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Glioblastoma multiforme (GBM) is the most common adult primary brain tumor. The standard clinical treatment of GBM includes a
maximal surgical resection followed by concomitant radiotherapy (RT) and chemotherapy sessions with Temozolomide (TMZ) in
addition to adjuvant TMZ cycles. Despite the severity of this protocol, GBM is highly resistant and recurs in almost all cases while the
protocol remains unchanged since 2005. Limited-diffusion or chronic hypoxia has been identified as one of the major key players
driving this aggressive phenotype. The presence of hypoxia within the tumor bulk contributes to the activation of hypoxia signaling
pathway mediated by the hypoxia-inducing factors (HIFs), which in turn activate biological mechanisms to ensure the adaptation
and survival of GBM under limited oxygen and nutrient supply. Activated downstream pathways are involved in maintaining stem
cell-like phenotype, inducing mesenchymal shift, invasion, and migration, altering the cellular and oxygen metabolism, and
increasing angiogenesis, autophagy, and immunosuppression. Therefore, in this review will discuss the recent preclinical and
clinical approaches that aim at targeting tumor hypoxia to enhance the response of GBM to conventional therapies along with their

results and limitations upon clinical translation.
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FACTS

® Tumor hypoxia is linked to the aggressive nature of
Glioblastoma Multiforme (GBM) leading to first-line therapy
resistance and recurrence.

® Hypoxia is still overlooked in the clinical management of GBM.

® Preclinical and clinical strategies to combat tumor hypoxia in GBM
and enhance its response to treatments and their limitations.

® Potential integration of tumor hypoxia in the diagnosis and
treatment of GBM could lead to a different disease management
and outcome.

OPEN QUESTIONS

® Based on the role of tumor hypoxia in GBM, would targeting
hypoxia enhance the response of GBM to first-line therapies?

® How can the proposed preclinical and clinical strategies
targeting hypoxia influence the outcome of GBM?

® What are the limitations of the proposed hypoxia-targeting
approaches on their clinical translation?

INTRODUCTION
The first-line therapy for treating newly diagnosed GBM was based
on the phase Il clinical trial carried out by the European

Organization for Research and Treatment of Cancer (EORTC),
and the National Cancer Institute of Canada Clinical Trials Group
(NCIC CTG) [1, 2. The possibility of a maximal surgical resection is
determined, followed by concomitant radiotherapy (RT) and
chemotherapy, namely Temozolomide (TMZ). Although the
median overall survival (OS) of GBM patients ranges between 12
and 18 months and the relative 5-year survival rate since diagnosis
is less than 7% regardless of the gender, yet the conventional
clinical protocol of GBM remains unchanged since 2005, except for
the approval of the tumor-treating field (TTF) [3]. Clinical studies
showed that the addition of TTF to chemotherapy (TMZ) post-
chemoradiotherapy, prolonged the median PFS to 6.7 months
versus 4 months for TMZ group and revealed a significant effect of
TTF on PFS and OS [4, 5].

Over the years, some innovative technologies have been
implicated to ameliorate the OS of patients, and to provide a
better tumor control and enhance the quality of life (QoL) of
patients. For instance, advances in RT delivery techniques
offered higher precision in targeting tumors, better dose
deposit, less dose diffusion in organs at risk, and therefore
improved tumor control while limiting side effects and toxicities
whenever possible. In parallel, extensive research on GBM has
been directed towards the discovery of novel therapeutic
strategies such as CAR-T cell therapy, gold or gadolinium
nanoparticles, and vaccines among others, to overcome the
limitations of the current standard of care treatments. Unfortu-
nately, hypoxia is still overlooked when it comes to GBM
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treatment strategies despite its tremendous repercussions on
GBM aggressiveness and resistance to the available treatment
options. Hence, in the first part of the following section, we will
describe different preclinical experiments that target hypoxia in
GBM. Similarly, in the second part, we will review some clinical
approaches that have assessed the efficacy of certain techniques
or molecules on targeting hypoxia, through either elevating
oxygen levels and diffusion, inhibition of hypoxia-related
activated pathways, or via targeting angiogenesis in the context
of GBM treatment.

PRECLINICAL APPROACHES TARGETING HYPOXIA IN GBM
Inhibition of the hypoxia transcription factors HIF-1a and
HIF-2a

Due to the major implication of hypoxia in the increased
malignancy of GBM and its poor prognosis, some studies have
focused on targeting the key transcription factors activating the
hypoxia-signaling pathway. Therefore, several inhibitors of HIF-1a
and HIF-2a have been synthesized over the years to counteract
the impact of hypoxia on several diseases. Inhibitors of HIF-1a and
HIF-2a are currently used in preclinical studies and numerous
clinical trials as potential treatments for clinical pathologies,
including but not limited to leukemia, renal cell, hepatocellular,
and colorectal carcinomas. Concerning GBM, only few HIF-a
inhibitors have been investigated due to the complexity of this
cancer and its heterogeneous nature, in addition to its location,
which renders the accessibility via the circulatory system
challenging.

The high number of HIF-1a inhibitors reflects the extensive
research performed in several fields including cancer, diabetes,
ischemic and cardiovascular diseases, stroke, and inflammation [6].
The mode of action of HIF-1a inhibitors varies among these
agents, where some inhibitors interfere at the mRNA level to block
the transcription and expression of HIF-1q, such as OKN-007, while
others inhibit the translation of HIF-1a mRNA, like EZN-2208. Other
inhibitors, including Melatonin, Curcumin, and EF-24, promote
HIF-1a degradation. Finally, some inhibitors impede the binding of
HIFs to their HRE domain, such as Acriflavine, Echinomycin, and
KCN1 [6, 7]. The level of inhibition, mode of action, and results
from studies on HIF-1a inhibitors tested in GBM are summarized in
Table 1.

Although HIF-1a represents a major player and a potential target of
hypoxia in cancer, its inhibition raises some concerns of unintentional
side effects linked to its ubiquitous expression pattern especially in
non-tumoral sites. Therefore, the therapeutic specificity of HIF-1a
inhibition is debatable. On the other hand, recent studies claim that
the expression of HIF-2a is more specific to tumor tissues rather than
normal ones. One study proved that this is in accordance with the
REMBRANDT glioma database (834 patients) which states that a
poorer patient outcome and a higher glioma grade were correlated
with a higher expression of HIF-2a in tumor tissue [8]. Despite the role
that HIF-2a plays in GBM malignancy, only few selective inhibitors to
target HIF-2a exist, and are designed to bind selectively the PAS-B
domain and block its allosteric heterodimerization with HIF-13 in the
nucleus [9]. So far, only one preclinical study has described the effect
of PT2385 alone or in combination with RT and TMZ on GBM patient-
derived cell lines. Notably, in the mentioned preclinical study, the
median OS of mice in the single-arm group, treated with PT2385 only,
was higher than that of untreated mice. However, the combination of
PT2385 with the conventional protocol of TMZ and RT did not
increase the OS of treated mice as compared to those treated with
the combination [8] (Table 1). Further studies focusing on the
inhibition of HIF-2a in GBM should be performed due to the
association of HIF-2a with an increased mortality rate among GBM
patients, with caution to the selection of GBM patients based on the
expression profile of HIF-2q, to better sort patients that might benefit
from this inhibition.

SPRINGER NATURE

Reoxygenation

Crocetin  and trans-sodium  crocetinate. Another possible
approach to reverse tumor hypoxia is to modulate the oxygen
concentration delivery into the hypoxic regions. For instance,
trans-sodium crocetinate or TSC (CyoH2,Na,0,) is a trans-isomer
salt compound derived from crocetin (Cy,oH»404) [10]. A preclinical
study using four GBM cell lines showed that crocetin activated cell
death via apoptosis, reduced cell migration, and decreased the
expression of mesenchymal markers including CD44, and OCT3/4
[11]. However, some major limitations have faced the therapeutic
application of crocetin due to its solubility and bioavailability
issues. Therefore, TSC has been proposed as a possible solution,
due to its structural configuration with a hydrophobic interior part
and a polar head. TSC binds the water molecules surrounding the
tissues to form a densely packed and well-organized water matrix.
This increases the hydrogen bonding thus decreasing the flow
resistance and reducing the density of the plasma fluid to facilitate
the passage of available oxygen into hypoxic tissue sites [12]. The
effect of TSC on tumor reoxygenation, along with its radio-
sensitizing effect have been investigated in vivo on a C6 glioma
rat model [13]. TSC was administered as an intravenous bolus
injection over five consecutive days with low- and moderate-dose
concentrations (50-100 ug/kg), and a single dose of 8Gy
irradiation was performed. Results showed that both tumor size
and growth rate were significantly reduced in the combination
groups (RT and TSC) versus the single-arm groups (TSC only and
RT only), in addition to the increased median survival observed in
the combination group [13]. However, the pharmacokinetic profile
of TSC in vivo revealed that the maximum concentration was
detected 30 min post-injection, therefore posing some technical
concerns for its administration during patient positioning and
irradiation process [14].

Mpyo-inositol trispyrophosphate. Myo-inositol trispyrophosphate
hexasodium salt (ITPP) is an allosteric effector of hemoglobin,
which increases the oxygen-release capacity of red blood cells
(RBCs) by reducing their oxygen-binding affinity, thus causing a
better oxygen release into hypoxic regions [15]. Following its
synthesis, ITPP has emerged as an anti-cancer agent, with a
particular interest in GBM due to its capacity to cross the BBB and
its reoxygenation properties. Different tumor models, including
head and neck and non-small cell lung cancer have been
implicated in preclinical studies to assess the radiosensitizing
effect of ITPP [16]. Concerning GBM, one preclinical study used the
9L-glioma rat model to explore the oxygenation effect of ITPP and
its potential radiosensitizing property [17]. An intraperitoneal
injection of ITPP was administered at 2g /kg once for 2 days
combined with a single dose of 30Gy delivered 2h after the
second ITPP injection. Results were highly heterogeneous, where
some rats were completely cured while others showed similar
tumor growth as the RT-only group [17]. Conversely, another
preclinical study in a rat GBM model demonstrated that no
additional effect has been observed in the ITPP treatment group
[18]. Similarly, another study using the GL-261 mouse GBM model
showed that the combination of ITPP with hypofractionated
radiation reduced the effectiveness of RT alone [19]. Interestingly,
ITPP recognizes and activates endothelial PTEN, which participates
in normalizing tumor vessels instead of inhibiting this phenom-
enon. This stabilization counteracted hypoxia and has impaired
the binding of PD1 to PD-L1 on endothelial cells in a melanoma
and mammary carcinoma model, thereby reflecting the role of
ITPP as an oxygen enhancer and vascular stabilizer in hypoxic
tumors [20, 21].

Targeting angiogenesis

Anti-VEGF therapy: bevacizumab and SU1498. Due to the explicit
contribution of angiogenesis in the aggressiveness of GBM,
bevacizumab, a monoclonal antibody targeting VEGF-A, has been
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reduced the activation of AKT pathway through PDGF-D and
PDGFRa axis inhibition (U251, U87MG, GL261, and primary

- Induced apoptosis, inhibited tumor growth in vivo, and
GBM) [107]

Studies results

Blocks the binding of HIF-1 to DNA

Mode of action

Molecule
Echinomycin

Level of
inhibition

continued

Transcription factor

Table 1.

SPRINGER NATURE

Inhibits HIF-1 transcriptional activity - Interfered in the interaction between HIF-1 and its

KCN1

coactivators p300/CBP (U251MG, D54MG, D645MG, and LN443)
and penetrated the BBB in a mouse GBM model (LN229) [108]

- PT2385 alone reduced the OS of an in vivo mouse model

Blocks allosterically the dimerization of

HIF-2a with HIF-f

PT2385

Protein binding

HIF-2«

(patient-derived GBM), however, no increase was detected in

OS after combining PT2385 to conventional treatments (RT and

TMZ) [8]

HIF hypoxia induced factor, OKN-007 OKlahoma Nitrone 007, GLUT-1 Glucose transporter 1, VEGF vascular endothelial growth factor, VEGFR vascular endothelial growth factor receptor, HDAC6 histone deacetylase
6, EB1 End-binding 1, PGC1a Pparg coactivator 1 alpha, PPARD Peroxisome proliferator-activated receptor delta, ERB1 estrogen receptor beta 1, CDK6 cyclin-dependent kinase 6, HSP Heat shock protein

approved by the FDA since 2004 for clinical use, and as a second-
line treatment along with chemotherapy. Bevacizumab inhibits
the binding of VEGF to its receptors, FLT-1 and KDR, on the surface
of endothelial cells, resulting in the reduction of tumor
vascularization and a subsequent reduction in tumor growth.
Unfortunately, resistance towards this antibody has been
reported, where GLUT1 and HIF-1a increased in two GBM cell
lines reflecting an elevated glucose consumption [22]. Interest-
ingly, a preclinical study showed that the response of GBM cell
lines to bevacizumab treatment was dependent on the VEGF-A
level of expression, where they were able to calculate the dose of
antibody required to increase the response of GBM to this therapy
[23]. Based on their findings, the authors suggested measuring
VEGF-A levels in serum as a biomarker to identify the responsive
patient population.

In a similar context, SU1498 is a selective inhibitor of VEGFR2, which
accumulates the phosphorylated ERK1/2 in endothelial cells by
blocking its kinase activity. After irradiation, the level of VEGF
increases which might explain in part the radioresistance phenom-
enon observed in GBM towards conventional therapies. The addition
of SU1498 to irradiation showed an enhanced radiosensitization of
GBM cell lines and exhibited an additive effect on the apoptosis of
A172 and U-251 MG GBM cell lines in vitro [24]. Similarly, the
combination of SU1498 with TMZ sensitized GBM via the down-
regulation of Neuropilin-1 [25].

Integrin inhibition: cilengitide and Si306. Due to the role integrins
play in the cell-cell and cell-stromal interactions, inhibiting
integrins have been the focus in several therapeutic strategies
targeting GBM. For instance, cilengitide (Cy;H40NgO;) is a
pentapeptide that selectively inhibits the activation of avf3 and
avP5 integrins that regulate different aspects of tumor survival
including angiogenesis [26]. In GBM, preclinical studies have
shown that the inhibition of integrins by cilengitide restricted the
EGFRvlIl/integrin B3 complex formation in hypoxic conditions,
reduced tumor migration, and exhibited tumor regression and
angiogenesis inhibition in orthotopic xenografts [27]. Interest-
ingly, the nanoparticle encapsulation of cilengitide along with
ultrasound-targeted microtubule destruction ameliorated the
biodistribution of cilengitide and led to a buildup in the tumor
site of a rat GBM model, in addition to increasing apoptosis and
autophagy [28].

After the formation of EGFRvIll/integrin 3 complex under
hypoxic conditions, the SRC proto-oncogene non-receptor
tyrosine kinase (c-SRC) is activated leading to the upregulation
of MMP-2 and -9 involved in cellular migration. Interestingly,
Si306 is an antagonist of SRC, and has been shown to
radiosensitize GBM cell lines via decreasing cell proliferation
and clonogenic capacity, and increasing the number of yH2AX
foci generation post-radiation [29]. In addition, other downstream
signaling pathways activated by SRC were also reduced after
Si306 treatment, including FAK and EGFR expression [30]. Finally,
one important feature of Si306 is its ability to cross the BBB
detected in mice brain post-intravenous injection [31].

Other molecules targeting angiogenesis. Other investigated anti-
angiogenic molecules used to target GBM include cediranib,
vandetanib [32], and galunisertib, with the latter being also a
TGF-B inhibitor [33, 34]. In addition, celastrol which inhibits the
PI3K/Akt/mTOR pathway, has been found to reduce the
vasculogenic mimicry and angiogenesis in GBM [35]. Isolinder-
alactone, which suppresses the expression of VEGF, has been
proven to reduce HIF-1a and HIF-2a protein expression along
with the migration and capillary-like tube formation of HBMECs
under hypoxia [36]. Moreover, isoliquiritigenin, a natural
compound and member of the flavonoids, has been shown to
prolong the growth of C6 glioma rats, normalized the
vasculature, thus prolonging survival, and significantly increased
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the OS when combined with TMZ, through the downregulation
of HIF-1a0, FGF-2, VEGF, and TGF-f [37]. Finally, single-cell and
spatial transcriptomic analyses of myeloid cells from GBM
patients revealed the presence of a spatial association between
polarized tumor-associated macrophages with a hypoxia signa-
ture, and destabilized microvessels in the perinecrotic regions of
GBM, thus contributing to the hyperpermeable characteristic of
GBM vasculature. Results showed that the inhibition of
adrenomedullin, which is secreted by polarized hypoxia-
activated TAMs might represent a new opportunity to normalize
tumor vasculature [38].

Inhibition of cellular oxygen consumption

Anti-parasitic drugs. Anti-parasitic drugs are used to target
mitochondrial metabolism and reduce the oxygen consumption
rate. For instance, atovaquone, an FDA-approved anti-malarial
drug, targets the mitochondria via inhibiting the electron
transport into complex Il [39]. Studies have shown that
formulated atovaquone effectively reduced the cellular viability
of GBM cell lines in vitro via the inhibition of STAT3 [40].
Similarly, the FDA-approved drug doramectin, has been shown
to inhibit the PI3BK/AKT/mTOR pathway and induce autophagy
[41]. Likewise, ivermectin, which has been included in clinical
trials of COVID-19, induced apoptosis, and cell cycle arrest in
GBM cell lines both in vitro and in vivo [42]. Interestingly,
ivermectin interferes at the mitochondrial level by reducing the
respiration, increasing the superoxide levels, and inhibiting the
Akt/mTOR pathway to induce oxidative stress [43]. Other anti-
parasitic drugs exit including mefloquine, chloroquine, and
quinacrine among others, all of which are candidates for a
potential clinical application in the treatment of GBM [39].

Metformin. The anti-diabetic agent metformin has been sug-
gested as an important candidate in GBM preclinical studies
targeting hypoxia due to its capability of modulating cellular
metabolism and reducing the oxygen consumption rate. Cells
with a TMZ-resistant phenotype such as T98, manifested an
increased HIF-1a activity after treatment with TMZ, however, the
addition of metformin to TMZ treatment was able to decrease
the expression of HIF-1a in these cell lines [44]. In addition, since
metformin reduces the oxygen consumption rate, more oxygen
could be available for tumor cells, which was able to reverse the
hypoxia-induced specific gene signature discovered in GBM cell
lines [45]. Moreover, when administered alone, metformin was
able to decrease cellular viability, increase apoptosis, inhibit cell
migration and EMT, and increase the mitochondrial ROS
production of three GBM cell lines in vitro, and most
importantly, the concentration of TMZ used was reduced upon
the addition of metformin [46]. Despite these promising results,
one inconvenience of metformin administration is the asso-
ciated lactate production and the increased risk of related
acidosis. However, metformin is still considered an attractive
strategy for future combinations with immunotherapy due to its
low toxicity profile deduced from its clinical applications over
the years [45].

FLASH radiotherapy

FLASH radiotherapy (FLASH-RT), a new technique delivering ultra-
high dose rate radiation, aims to reduce normal tissue toxicity
while preserving an efficient tumor control to address the
limitations of conventional RT [47]. Recently, FLASH-RT has been
proposed as a promising approach to sensitize hypoxic tumors. A
single fraction of 20 Gy (Oriatron/eRT6; mean dose rate >100 Gy/s)
was delivered to a hypoxic subcutaneous mouse model of the
U-87 GBM human cell line accomplished by a vascular clamp
before and during the irradiation process. Interestingly, only
FLASH-RT was able to maintain the tumor control efficacy under
severe hypoxia, reflecting its ability to overcome the hypoxia-
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induce radioresistance, and hence offering a better treatment
option to target tumor hypoxia while sparing normal tissues [48].

GBM ORGANOIDS AS A PRECLINICAL MODEL OF HYPOXIA
Due to the intricate development of hypoxia in preclinical cell
lines cultured in 2D systems, an increased attention towards the
development of hypoxia in 3D models has been recognized over
the past few years to ameliorate in vitro GBM hypoxia studies.
However, despite extensive research on GBM organoids, few
studies have tackled the employment of such models for the
investigation of hypoxia. The focus of organoid models is the
enrichment of the cancer stem cell subpopulation that is
hypothesized for being responsible for the tumor-acquired
resistance to treatments and the eventual recurrence. Yet, there
exists a correlation between the maintenance and differentiation
of the cancer stem/progenitor cells and the presence of hypoxia
within the GBM bulk. For instance, researchers successfully
generated patient-derived GBM organoids with stemness proper-
ties and detected a HIF-1a positive core using a bioreactor with
optimized shear stress. GBM organoids also demonstrated
transdifferentiation into different lineages [49]. Likewise, the
GBM organoid model was used to isolate quiescent cells, which
exhibited higher treatment resistance than the proliferative cells.
Transcriptome analysis revealed a mesenchymal shift in this
quiescent population promoted by hypoxia and TGF-f signaling
[50]. Moreover, the presence of a hypoxic gradient was observed
in patient-derived GBM organoids cultured under optimized
conditions [51]. Noteworthy, by using GBM organoid model, the
adaptation of cancer cells to harsh environment has been linked
to the activation of the alternative RNA splicing events, such as
asparagine endopeptidase (AEP) specifically cleaved DDX3X
mediated by HIF-1a signaling [52]. Recently, cerebral organoids
were cultured with patient-derived glioma stem cells (GSCs) to
monitor tumor progression over an extended period. Interestingly,
the development of chronic hypoxia and oxidative stress with
time were linked with the expansion of GSCs via microenviron-
ment remodeling through the secretion of pro-tumorigenic
ligands such as FGF1 [53]. Therefore, the preclinical implication
of such models represent a robust tool in GBM studies,
considering the heterogeneity of GBM and the variations in its
extracellular matrix components, such as the hypoxic gradients
and their effect on GBM aggressiveness. Additionally, these
models may serve as potential screening tools in studies that
target hypoxia.

CLINICAL STRATEGIES TARGETING HYPOXIA IN GBM
Reoxygenation

Hyperbaric oxygen therapy. Hyperbaric oxygen treatment
(HBOT) involves high atmospheric pressures (>1 ATA) with
100% O, to increase the oxygen tissue level, improve oxygen
supply, and reduce inflammation and edema. In a phase Il trial,
57 patients out of which 39 were high-grade gliomas (HGGs),
were treated with daily conventional fractionated RT (60 Gy/30
fractions) 15 min post-HBOT with multi-agent CT in a multi-
modal approach. All patients completed the RT + HBOT proto-
col; however, 44 were not able to complete the designated CT
courses. Long-term results showed that the median OS of the
39 patients with GBM was 17.2 months, while almost 48% of
patients developed acute toxicities [54]. Moreover, results from
another trial assessing the effect of IMRT boost after HBOT
concurrent with TMZ-based CT were promising, with the
median OS at 22.1 months. However, because several therapies
were combined together, the improved OS and the acceptable
tolerance were designated to HBOT only [55]. In addition,
combining HBOT with re-irradiation using fractionated stereo-
tactic RT (FSRT) in a small cohort of recurrent glioma patients
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showed that the median OS was 11 months for GBM patients.
Although the dose was low, 22 Gy in 8 fractions, the authors
reported 7 cases of re-operation, some of them for necrosis.
However, some limitations accompany such approach including
a long irradiation time, probably longer than the presence of O,
in the tumor post-HBOT in addition to the low doses delivered
per fraction [56]. Finally, in a pilot study of patients with
recurrent HGG who received daily fractions of 5Gy for 3-5
consecutive days, delivered within 1 h post-HBOT, the median
PFS and the OS were 5.2 months and 10.7 months, respectively,
while limited neurotoxicities were observed. However, the
authors were unable to fix the interval between HBOT and RT
and used instead a range between 4 and 50 min [57]. Results of
a systematic review showed that the addition of HBOT to RT is
tolerated and may be beneficial in patients with HGG [58].
However, most of the analyzed trials failed to include the HBOT
in a randomized manner among patients, while most studies
were heterogeneous and lacked a sham method to assess the
efficacy of HBOT, thus reducing its relevance [59]. Finally, the
distance between facilities poses logistical challenges in
coordinating HBOT and RT.

Carbogen and nicotinamide. Breathing carbogen before and during
irradiation increases the dissolved oxygen in the plasma and reduced
chronic hypoxia, while nicotinamide reduces acute hypoxia via
increasing the uniformity of tumor blood perfusion and reducing
intermittent blood vessels closure. The association of carbogen (95%
0O, plus 5% CO,) and nicotinamide in preclinical studies, radio-
sensitized tumors after both single and fractionated irradiations.
However, clinical studies on the association of carbogen-nicotinamide
(CN) in GBM date back to the late 1990s, with no advantage on OS
along with tolerance issues and difficult to resolve side effects. In a
phase Il study, 33 patients with an inoperable GBM, were treated with
RT, CN, and intra-arterial cerebral CT compared with another group of
38 patients with no CN. No advantage was observed with the
addition of CN, with nicotinamide tolerance issues leading to
treatment termination for some patients [60]. Due to encountered
toxicities and lack of interest, further development of CN therapy
alongside RT has been halted.

Trans-sodium crocetinate. TSC, a synthetic carotenoid, has been
studied in several clinical trials and is currently in a phase lll
clinical trial in GBM patients (NCT03393000) due to its role as an
oxygen diffusion enhancer. In a prior GBM open, single-arm
clinical trial, TSC was given with concomitant RT and TMZ
45 min before every RT session 3 days/week over 6 weeks based
on phase-| safety assessment [61]. No dose-limiting toxicity had
occurred post-injection of the 18 TSC sessions, leading to Phase
Il with 56 patients of which 36% who received the full dose of
TSC were alive at 2 years versus 27% for RT and TMZ group.
Serious adverse events (AEs) were reported in 12 patients but
were not attributed to TSC. Fifty-two patients reported AEs in
which 19% were TSC-associated [61]. Interestingly, biopsy-only
GBM patients exhibited a similar survival outcome as resected
patients when treated with TSC. Therefore, an open label phase
Il study will be initiated including GBM biopsy-only patients, in
addition to the extension of TSC over the adjuvant TMZ period,
which might improve the outcome of GBM. However, the
clinical translation of TSC still faces some major issues including
its solubility and short half-life. Therefore, a liposomal encap-
sulation with an active moiety of TSC has been developed
(LEAF-4L6715) and the reported patient tolerability might
represent a breakthrough in the development of these
oxygen-enhancing carriers [62].

Dodecafluoropentane emulsion. Dodecafluoropentane emulsion

(DDFPe) is a perfluorocarbon with a pentane base forming an
emulsion of nanodroplets. DDFPe can carry large amounts of
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oxygen at temperatures >29 °C (boiling point), and due to their
small particle size, they can reach hypoxic regions that are
mostly not accessible by erythrocytes [63]. According to the
premises of this emulsion as an oxygen therapeutic, a phase lb/
Il dose-escalation study was initiated to assess the safety and
efficacy of DDFPe (dose-escalation) in the treatment of newly
diagnosed GBM patients along with the first-line radioche-
motherapy in addition to breathing of carbogen (98% oxygen
and 2% CO,) or 100% oxygen [64]. Results showed that the
administration of DDFPe before every RT session was safe and
tolerable; however, dose-escalation has been interrupted due to
the development of symptomatic radionecrosis in few cases.
Noteworthy, TOLD MRI confirmed the reoxygenation status and
the reversal of hypoxia post-DDFPe in combination with other
treatments. Even though the PFS and OS were increased as
compared to previous controls, yet the sample size remains a
limitation in this study (11 patients out of which two developed
radionecrosis).

Targeting angiogenesis

Avastin (bevacizumab). Bevacizumab have been approved by
the FDA for the treatment of recurrent GBM patients or in
combination with the first-line treatments for primary tumors,
due to the encouraging radiological response rates and the
increased PFS rates [65, 66]. However, the clinical implication of
bevacizumab is not widely adapted due to the controversial
analysis of trial results. Despite the observed beneficial effects
on the PFS, no positive impact was demonstrated on the OS
outcome in some phase Ill randomized controlled trials [67-69].
In a phase Il trial, combining bevacizumab with the NCIC/EORTC
treatment protocol improved the PFS when compared to local
and NCIC/EORTC cohorts, but not the OS, in addition to
important grade 3-4 complications [70]. Conversely, another
phase Il trial incorporating irinotecan with bevacizumab in
relapse treatment, showed an increase of the OS [71]. OS
comparisons with the NCIC/EORTC trial were favorable which
led to the initiation of phase Il clinical trials such as the RTOG
0825 (637 patients), comparing the NCIC/EORTC protocol with
bevacizumab versus placebo. The PFS improved but not the OS
since the predefined criteria were not fully met, in addition to
the presence of a higher cognitive degradation in the
bevacizumab group, which might be linked to the exclusion
of biopsy-only patients [68]. Similarly, in the AVAGIio trial, the
PFS increased significantly but the OS did not improve [72].
Despite the improved QoL with the triple therapeutic approach,
bevacizumab’s impact has been limited by increased side
effects and complications [72]. A retrospective study demon-
strated an improvement in the PFS and OS in patients
undergoing RT with bevacizumab versus RT only. However,
variable protocols for bevacizumab delivery during or after RT
have complicated the interpretation [73]. Likewise, in a study
focusing on combined chemotherapy, the PFS and OS
improved in patients who received bevacizumab versus those
that underwent RT or treated with variable chemotherapy drugs
[74]. A targeted study on HGG with reduced treatment
variability showed distinct relapse patterns in patients treated
with 3D-RT or IMRT alongside bevacizumab. Notably, the
planning target volume (PTV) was a prognostic factor for the
PFS [75]. Moreover, bevacizumab improved the PFS in MGMT-
negative patients, those with low-volume relapsed tumor, and
those who received high irradiation dose [76]. In addition,
bevacizumab with high irradiation dose improved the tumor
control in patients treated for at least one relapse area [77]. In
recurrent GBM, combining bevacizumab with re-irradiation
showed safety, tolerability, and effectiveness, leading to an
improved PFS and OS [78]. Concurrent irradiation and
bevacizumab reduced the risk of radionecrosis after re-
irradiation and the PFS increased when patients received first
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RT followed by bevacizumab during the new relapse [79, 80]. A
phase | trial combining re-irradiation, bevacizumab, and
pembrolizumab in patients with recurrent GBM, reported
encouraging results on the PFS and OS, particularly in
bevacizumab-naive cohort at the time of re-irradiation [81].
Notably, the NRG Oncology/RTOG1205 phase Il trial was the first
randomized multi-institutional study to evaluate the safety and
efficacy of concurrent bevacizumab with re-irradiation versus
bevacizumab alone for recurrent GBM using modern RT
techniques. Overall, the re-irradiation was safe and well
tolerated, with improved PFS (6-month rate) in the treatment
combination group, but no difference in the OS has been
reported [82]. Notably, the total irradiation dose was limited to
35Gy in 10 fractions using various techniques, except for the
stereotactic irradiation despite its common use in retrospective
studies. Finally, results from a retrospective study combining
bevacizumab to chloroquine, an autophagy inhibitor, showed a
synergistic effect with a significant increase in the OS at
36.5 months for patients who received radiochemotherapy,
bevacizumab and chloroquine, versus 26.8 months in patients
who received radiochemotherapy and bevacizumab. However,
the number of patients included in this study was very small to
draw a conclusive effect of such combination [83].

Cilengitide

Encouraging results from phase Il clinical trials led to the incorporation
of cilengitide in combination with TMZ and RT in a randomized open-
label phase Ill trial [84]. Patients were selected based on their MGMT
promoter methylation, age (>18 years old), and GBM histological
location (supratentorial). Cilengitide was administered up to
18 months with or without TMZ over 6 cycles. Although the addition
of cilengitide did not cause further overall toxic effects, results from
this multicenter randomized trial failed to show an improvement on
the OS of newly diagnosed GBM patients, therefore impeding the
integration of cilengitide in further studies on GBM.

Other anti-angiogenic molecules such as cediranib (45 mg)
or vandetanib (100 mg/day) were also assessed in newly
diagnosed GBM patients in combination with TMZ and RT
Similar results were observed with both molecules with no
significant effect of this combination on the OS and higher AEs
linked to cediranib [85].

Inhibition of cellular oxygen consumption

Metformin. Few clinical trials have been conducted on
metformin in GBM. Recently, a prospective, randomized, multi-
center phase Il trial has assessed the safety and efficacy of
combining metformin to low doses of TMZ in patients with
recurrent GBM [86]. 32 patients in the experimental group
received daily doses of metformin (2000 mg/mL) and low-dose
TMZ (50 mg/mz). Metformin was safe and tolerable; however,
no significant difference was detected between the median OS
in experimental group versus TMZ group (log-rank test), and
results were similar for disease control rate and the good
response rate, with no significant difference between both
groups. Finally, a higher frequency of MGMT methylation status
has been detected in TMZ group when compared with the
experimental group. Other clinical trials combining metformin
with TMZ and RT are ongoing, with no published results so far.

Hypoxia-activated prodrugs

Evofosfamide. Evofosfamide (TH302) is a second-generation
hypoxia-activated prodrug with an ameliorated diffusion rate
into hypoxic regions, due to its reduction into the cytotoxic and
diffusive bromo-isophosphoramide mustard (Br-IPM). This
strategy seems attractive to activate the nitroimidazole
prodrugs, especially in hypoxic recurrent GBM cases post-
treatments. Consequently, a single-arm phase |l study assesses
the combination of bevacizumab with TH302 in bevacizumab
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refractory GBM patients after proving that the combination of
evofosfamide and bevacizumab was safe in a prior phase | trial
[87]. Results showed no significant improvement on the PFS
and OS of patients receiving the combination of evofosfamide.
In a complementary study, the effect of such combination has
been used to determine circulating metabolic markers of tumor
hypoxia and to evaluate early response to treatment. Metabo-
lites such as y-aminobutyric acid, glutamic acid and D-glutamic
acid were inversely correlated with tumor hypoxia observed
with '8F-misoinidazole PET imaging [88]. This approach might
be helpful in selecting potential responsive patients to
evofosfamide and bevacizumab combination following bevaci-
zumab treatment failure based on alterations in their hypoxia-
induced metabolic profile.

LIMITATIONS TO THE CLINICAL TRANSLATION OF HYPOXIA-
TARGETING PROTOCOLS

As discussed in the above sections, several preclinical and clinical
approaches have been suggested to counteract hypoxia and
sensitize GBM to conventional therapies. Strategies that target
hypoxia include the inhibition of hypoxia signaling pathway via
HIF-1a and HIF-2a inhibition, reoxygenation approaches to
increase the presence of oxygen and reverse the effect of
hypoxia (Fig. 1), inhibition of angiogenesis, which participates in
maintaining tumor hypoxia, in addition to other strategies, which
induce modifications on the oxygen metabolism and cellular
respiration (Fig. 2). Although targeting hypoxia in GBM offers a
promising perspective in the management of GBM resistance, yet
some limitations accompany the proposed schemes (summar-
ized in Table 2). For instance, acquired resistance to the used
inhibitors represents the major pitfall of such approaches. Other
observed phenomena include tolerance and toxicity issues such
as grade 3-4 complications and radionecrosis. Although some of
the hypoxia-targeted medications have successfully increased
the PFS of GBM patients, yet none had a significant effect on
improving the OS when administered alone or in combination
with first-line treatments. Finally, some of the proposed
strategies are not yet integrated into clinical trials and thus no
further information on their safety or tolerability is known. On
the other hand, there exist other proposals that might as well be
considered as methods to target tumor hypoxia but were not
discussed in this review. For instance, carbon ion therapy induces
damage to the DNA regardless of the oxygen concentration,
while dose-escalation deposit with IMRT or hypoxia-targeted
dose painting, might be interesting approaches to target hypoxic
sites within GBM.

CONCLUSION

Tumor hypoxia has been identified as one of the main drivers of
GBM aggressive behavior. The presence of hypoxia within the
tumor bulk and microenvironment leads to the activation of
numerous genes and consequent biological pathways involved
in angiogenesis, metabolic shift, autophagy, mesenchymal shift,
and immunosuppression among others, thus increasing the
resistance of GBM to the first-line treatments even after a
multimodal therapeutic approach. Hence, targeting hypoxia
might reverse its drastic effects on GBM outcome. To that end,
several approaches have been explored in both preclinical and
clinical settings including the inhibition of hypoxia signaling
pathway, tumor reoxygenation, inhibition of angiogenesis, and
the inhibition of the cellular oxygen consumption. In addition,
due to the recency of some strategies, no clinical data is
available so far, such as the use of UHDR radiation to target
hypoxia (FLASH-RT). Also, due to the complexity of hypoxia
development in the preclinical setting, more focus have been
directed towards GBM organoids as models for hypoxia
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Reversing GBM Hypoxia via Reoxygenation
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Fig. 1 Tumor reoxygenation strategies and their respective biological outcome on GBM. The presence of oxygen upon treatment delivery,
especially radiotherapy, increases the damage caused by such treatments on the DNA. In the presence of oxygen, more indirect DNA damage
is generated due to the formation of ROS and the persistence of peroxyl adducts that are harder to repair, in addition to an increase in the cell
cycle arrest, thus sensitizing GBM to conventional treatments. As the diffusion of oxygen increases through the tumor, other hypoxia-induced
adaptations are reversed such as the increased degradation of HIF-1/2a in the presence of oxygen.
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Fig. 2 Preclinical and clinical approaches to target tumor hypoxia in GBM. The first-line therapy constitutes of a multimodal approach
including surgery and chemoradiotherapy, yet GBM has been shown to exhibit resistance to such medical intervention. Although chronic or
diffusion-limited hypoxia represents one of the pillars driving this aggressive behavior, it is overlooked in the diagnosis and treatment of GBM.
Several preclinical and clinical approaches have been suggested as methods to reverse the effect of hypoxia on GBM response to
conventional treatments. These include the inhibition of the hypoxia signaling pathway via HIFs, increasing the presence of oxygen within the
tumor bulk or reoxygenation, targeting angiogenesis the main driver of tumor hypoxia, and reducing the cellular oxygen consumption via
mitochondrial or cellular metabolism.

development and might represent a robust tool in preclinical
studies that aim to target hypoxia. On the other hand, hypoxia
is still overlooked in the clinical assessment of GBM. Conse-
quently, the integration of hypoxia in the diagnosis of GBM
might offer a new insight on better addressing one of the main
drivers of this tumor. In addition, hypoxia-induced transcrip-
tomic and proteomic analysis, as well as advanced MRI and PET
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imaging of hypoxia, should be integrated in routine clinical
practice to offer a personalized multimodal approach that
might improve therapy outcome in GBM patients, while
maintaining an acceptable QoL. Finally, patient selection should
be performed with great caution to address those that might
benefit from the proposed approaches based on their hypoxia
signature.
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Table 2. Preclinical and clinical strategies for targeting hypoxia in newly diagnosed and recurrent GBM and their limitations upon the clinical

translation.

Strategies to target
hypoxia in GBM

Hypoxia signaling
pathways

Reoxygenation

Anti-angiogenesis

Cellular oxygen
consumption

Molecules

OKN-007, 103D5R, KC7F2, Cardiac
glycosides, PX-478, Vorinostat,
Panobinostat, Topotecane, Icaritin,
Acriflavine, Echinomycin, KCN1

PT2385

Trans-sodium crocetinate

Myo-inositol trispyrophosphate

Hyperbaric oxygen therapy

Carbogen and nicotinamide

Dodecafluoropentane emulsion

Bevacizumab

SU1498
Cilengitide

Si306

Cediranib, vandetanib
Galunisertib

Celastrol
Isolinderalactone

Atovaquone, Doramectin, Ivermectin,

Mefloquine, Chloroquine, and Quinacrine

Metformin

Cell Death and Disease (2024)15:503

Mode of action

Inhibit HIF-To

Inhibits HIF-2a

Enhances oxygen diffusion by
organizing the water matrix

Enhances oxygen release from
RBCs and stabilizes tumor
vascularization

Elevates atmospheric pressure
(>1 ATA) with 100% O,

- Increase dissolved oxygen

- Increase the uniformity of
tumor blood perfusion and
reduce the intermittent closure
of blood vessels

- Carries large amounts of
oxygen
- Enhances oxygen deposit

Neutralizes the biological
activity of VEGF-A

Selectively inhibits VEGFR2
Selectively inhibits the
activation of avp3 and avp5
integrins

Antagonizes c-SRC

Inhibit VEGF receptor tyrosine
kinase

Inhibits TGF-p

Inhibits PI3K/Akt/mTOR
pathway

Suppresses the expression of
VEGF

- Anti-parasitic drugs
- Inhibit the mitochondrial
respiration

-Anti-diabetic drug (type Il
diabetes)

- Reprograms oxygen
metabolism

Limitations

Risks of unintended adverse side
effects linked to the ubiquitous
expression of HIF-1a in non-tumor
tissue [8]

- PT2385, presented anti-tumoral
activity in a phase | trial
(NCT02293980) in patients with clear
renal cell carcinoma, but no
responses were demonstrated in a
phase Il (NCT03216499) trial with
recurrent GBM patients

- Limited activity in first recurrent
GBM, acidic lesions were correlated
with treatment duration
(NCT03216499)

Diffusion, stability, and bioavailability
issues [62]

No sufficient data and no clinical trials
on GBM models

No sham group was used to assess
the efficacy of HBOT and the
timespan between HBOT and RT
seemed unreasoned [59]

Tolerance issues and increased
toxicities [60]

- Radionecrosis [64]
- No sufficient data on OS in GBM

- Beneficial effects on the PFS [74]

- No positive impact on the OS
outcome [68, 72]

- Grade 3-4 complications including
cerebrovascular events and embolism
[70]

No clinical trials available on GBM

Did not improve the OS of GBM
patients upon combination with TMZ
[84]

No clinical trials available on GBM

Did not improve the PFS or OS of
GBM patients upon combination with
TMZ and RT [85]

No clinical data results available on
GBM

No clinical trials available on GBM
No clinical trials available on GBM

Only chloroquine have been assessed
in GBM clinical trials with no
published results so far

Did not improve the OS of patients
upon combination with low-dose
TMZ in refractory and recurrent GBM
[86]
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