as % of participants):

Recurrent
Glioblastoma;

Arm 1: DNX2401 (conditionally
replicative oncolytic human derived
adenovirus) delivered subcutaneously

Phase I: Randomized

NCT02197169

Adenovirus

Arm 1: 44

open label

Arm 2: 33

Gliosarcoma

Arm 3:40
18 months OS (as % of participants):

Arm 2: DNX2401 +IFNy
Arm 3: DNX2401 delivered

Arm 1: 22

via MEMs cannula

Arm 2: 22

Arm 3:0

Alternatively, targeting drivers of GSC formation such as
STATS3, which is frequently upregulated in hypoxic conditions,
has recently emerged as an attractive therapeutic target. This
is made even more crucial with pSTAT3 upregulation cor-
related with TMZ resistance [174]. miRNA (miR) serves as both
a driver of the immunosuppressed state as well as a potential
therapeutic target. EV packaged miR-30b-3p and miR-210-3p
for example are induced under hypoxic conditions through the
transcriptional co-activation of HIF1a and STAT3 from hypoxic
(mesenchymal) GSCs. These mIRs promote GSC proliferation
inhibit apoptosis through upregulation of BCL-2 and TGF-f1,
respectively [21, 23]. The latter of which was found to induce
morphological alteration as well as E-cadherin, N-cadherin and
Vimentin expression, all suggestive of an epithelial to mesen-
chymal transition thus increasing both invasive capability and
resistance to TMZ [23].

On the other hand, miR-124 was found to act antagonistically
to both miR-30b-3p and miR-210-3p by restricting glioblastoma
growth and triggering apoptosis [175]. miR-124 principally in-
hibits STAT3 both within mesenchymal GSC cells as well as
neighboring T cells in the TME [176, 177]. This dual action has
been shown to concurrently result in the differentiation of these
GSCs into a mesenchymal glioblastoma cell, as well as promote
the formation of a proinflammatory TME though secretion of
TNFo and IFNy from CD8* and CD4* Th, T cells, while inhibit-
ing the proliferation of both Th,, and CD4* Treg cell populations
[176,177]. While this may indicate that miR-124 is effective in re-
versing the activation of STAT3, the expression of the miR is sig-
nificantly impaired under the hypoxic conditions [175, 177-180].
Spatial exploration of glioblastoma reinforces this view, whereby
a greater reduction of the miR expression can be seen within the
hypoxic pseudopallisading region of the tumor over the less hy-
poxic periphery [175]. miR-124 is regulated by REST [178], which
in turn is highly expressed within GSCs in response to hypoxia
[181], suggesting a potential regulatory pathway. MAPK14/p38a
[175], TEADI [175], SERPI [175], CDK4 [176] and CDK6 [176]
are all direct targets of the miR and all have roles in GSC pro-
liferation, self-renewal, and cell survival, providing a further
therapeutic target to limit tumoral growth. Coadministration of
miR-124 and PD-1 via a dual gene delivery system has shown to
result in increased apoptosis and TMZ sensitization in an orthot-
opic GL261GBM derived model [176]. While no miR clinical tri-
als are presently underway, direct inhibition of pPSTAT3 has been
achieved through the small molecule inhibitor WP1066 which
is currently in Phase II clinical trial (NCT05879250). This ther-
apy has been shown to improve antitumor immunity specifically
by driving potent effector T cell activation and simultaneously
impairing the CD4* Treg contribution to the TME [182, 183].
Besides targeting hypoxia, alternative approaches for targeting
GSCsremain varied and have recently been thoroughly explored
[184, 185].

6 | Limitations of the Current Approach and
Treatment Opportunities in the Future

Despite significant investment into GBM treatment, there yet
remains no clear therapeutic avenue through which patient
survival can be prolonged. The reasons behind this are myriad
and developing but often include an underestimation of the

=
o
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inherent heterogeneity of the GBM tumor and its environment.
To address this, upcoming therapies are increasingly com-
binatorial but bear widely varied results [152, 153, 156, 157]
and often are conducted in animal models which bear poor
translatability to human studies [186]. The progress made in
recent years on understanding GBM stratification and inter-
action with brain parenchyma as well as immunologically
active compartments of the brain is providing a basis for
stratified immune therapy defined by the GBM brain tumor
subtype; however, therapies have yet to take advantage of this
stratification.

An important example of where this could occur is in the treat-
ment of recurrent glioblastoma. At present CAR T cell therapy
is often reserved for relapsed/recurrent tumors [154] which are
characterized by tumor subtype switching to a mesenchymal
state that is notably refractory to radio and temozolomide ther-
apy and bears a highly immunosuppressive TME [48]. EGFRVIII
is most widely expressed in the classical tumor subtype [187]
which is poorly represented in recurrent GBM [188], therefore,
the lack of efficacy of EGFRVIII CAR T cells in these tumors
may be explained by a decrease in subtype expression. This can
also be reflected in Greenwald et al.’s [55] model of GBM strat-
ification where recurrence is likely to occur at the hypoxic core
[189] and thus adopt a hypoxia-related mesenchymal signature
before stratifying into proneural and classical subtypes at the
tumor edge.

Hypoxia addressing therapies suffer from lack of efficacy which
may be explained by the availability to the hypoxic core. Fluid
clearance studies in the brain indicate that the mesenchymal
core has significantly slower interstitial fluid clearance than
surrounding GBM tumor, indicating a potential shielding effect
that may prevent penetrance of antibody-mediated therapies
[190]. Further characterization of the GBM environment may
thus provide therapeutic mechanisms that could be tailored
to specific subtypes of the cancer rather than the tumor as a
whole. A further extension of this idea is the stratification of
GBM based on tumor location. At present, if the GBM tumor is
accessible, then it is targeted with the same therapeutic inter-
vention regardless of location. A tumor developing proximal to
the lateral ventricles and thus adjacent to the NSC generating
subventricular zone may have a significantly altered tumor en-
vironment and organization based entirely on the abundance of
NSC-derived proneural GSC cells.

Furthermore, the rapid understanding of glioblastoma-brain
parenchyma interaction may provide novel avenues for treat-
ment responses. Recently, it has been shown that glioblastomas
highly interact with glutaminergic neurons which, in turn, sup-
port their development and invasive potential [191]. The neu-
ron immune influence has not been thoroughly investigated
in CNS tumors, despite evidence suggesting that neuron inter-
action may induce immunosuppression in peripheral tumors
[192]. Similarly, the formation of tertiary lymphoid structures,
which act as lymphocyte refuges in solid tumors such as glio-
blastoma, is poorly explored outside of presence/absence and
formation [193-195]. Determining the factors inducing forma-
tion of these structures and interrogating the prognostic effect
of their location within the tumor and the leptomeninges may
provide avenues for long-term therapy responses.

7 | Conclusion

In summary, despite considerable advancements in understand-
ing the complex biology and microenvironment of glioblas-
toma, effective and durable therapeutic options remain elusive.
Current immunotherapies and hypoxia-targeting strategies,
while promising in other malignancies, have thus far shown
limited benefit for GBM patients due to unique tumor hetero-
geneity, adaptive resistance, and the challenging tumor micro-
environment. Future directions must focus on the integration
of molecular and spatial tumor stratification, improved delivery
methods, and a deeper exploration of the tumor's interaction
with its neural and immune context. This approach may unlock
more precise, personalized treatments and ultimately improve
outcomes for individuals facing this aggressive cancer.
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