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SIMPLE SUMMARY

This review describes the dynamic influence of the tumor microenvironment during treatment of
malignant glioma. The mechanism behind five hallmarks are outlined: glioma stem-like cells in
particular (GSCs), vascularization and hypoxia, metabolic reprogramming, tumor-promoting
inflammation and sustained proliferative signaling. A multimodal immunotherapy treatment plan is
proposed, explaining how each hallmark can be targeted over time. Repeated tumor monitoring is
deemed vital to alter the treatment plan when needed.

ABSTRACT

Malignant glioma is a highly aggressive, therapeutically non-responsive, and deadly disease with a
unigue tumor microenvironment (TME). Of the 14 currently recognized and described cancer
hallmarks, five are especially implicated in malignant glioma and targetable with repurposed drugs:
cancer stem-like cells, in general, and glioma stemlike cells in particular (GSCs), vascularization and
hypoxia, metabolic reprogramming, tumor-promoting inflammation and sustained proliferative
signaling. Each hallmark drives malignant glioma development, both individually and through
interactions with other hallmarks, in which the TME plays a critical role. To combat the aggressive
malignant glioma spatio-temporal heterogeneity driven by TME interactions, and to overcome its
therapeutic challenges, a combined treatment strategy including anticancer therapies, repurposed
drugs and multimodal immunotherapy should be the aim for future treatment approaches.

KEYWORDS: tumor microenvironment; malignant glioma; immunotherapy

1. THE IMPACTFUL TUMOR MICROENVIRONMENT

The significant advancements in cancer biology is reflected in the discovery and description of the
14 hallmarks of cancer [1-3] (Figure 1). In 2000, the first 6 hallmarks were summarized [1]:

() acquired capabilities for sustaining proliferative signaling,

(i) evading growth suppressors,

(i) resisting cell death,

(iv) enabling replicative immortality,

(v) inducing or accessing vasculature, and

(vi) activating invasion and metastasis. In 2011 [2], four novel hallmarks were defined:

(vii)  deregulating cellular metabolism,

(viii)  avoiding immune destruction,

(ix) tumor-promoting inflammation, and

) genome instability and mutation.

These latter hallmarks marked the recognition that a tumor process is not only characterized by
intrinsic tumor cell characteristics but also by its specific tumor microenvironment (TME). In 2022
[3], four additional hallmarks were included:

(xi) nonmutational epigenetic reprogramming,
(xii)  polymorphic microbiomes,

(xiii)  senescent cells, and

(xiv)  unlocking phenotypic plasticity (Figure 1).

Again, these added hallmarks refer to the influence of the TME on tumor cell biology.
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Figure 1. Top: An overview of the main contributing factors to the 14 hallmarks of cancer [1-3]. In
green, the first hallmarks described. In yellow, hallmarks recognized and added in 2011. In blue,
four additional hallmarks added in 2022. Legends on the lower left and right side indicate cell

types, cytokines, chemokines, growth factors, and other factors vital in tumor development. Dark
brown cells of irregular shapes represent tumor cells. Each hallmark has been given an icon,
indicated by the numbered images in circles at the end of each hallmark pie slice. These icons
will be used to indicate each hallmark in further figures.

Clearly, the role of the TME should not be underestimated. As the source of immune cells, nutrients,
oxygen, extracellular communicative signals, polymorphic microbes, and as the boundary between
the tumor and the rest of the body, the TME must be prioritized in ongoing and future research.
Particularly, the difference in TME between individual patients, its temporal plasticity, and how it is
affected by different treatment options, should be considered in future anticancer treatments.

The categorization of tumors of the central nervous system (CNS) is changing, as it has over
decades, based on gained insights in tumor biology and pathology [4]. Glioblastoma (GBM), IDH-
wildtype, belongs to the category of adult-type diffuse gliomas and is a highly aggressive and
infiltrative, mutative, therapeutically non-responsive, complex located, and deadly disease, which
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make it difficult to treat. GBM is the most frequent primary brain tumor in adults. Despite the
highest mean years of potential life lost amongst all human cancers [5], the standard of care has
not improved over the last two decades. Therefore, our primary focus in this narrative review will
be on the complexity of GBM treatment, which will then be compared to other malignant gliomas
in terms of heterogeneity, development, and treatment upon progression or relapse.

GBM has a diverse TME, consisting of heterogeneous and interactive populations of cancer cells
and cancer stem-like cells, along with recruited stromal cell types, transformed parenchyma and
associated stroma [3]. As well as the tumor cells, the TME includes the following different cell
populations: (1) endothelial cells, (2) cells of lymphoid origin like effector T cells, regulatory T cells
(Tregs), B cells and Natural Killer (NK) cells, (3) mesenchymal cells, (4) immune cells of myeloid
origin, such as tumor-associated macrophages and microglia (TAMs, also known as glioma-
associated macrophages or microglia, or GAMs), M2 macrophages, myeloid-derived suppressor
cells (MDSC), tumor-associated neutrophils (TAN), and (5) fibroblasts [6]. Unique to the GBM
environment are the neurons, glia, and microglia. Tumor cells communicate continuously with each
other and with the TME via different chemical and electrochemical stimuli. The tumor can
reprogram the function of the TME, resulting in an immunosuppressive and inflammatory
environment in which cancer can thrive. The blood—brain barrier (BBB) limits the outflow of
circulating tumor cells and thus aids in inhibiting extracranial metastasis, though this also
complicates tumor analysis via non-invasive methods and limits treatment influx via systemic
administration. The uniqueness of the CNS TME might further limit extracranial metastases to
develop.

Here, we first outline the current Standard-of-Care (SoC) and tumor monitoring towards GBM
treatment. Then, we zoom in on the most relevant GBM cancer-associated hallmarks, especially
those implicated in GBM development, their spatiotemporal evolution, and their interplay with each
other and the surrounding TME. These five hallmarks are deemed vital to understanding treatment
mechanisms, all have currently available treatment options with repurposed drugs and are focus
of current clinical research. We then compare adult and pediatric-type diffuse high-grade gliomas
(diffuse pediatric-type high-grade glioma H3-wildtype and IDH-wildtype, diffuse midline glioma
H3 K27-altered, and diffuse hemispheric glioma H3G34-mutant) to describe necessary treatment
adaptations. Finally, we outline an empirically developed multiphase individualized combination
treatment strategy to combat malignant glioma.

2. THE INFLUENCE OF THE GBM TME ON PROGNOSIS

Currently, GBM is treated with standard of care (SoC): maximal safe resection, radiochemotherapy
(RCT) and, in most cases, maintenance chemotherapy (CTx) [7,8], though GBM displays high
treatment-resistance [9].

GBM tumor cells show plasticity and dynamic changes in response to tumor development and
treatment, which are in part influenced by epigenetic pathways [10]. As the tumor changes and
evolves over time, the TME composition shows a similar spatio-temporal heterogeneity and
adaptation. TME cells, such as myeloid cells, are interwoven throughout the tumor. Moreover, intra-
and extratumoral communication paths exist through the formation of heterogeneous and
cooperative tumor functional networks which contribute to tumor growth and therapy resistance
[112]. Many GBM cells build ultra-long membrane protrusions, or tumor microtubes: direct, long-
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distance (>500 pm) cell-to-cell connections used for brain invasion, proliferation, and therapy
resistance. Cells interconnected via tumor microtubes are shown to be protected from cell death
by RT. When damage to the tumor occurs, tumor microtubes are used for repair [13]. These
interconnections occur through the formation of tumor microtubes [13], through
autocrine/paracrine signaling, the release and uptake of exosomes [14], as well as through glioma-
neuronal active synaptic activity [15-17].

Rather than one dense mass of tumor, different strictly regulated tumoral developmental areas
exist. A tumor functions as a well-oiled machine, similar to a complex organ, a fact often
disregarded both in clinical treatment as well as in general discussions [6]. The tumor and TME
heterogeneity lead to strong patient-specific differences in anticancer treatment response. As
different treatments directly affect the TME, new layers of patient-specific response and
heterogeneity do not just develop, but are introduced [18]. Individual therapy response due to
tissue heterogeneity harshly complicates randomized controlled trials designed with fixed
treatment protocols, especially when focused on TME interventions, such as immunotherapeutic
approaches [19]. Particularly here, the evaluation of the potency of a fixed treatment protocol (i.e.,
controlled conditions) might be affected by the patient-specific individual (i.e, uncontrolled)
evolutionary dynamics of both the tumor and its TME.

Modern methods, such as DNA, RNA single cell sequencing (sc-seq), methylation profiling and
micro-RNA (miRNA) profiling, have made great strides in clarifying tumor and TME development
and heterogeneity, making it more possible to pinpoint which patient or tumor characteristics
affect response to treatment, and which can be expected to respond. TME immune cell infiltration
clusters (GTMEI) have been defined, describing genomic characteristics, molecular subtypes and
clinicopathological features as well as proteomic, phosphoproteomic, acetylomic, lipidomic and
metabolomic properties [20]. To gain insight into the TME landscape of GBM, Zhao and colleagues
assessed expression data of 25 immune cell types from 796 GBM patients. Data could be
categorized according to miRNA expression (mil to mi5), DNA methylation profiles (dm1 to dm®),
IDH status (mutant, wild-type), Gender (female, male), multi-omics (IDH mutant and nmf1to nmf3),
MGMT promoter methylation status (methylated, not methylated), age (less or above 55y),
immune profile (iml to im4), pathologic subtype (classical, IDH mutant, mesenchymal, proneural),
WHO grade (high, low) and GTMEI-score: the quantification of immune infiltration patterns in any
individual GBM sample [20].

Treatment is standardized for all GBM subtypes and GBM tumor status: despite the fact that
tumors can have a different cause and a different developmental trajectory. Similarly to how each
person differs from one another, no two tumors are alike. Even within the same person, tumor
subclones might develop completely differently depending on its TME. In a RNA sequencing
analysis of 107 patients suffering from GBM IDHwt, two subgroups could be identified based on
specific gene regulation patterns [21]. These responder subtypes were found to be cancer-cell
intrinsic and influenced by the TME. This is only one example of how the heterogeneity of GBM
subtypes can impact patient prognosis and warrant variations in treatment. A better
understanding of GBM subtype heterogeneity and their developmental trajectory will have a strong
impact on course of treatment in a patient-specific way. To this end, new clustering techniques
are being developed [22,23]. The rise of personalized therapy makes this realistically possible [24-
26].
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When considering the TME, the relative composition of 24 different types of infiltrating immune
cells, together with checkpoint gene expression levels of CD27, PDL1 and CTLA4, can predict GBM
prognosis from patient datasets. Three immune subtypes can be distinguished [27]. In immune
subtype M, central memory T cell (Tcm), T follicular helper cell (Tfh) and B cell subpopulations
were most enriched. In M2, the top three highest enrichments include Tcm cells, GAMs and Tfh
cells. In M3, the top three highest enrichments were Tcm cells, GAMs and B cells. The M3 subtype
correlates with the worst prognosis, with high levels of immunosuppression, phagocytosis,
leukocyte migration, and TNF superfamily members and -receptors. The M2 subtype, with the best
prognosis, exhibited high enrichment scores in CD8+ response, B cell activation, B cell receptor
signaling pathway activity, and transcription factor upregulation.

Therapy resistance, heterogeneity, fast development, a complex collection of important tumor
characteristics, and predictive immune subtypes based on TME-tumor interactions, all highlight
the complexity of GBM, a highly regulated heterogeneous system with spatiotemporal fluctuations
that affect treatment response. These characteristics should be considered for individualized
treatment plans, which should be adapted according to key GBM tumor and TME changes over
time.

Though all fourteen cancer hallmarks play a significant role in the development of GBM, we will
outline five key features that not only play an essential role in GBM tumor development, but can
be approached with currently available treatment strategies. Listed numerically (1-5) in the order
in which they will be discussed in text, each hallmark is also indicated by their icon ID-number: (1)
Cancer stem cells and Glioma stem cells (GSCs) (hallmark 14); (2) Hypoxia (hallmark 5); (3)
Metabolic reprogramming (hallmark 7); (4) Immune suppression and inflammation (hallmark 9); and
(5) Neuron-glioma interaction (hallmark 1). These features are dynamically inter-connected,
strongly influenced by the TME, and heterogeneously spatio-temporally represented.

2.1. Glioma Stem-like Cells (GSCs)

Functional GBM heterogeneity translates to multiple subpopulations of cancer cells [28,29]. Co-
operation between genotypically and phenotypically distinct subclones explain the high level of
invasion and migration seen in GBM [11]. Based on molecular signature, response to therapy and
patient survival, GBM can be subdivided into three categories: proneural, classical and
mesenchymal GBM. Comparing the three, the latter is especially linked to a worse patient
prognosis. However, recent studies using spatial scRNAseq analysis have indicated that influences
from the TME orchestrate a spatial and temporal fluctuation between the three subtypes within
one tumor [30-32]. Often, all three subtypes can be found, with one subtype highly represented.
External influences can cause transdifferentiation, especially towards the mesenchymal GBM
subtype [33]. This further complicates efficient treatment. This cellular heterogeneity originates
from a small subpopulation of glioma stem-like cells (GSCs, tumor hallmark 14, Figure 2). Less than
1% of tumor cells display GSC-specific properties of self-renewal and multi-lineage differentiation
into neurons, astrocytes, and oligodendrocytes. This occurs in three ways: (1) dedifferentiation or
reversal of a not yet terminally differentiated to a proliferating form, (2) blocked differentiation, or
(3) transdifferentiation, during which cells of a particular phenotype undergo a morphological
change, regain their proliferative abilities, and become clearly recognizable as elements of another
tissue [3,28]. These three mechanisms underlie the formation of primary tumors, the progression
of malignant cell growth, and affect response to therapy. GSCs are inherently resistant to GBM
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treatment [28,34,35]. They can enter a quiescent status and so escape targeted CTx, and RCT,
enabling cancer recurrence. GSCs communicate with their direct TME by cell—cell interaction via
tunneling nanotubes (TNTs), causing a TNT-mediated transfer of mitochondria and thereby the
modification of the target cell energetic metabolism with increased OXPHOS and ATP production
[28]. TNTs differ from tumor microtubes in size (<1 um width and 30 um in length to 1.7 um in width
and >500 um in length, respectively) and life span (TNT: 60 min., TM: >200 days) [36]. The GSC
slow metabolism, efficient DNA damage response, and high drug efflux by ABC transporters, further
aid GSCs to survive CTx and RCT. Furthermore, RCT and CTx such as Temozolomide (TMZ)
consistently increase the GSC pool by causing further genetic mutations and triggering
dedifferentiation in non-GSCs. Due to GSC development, GBM recurs more aggressively than the
original tumor. It is considered vital to eliminate GSCs for complete tumor eradication. Due to their
resistance to SoC treatment, suggested alternatives target GSCs through their deregulated
metabolism [28]. Antidepressant drugs such as imipramine, amitriptyline, fluoxetine, mirtazapine,
agomelatine, and escitalopram, are prescribed in cancer therapy to combat the side-effects of
CTx. However, they were found to silence the phenotypic signature of GSCs, consisting of high
expressions of CD44, Ki67, Nestin, Sox1 and Sox2. Particularly imipramine and amitriptyline were
reported to modulate GSC plasticity and partially reverse GBM malignancy. These effects were
linked to TME conditions and hypoxic fluctuations [37].

Glioma Stem Cells

Figure 2. A simplified overview of the effect of glioma stem cells. GSCs can self-renew,
differentiate and dedifferentiate to different GBM cell types (red arrows). This can be caused by
RT or CTx (TMZ) treatment (red bold arrows). Antidepressants can inhibit GSC plasticity. GSCs
rely on a permissive TME (black arrows.)

Oncothermia Journal Volume 39 | September 2026

Page 160 | 100



GSCs rely on a permissive specific TME niche. This niche consists of many different cell types, from
stromal to immune cells, with many reciprocal communications essential for GSCs maintenance,
survival and proliferation, as well as TME recruitment, activation programming, and persistence
(Figure 2) [35]. Environmental factors originating from the TME affect the bidirectional plasticity of
GSCs. For instance, hypoxia promotes a stem-like phenotype in non-GSCs, and the activation of
epithelial-to-mesenchymal transition (EMT) further stimulates dedifferentiation of non-GSCs [35].

2.2 Hypoxia

Vascularization (tumor hallmark 5) normally occurs through a counterbalance of positive and
negative signals, and consists of a complex interplay between soluble factors, membrane bound
receptors, integrins and adhesion molecules. Tumors either interfere with regulatory integrins, or
disrupt the balance between pro- and anti-angiogenesis signals. Balance disruption can occur
through the overexpression of vascularization-stimulating factors, such as vascular endothelial
growth factor (VEGF) through oncogene ras, or through downregulation of angiogenesis inhibitor
factors such as thrombospondin-1 through loss of p53 function [1]. There exist six potential
mechanisms of GBM vascularization: (1) Sprouting angiogenesis: the most common way of blood
vessel formation via proliferation and migration of endothelial tip cells, (2) Vasculogenesis:
Endothelial progenitor cells (EPCs) differentiate into new endothelial cells and form new vascular
lumen, (3) Vessel mimicry: tumor cells form vessel-like channels, (4) Vessel Co-option: Tumor cells
hijack existing blood vessels, (5) Cancer cell trans-differentiation: cancer stem cells differentiate
into endothelial cells and form new vascular lumen, and (6) Intussusception: an existing blood
vessel is split into two through mediated cell reorganization [29]. Through these mechanisms, GBM
is capable of promoting tumor angiogenesis. However, this dysregulated process, combined with
swift tumoral expansion, results in structurally and functionally abnormal vasculature, leading to
areas of hypoxia [29,38-40]. Hypoxia-related vasculature plays a crucial role in tumor initiation
and progression.

Within TME and tumor tissue, two types of hypoxia occur: chronic and cycling hypoxia (also called
intermittent hypoxia) [41,42]. Chronic hypoxia is the first type to develop in tumors, and indicates
a continuous (2several hours) state of oxygen deficiency due to limited oxygen diffusion. Cycling
hypoxia occurs due to inefficient perfusion in tumor blood vessels [43] and rapid changes in
intracellular oxygen requirements due to metabolic changes. It marks fast fluxes between deep
(<0.1mmHg) and moderate hypoxia (15 mmHg). Both chronic and cyclic hypoxia occur with spatio-
temporal fluctuation, forcing cells to adapt fast and collaborate for their needs. Cyclic hypoxia
translates to a worse prognosis, as it affects many other cancer hallmarks: angiogenesis,
intratumoral inflammation, immune evasion, swift cellular adaptation pushing tumor metastasis,
intratumoral heterogeneity, and resistance to treatment. In addition to that, the reoxygenation
periods give rise to reactive oxygen species (ROS) [41,42].

Hypoxia leads to SoC-resistance. During RCT, oxygen increases DNA damage through free radical
formation; thus, anoxic cells require a radiation dose three times higher to obtain similar effects to
treated oxygenated cells [41]. Under hypoxic conditions, metabolic pathways become so
dysregulated in GSCs that tumor cells must fall back on autophagy to obtain energy. Autophagy
also functions as a protective mechanism against CTx in GBM. Cycling hypoxic tumor cells isolated
from GBM xenografts using flow cytometry exhibited higher ABCB1 expression and CTx resistance
than chronic hypoxic cells and normoxic cells [41]. Hypoxia-inducible factor (HIF)-1a is a common

Oncothermia Journal Volume 39 | September 2026

Page 161100



driver of pathways that define GBM aggressiveness (Figure 3). Downregulation of HIF-1a activity is
associated with increased responsiveness to TMZ [38-42,44] and RCT [41,42]. The deregulation of
HIF-1a due to hypoxia can be combatted with Mebendazole, an antihelminthic benzimidazole [45].
GBM patients treated with chloroquine, an autophagy flux suppressant, display reduced
chemoresistance and improved survival (Figure 3) [46]. According to clinical trials, the nontoxic
hormone melatonin is an antiangiogenic, antiproliferative and metastasis-inhibitory agent that
enhances the effectivity of other therapeutics when used in combination [47,48]. In GBM, melatonin
was found to suppress the HIF-a/VEGF/MMP9 axis through miRNA regulation [49]. As a modulator
of the circadian rhythm, melatonin is normally present in the blood and cerebrospinal fluid (CSF).
Melatonin concentrations reach a maximum of 80 to 120 pg/mL between 02:00 and 04:00, and
drop sharply to between 10 and 20 pg/mL during the day. These inherent temporal fluctuations
affect doses and time of administration [48]. Bevacizumab, or Avastin, targets VEGF and
specifically combats tumor angiogenesis [50].
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Figure 3. A simplified overview of the effects of hypoxia in GBM. GBM Effects are displayed with
red arrows, treatment options are shown in bright green. Hypoxia normally leads to autophagy
(black arrow) which inhibits the effects of RT and CTx such as TMZ. Chloroquine treatment can

inhibit autophagy. Bevacizumab inhibits angiogenesis factor VEGF. Hypoxia also includes
upregulation of HIF-Ta, which inhibits both CTx effects and the OXPHOS pathway, driving cellular
metabolism toward anaerobic fermentation. Mebendazole and melatonin can be used to
normalize HIF-1a expression levels.

It was recently found that some malignant glioma cells can maintain a glycolytic metabolism
despite their hypoxic environment by macrophage-mediated recycling of myelin cell debris [51].
Upon scavenging cholesterol-laden myeloid cell debris, GAMs develop into lipid-laden
macrophages (LLMs). These LLMs are epigenetically rewired to display immunosuppressive
features and are especially enriched in aggressive mesenchymal GBM.Through dynamics in
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correlation with GBM stage, cellular subtype composition and local tumor niches, LLMs transfer
their myelin cell debris cargo to cancer cells, fueling their tumorally increased metabolic demands
[51]. This again clearly displays the closely controlled spatial intra-cellular interaction between TME
and tumor, and depicts how the development of hypoxia within tumor tissue affects the cellular
metabolic programming of both healthy and diseased tissue.

23. Metabolic Reprogramming

We will zoom in on three different levels of GBM metabolic reprogrammming, which strongly affect
the aforementioned hallmarks: energy generation, lipid metabolism and nucleotide metabolism
(Figure 4) [52].
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Figure 4. A simplified overview of metabolic reprogramming in GBM. Normal pathway steps are
depicted with black arrows, GBM pathway steps are shown in red. Possible treatment options are
depicted in bright green. Glucose is processed through glycolysis to intermediates, ATP and
NADH. In cancer cells, an increase in pyruvate dehydrogenase kinase (PDK) inhibits aerobic
respiration, favoring an anaerobic fermentation pathway instead. Lactic acid production leads to
the acidification of the TME. Treatment with lipoic acid inhibits PDK. Metformin can then be used
to inhibit the OXPHOS pathway in all fast-growing cells, specifically targeting tumor cells.
Combining TMZ with Metformin treatment can revert chemoresistance.

Under normoxic conditions, healthy cells process glucose through glycolysis and aerobic
respiration to pyruvate and subsequently to CO2, generating 38 ATP. In tumor cells, including GBM,
the glucose, glutamine and fatty acid metabolism are heavily altered [34] (Hallmark 7, Figure 4).
Due to increased proliferation, tumor cells opt for aerobic glycolysis, known as the Warburg effect
[53,54]. The intermediary glycolysis products are used for cellular growth, inhibiting aerobic
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respiration [34]. Lack of oxygen and redirection of necessary intermediary products pushes
anaerobic fermentation, generating only four ATP [34]. Metabolic reprogramming leads to the
development of different intratumoral subpopulations which collaborate to ensure an all-round
sufficient nutrient supply, ROS clean-up, and energy (Figure 4) [39,40]. As a result of metabolic
reprogramming and hypoxia, the electron transport chain collapses, leaving the cell with acute ATP
depletion. Areas of necrosis develop within the tumor [55]. Even without hypoxia, necroptotic areas
occur. Necrosis in GBM is a well-regulated malignant process: it involves neutrophil-triggered
ferroptosis; accumulation of neutrophils within GBM correlates both temporally and spatially with
necrotic areas. Neutrophil depletion dampens necrotic area occurrence [56]. GBM necrosis
induces massive angiogenesis through VEGF expression and releases high mobility growth factor
(HMGB-1), promoting tumor proliferation and invasion by elevated IL-8 expression in peri-necrotic
regions [55,57]. Cytosolic proteins released during necrosis elicit a pro-inflammatory cytokine
response, which aid in angiogenesis, GBM migration, and chemo-resistance [55]. Necrotic foci in
GBM are considered a pathological and radiologic hallmark, signaling an overall poor prognosis.
GBM patients whose cells do employ the OXPHOS pathway have a better prognosis [52,58].
OXPHOS exclusion is enriched in the mesenchymal GBM subtype, and is, as noted before, linked to
SoC resistance.

Lipids are fat-soluble organic compounds with structural, signaling and storage functions. The TME
of GBM is a lipid-rich environment, as the brain dry-weight naturally exists for 50% of lipids. The
side-products of glycolysis and the Krebs cycle, normally used for energy generation, are
redirected for cytosolic acetyl-CoA synthesis. Simultaneously, extracellular acetate import is
upregulated and used to produce acetyl-CoA via acetyl-CoA synthase (ACSS2), which is
upregulated through BRAF, p53 and PTEN mutations and malfunction, common in GBM [52]. GBM
requires elevated levels of de novo lipogenesis for proliferation, and not only as a structural
component: GSCs rely heavily on fatty acid oxidation. Thus, the aberrant lipid metabolism is
heterogeneous throughout tumors, and combination therapies are advised. The lipid metabolism,
including the fatty acid oxidation and de novo lipogenesis, is a potential target for statins (Figure
4) [52].

As important signaling and structural components, nucleotide production is highly upregulated in
GBM. Nucleotides can be synthesized de novo or via salvage pathways: GBM relies heavily on the
former, which is orchestrated by c-MYC activity. However, salvage pathways are also used. The
ability of GBM cells to scavenge hypoxanthine, the most abundant purine present in the CSF, is
thought to cause GBM anti-folate therapy resistance [52]. Gemcitabine is a cytidine analog which,
when incorporated into the DNA, inhibits ribonucleotide reductase. Gemcitabine can cross the BBB
and accumulates in GBM [59].

As the source of nutrients and oxygen, the TME plays a major role in GBM metabolic
reprogramming. For instance, hypoxia activates aerobic glycolysis and triggers EMT through HIF.
Metabolic reprogramming and release of ROS accelerate TME acidification. GSCs are dependent
on strong metabolic reprogramming, mitigated by the TME [33,35]. Metformin combats cancer cells
in three distinct ways, effectively targeting both non-GSCs and GSCs through their aberrant
metabolism [35,60]. Firstly, metformin rewires the metabolic function from anaerobic fermentation
back to glycolytic. Transcriptional analysis of macrophages derived from metformin-treated
mouse bone marrow cells show a decreased expression of pro-tumor genes such as transforming
growth factor (TGF)-B and interleukin (IL)-18 [60]. Secondly, metformin targets tumor cells that use
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glycolysis by blocking glucose uptake and inhibiting complex | of the mitochondrial electron
transport chain to disrupt oxidative phosphorylation (OXPHOS) and subsequent mitochondrial ATP
generation. The lower glycaemia, lower glucose uptake, and lower ATP levels in tumor cells, also due
to hypoxia, inhibit mTOR complex 1, a major hub for cell growth, protein translation and cellular
metabolism. Thirdly, metformin plus TMZ can revert chemoresistance under hypoxic conditions via
PI3K/mTOR pathway suppression (Figure 4) [61].

24. Immune Suppression and Inflammation

Cell-to-cell TME and GBM interactions, metabolic alterations, spatio-temporal oxygen fluctuations,
and cellular necrosis together create a constant state of inflammation within the TME (hallmark 9,
Figure 5). Rather than help combat the tumor, this perpetual inflammatory environment enhances
tumorigenesis and progression by promoting other cancer hallmarks. Pro-inflammatory
biomolecules drawn to the inflamed TME include: (1) growth factors that sustain proliferative
signaling; (2) survival factors that inhibit apoptosis; (3) proangiogenic factors that nurture
vascularization, which in turn promotes invasion and metastasis; and (4) inductive signals that lead
to EMT activation. Multiple occurrences are known in which a perpetuating inflammation instigated
tumor formation. A vicious circle develops, resulting in an immunosuppressive TME [41], supporting
critical immune components such as MDSCs and GAMs [58,62-65]. The alteration of glycans and
lectins  further promotes tumor progression and immune evasion by enhancing
immunosuppressive cell subsets while impairing immune effector populations. These pathways,
along with their associated receptors (C-type lectins, Siglecs, and galectins), represent promising
therapeutic targets. [66]
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Figure 5. A 3|mpI|f|ed overview of the effects of immune response inflammation in GBM.

Tumorspecific occurrences are with red green. Downregulation (downward black arrows) of cell
types or cytokines is highlighted in red, and upregulation (upward black arrows) is highlighted in
orange. Due to TME acidification, M2 Macrophages and GAMs are upregulated, which inhibits
cytotoxic T cell response but increases inflammation-regulating cytokines, developing into an
immunosuppressive TME. Especially the upregulation of TGF-f, by both tumor-associated
macrophages as well as TCA cycle mutations, further inhibits the innate and adaptive immune
system. TCA cycle mutations can be halted with ONC201 treatment, isoselective inhibitors and
peptide vaccines. GAMs, especially when derived from bone marrow, also aid angiogenesis. PDL1+
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M2 Macrophages target CD8+ T cells via the apoptotic TRAIL pathway, both during CD8+ T cell
priming and effector function. Using anti-PDL1 checkpoint inhibitors, this PDI-independent
immunosuppression can be inhibited.

The interplay between GBM and MDSCs results in a metabolic synergism, which causes further
deprivation of glucose, amino acids and lipids, as well as accumulation of lactate, kynurenine, nitric
oxide (NO), ROS, and altered fatty acids. This stimulates further MDSC recruitment and activation,
immunosuppression, reduction in T cell responsiveness, and TME acidification [67]. Under acidic
conditions, macrophages are polarized to the M2 phenotype [68]. A recently discovered immune
suppression mechanism involves PERKdriven glucose metabolism in M2 macrophages. Through
glycolysis-dependent histone lactylation, a recently identified post-translational modification, a
IL-10 expression and a T-cell suppression are promoted in GBM [69]. Lactylation regulates gene
transcription and is closely linked to theWarburg effect, with lactate as the key driver in the TME.
This modification occurs on histone and non-histone proteins, including oncoproteins, and is
implicated in various physiological and pathological processes [70]. The continuous low-dose, or
metronomic, administration of capecitabine, an orally available 5-fluorouracil (FU) CTx prodrug,
reduces circulating MDSCs and increases cytotoxic immune cell tumor infiltration [71]. Ozone
therapy can further reduce ROS [72].

Microglia/macrophage functions are almost immediately altered upon exposure to the GBM TME
secretome, and give rise to GAMs [64], which make up about 50% of total live GBM biomass [73].
GAMs in GBM further contribute to the construction of the immunosuppressive TME by expressing
high levels of IL-10, IL-6, TGF-B, angiogenic molecules (VEGF-A), matrix metalloproteinases
(MMP9), and by inhibiting CD8+T cell infiltration [74,75]. GAMs originate from two independent
sources: bone marrow (85% in GBM) and microglia (15% in GBM). Each subtype performs different
functions at different stages of tumor progression [18,76,77]. Though macrophages and microglia in
GBM have morphological and behavioral changes, it was deemed problematic to distinguish
between the two. Advanced methods including scRNAseq, cellular indexing of transcriptomes and
epitomes by sequencing (CITE-seq), and cytometry by time of flight (CyTOF) have shown that
macrophages show enriched levels of CCR2, CD45RA, CD141, ICAM, CDIC, CDIB, TGFBI, FXYD5,
FCGR2B, CLEC12A, CLEC10A, CD207, CD49D, and CD209, whereas microglia express high levels of
CX3CRI, SALL1, HEXB, P2RY12, and TMEMMN9 [73,78]. Primary GBM is more likely to be infiltrated by
GAMs derived from microglia, whereas they are absent from the core of metastatic brain tumors,
which are mainly inhabited by bone marrow-derived GAMs [73]. The polarization of microglia or
bone marrow-derived macrophages has been suggested to mediate the immunostimulatory
effects of certain treatments, including RT. The more dynamic M2 macrophages increase tumor
growth and suppress immune responses, whereas the more-defined M1 subtypes reduce tumor
growth, improving RT efficacy [18]. The bone marrow-derived macrophage population exerts
immunosuppressive and proangiogenic effects. Anti-inflammatory drugs like COX2 inhibition [79],
anti-histamine receptor H1 drugs [80] and curcumin [78] can influence their biological role.
Microglia are unique to tumors in the CNS. These main resident myeloid cells play a crucial role in
the surveillance, development and maintenance of the brain [64,65,73]. They are involved in
neurogenesis and axonal growth, and orchestrate immune responses against pathogens or
damaged cells. Microglia exhibit a broad functional diversity and can be classified into multiple
subtypes based on their characteristics, which depend on the brain developmental stage and
tissue location [8182]. They switch between different functional states depending on
microenvironmental cues. (Figure 5).
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Due to their aberrant expression patterns, GAMs can be targeted for treatment, though thus far
with limited success [73]. GAMs overexpress PDL1, TNF and TNF-related apoptosis inducing ligand
(TRAIL), but not Fas ligand [83]. Of particular interest is the finding that PDL1-expressing GAMs
block CD8+ T cell responses (priming and effector function) via TRAIL signaling [83]. This suggests
that targeting GAMs via PDL1 can rescue CD8 T cell responses upon dendritic cell vaccinations.

The resident T cell population in the TME is heavily altered by tumor development. Cytotoxic
activity is downregulated by promoting T cell exhaustion, and by an increased presence of Tregs.
Checkpoint inhibitors targeting T cell surface markers, such as Anti-PD1 or Anti-CTLA4, inhibit
cytotoxic T cell exhaustion by tumor cells [84]. Nitrogen-containing bisphosphonates, such as
risedronate, have a direct anti-proliferative effect on tumor cells through Ras and Rab modification
[85], but also reactivates cytotoxic T cell activity [86]. Monoterpene and Ras inhibitor perillyl
alcohol (POH) have been shown to significantly increase overall survival in GBM patients,
independent of their MGMT status, by inhibiting the cell cycle. They also act through TGF-§, the
endoplasmic reticulum (ER) stress pathway, and by arresting survival pathways such as mTOR.
When administered intranasally, POH crosses the BBB and thus affects GBM tumors which are
otherwise difficult to reach [87,88]. Cyclophosphamide (CPM) is an alkylating CTx agent. Similarly
to risedronate, CPM has direct cytotoxic and immune-modulatory effects. Low dose CPM has been
shown to deplete regulatory T cells [89] and increase CD4+ and CD8+ T cells in the TME, as CPM
downregulates TGF-B receptor 2 expression levels [90,91]. It was found most effective as a
metronomic administration, resulting in a reduced myofibroblast population [91,92].

A critical link between the aberrant glycolysis and immunosuppression is the production of TGF-f
[63]. TGF-B down-regulates tumor surface antigens such as HLA-DR and NKG2DL, and intercellular
adhesion molecule I. Infiltration of NK cells in early stage of tumorigenesis is inhibited by TGF-§.
TGF-8 plays a role in T cell exhaustion. Through TGF- signaling, CD4+CD25- naive T cells develop
into T-regs that inhibit tumor-specific CD8+ T cell cytotoxicity and NK cell function. However,
aberrant TGF-f production also weakens the tumor cell immune system, allowing oncolytic viruses
otherwise unable to infect human cells, such as Newcastle Disease Virus (NDV), to specifically
infect and kill the tumor from the inside out [93,94]. Immune function is further hampered by
mutations in TCA cycle-enzymes. The accumulation of the oncometabolite D-2-hydroxyglutarate
in IDH-mutated gliomas contributes to the “cold” tumor immune phenotype [95]. The mutation of
IDH1 suppresses STATI, a regulator of CXCLIO, leading to reduced CD8+ T cell accumulation in
gliomas [96]. The “cold” tumor immune phenotype might shape the TME, allowing the development
of tumor subclones with higher-grade features. Isoformselective IDH inhibitors and peptide
vaccines targeting IDH-mutant gliomas have shown translational potential in preclinical and clinical
studies by interfering with both the cellular metabolism and the relative composition of target-
specific tumor-infiltrating cytotoxic T cells [97,98]. Overall, the aberrant metabolism creates
metabolic checkpoints underlying the immunosuppressive TME [99].

2.5. Neuron-Glioma Interaction

Neoplastic cells elicit sustained proliferative signaling (hallmark 1) in three ways: (i) autocrine
signaling; (ii) overexpression or structural alteration of membrane-bound growth signal
transducers; and (jii) disruption of intracellular matrix receptors (integrins), favoring transmission
of proliferative signals [100]. The latter occurs in at least 30% of tumors, including melanoma, breast
cancer, ovarian cancer, colon cancer, thyroid cancer, prostate cancer, and glioblastoma [100,101].
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Not considering certain TME and tumor-specific aspects, the key features discussed up to now
play a role in any type of tumor. However, there is one key feature truly unique to GBM that bears
consideration: the neuron-glioma axis (Figure 6) [15,16,73,102-105]. Neuronal activity drives tumor
progression through paracrine signaling factors such as neuroligin-3 and brain-derived
neurotrophic factor [1-3]. A direct glutamatergic synaptic input from presynaptic neurons to
postsynaptic glioma cells sustains the glioma cell network and drives glioma progression [16,105].
Postsynaptic currents are mediated by glutamate receptors of the AMPA subtype, which can be
targeted with the AMPA receptor antagonist perampanel (Figure [16]. Levetiracetam can target the
GABAergic synaptic communication node [106]. Direct neuro-immune interactions occur via
GABA-associated immune cell subtypes like M2 macrophages and T cells, contributing to tumor
immunosuppressive mechanisms (Figure 6) [107]. Knowledge in the domain of cancer
neuroscience is growing fast, as several cancer hallmarks intersect with neuroscience in the CNS
TME [108].

Neuron-Glioma
Interaction

Glutamatergic

synaptic input
Presynaptic neuron Postsynaptic glioma

- Sustains glioma cells
- Promotes progression

v v

AMPA Paracrine GABAergic
postsynaptic signalling synaptic
currents factors communication
- Neuroligin-3

- Brain-derived
neurotropic factor 1-3

Figure 6. A simplified overview of the effects of the neuron-glioma interactions. The interactions
between presynaptic neurons and postsynaptic gliomas drive tumor development through AMPA
postsynaptic currents, paracrine signaling factors, or GABAergic synaptic communication. The
first can be inhibited with perampanel and the last one with levetiracetam.

Oncothermia Journal Volume 39 | September 2026

Page 168 | 100



3. GBM VERSUS PEDIATRIC-TYPE DIFFUSE HIGH-GRADE GLIOMAS

Brain tumors are the leading cause of cancer-related child mortality [109]. Diffuse midline gliomas
(DMG) are considered one of the most aggressive pediatric brain malignancies. DMGs, also known
as diffuse intrinsic pontine glioma (DIPG) when located in the pons, typically affect children
between the age of 5 and 10, but also occur in adolescents and adults. DIPG is a uniformly fatal
diagnosis, with a median survival of less than one year, due to its location in the brainstem which
makes resection impossible. Over a hundred clinical trials and testing methods such as
radiosensitizing agents, cytotoxic or high-dose chemotherapy with or without stem cell rescue, or
molecularly targeted agents, showed no OS improvement over RT. Even if a child makes it through
harsh rounds of treatment, the damage done to the developing brain results in much more severe
loss of quality of life than adults who undergo the same SoC. Often, pediatric treatment is thus
focused on minimizing toxicity [110]. Due to the many challenges in studying pediatric brain
malignancies, progress in understanding tumor development and immunotherapy is slow [81]. Many
pediatric brain tumors are thought to arise during prenatal brain development as embryonal
tumors, and coincide with periods where unique subpopulations of immature microglia are
abundant, which are therefore implicated in pediatric malignancies [81110]. Although some
childhood brain tumors share similarities with adult GBM, many are distinct entities, residing in
locations different from adult brain tumors, and thus have a completely different TME. Mechanistic
characteristics and treatment methods can be compared across adult-type diffuse glioma,
particularly IDH-wildtype GBM, and diffuse pediatric high-grade gliomas. We will specifically
elaborate on diffuse pediatric-type high-grade glioma (pDHGG) H3 wild-type and IDH1 wild-type,
diffuse hemispheric glioma H3G34-mutant (H3 G34-mutant DHG), and diffuse midline glioma
H3K27-altered (H3 K27-altered DMG) [4,111].

DHG), and diffuse midline glioma H3K27-altered (H3 K27-altered DMG) [4,111]. Similarly to adult
GBM, pediatric-type diffuse high-grade gliomas are highly heterogeneous [112]. The immune and
inflammatory cellular players in the TME are quite similar to the adult counterpart; the major
immune infiltrates are macrophages and T cells, though they are extremely sparsely available
[7713]. It was suggested that as the tumor develops from low to high grade malignancy, a transient
change in the relative composition of T cells and myeloid cells occurs: effector T cells make room
for Tregs, microglial cells diminish, GAMs increase and give rise to a large population of monocyte-
derived M2 macrophages. The TME in pediatric-type diffuse high-grade gliomas is characterized
by hypoxic regions and low nutrients, similar to the GBM TME, which translates to an
immunosuppressive environment. However, there exist significant general and specific differences
between pediatric and adult malignant gliomas, both on the genetic and epigenetic level [77,81,113].
As the CNS develops, a diversity of unique immature microglia is abundantly present, which
presumably not only contributes to tumor onset and progression, but results in a glioma
characterized by arelatively high number of microglia with aberrant morphologies and phenotypes.
This suggests a crucial role in TME development [77,81]. Complications and treatment options
connected to glioma-neuron interactions therefore carry more weight in pediatric-type diffuse
high-grade gliomas, in comparison to adult GBM. Pediatric tumors need more frequent monitoring,
both to balance out the faster change in a developing brain compared to a fully developed, adult
brain, but also as this “young” environment is more prone to GSC occurrence. Children with brain
tumors are thus more prone to develop radiotherapy resistance, and are simultaneously more
vulnerable to RTs neurotoxic effects [110,114]. Immunotherapeutics are considered an answer to this
toxicity problem: their ability to target the tumor specifically minimizes organ damage and allows
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for tumor treatment despite its inaccessible location. This, however, comes with complications:
adult clinical trial results cannot be used for pediatric patients, as their immune system is not yet
fully developed. Compared to adult GBM, pediatric malignancies have a low mutational burden,
which means checkpoint blockade strategies are less effective. Adding to this is the fact that
immunotherapy development has often been carried out through research on adult GBM in
immunocompromised mice. Only scant evidence exists on immunotherapies in children, due to
ethical objections and fast disease progression [110].

The diffuse pediatric-type high-grade glioma (pDHGG) (H3-wildtype and IDHwildtype), historically
known as pediatric GBM, shares a similar immune response to adult GBM based on its immune
infiltration profile [81]. Both have an increased antiinflammatory myeloid cell population with high
M2 and PD1 marker expression and a reduced CD8+ T cell and NK activation rate. Both contain
necroptotic areas. Spatially resolved single-cell analysis of diffuse pDHGG (H3-wildtype and IDH-
wildtype) have indicated adenosine-rich regions harboring specific immunomodulatory functions
involving microglia. The spatial distribution of immune cells within the TME is considered crucial for
understanding and identifying targetable vulnerabilities in pDHGG (H3-wildtype and IDH-wildtype)
[81].

The immune cell composition is different in H3 G34-mutant DHG. Most tumors belong to a
pediatric high-grade glioma immune cluster type 3, with moderate levels of CD8+ T cells and
relatively low levels of other infiltrating immune cell types [113]. Curiously, a higher than median
concentration of CD4+ T cells and NK cells was associated with poor survival. Another study
characterized H3 G34-mutant DHG as a tumor with a higher level of immune cell infiltration, with
higher levels of monocytes and CD4+ T cells, but lower Treg infiltration [77].

Mutations of IDH1 and H3 K27M are mutually exclusive, resulting in a completely different
phenotype in H3 K27-altered DMGs compared to their IDHI-mutant counterparts, but also when
compared to pDHGG (H3-wildtype and IDH-wildtype) and adult GBM [77,115,116]. DMG tumors are
generally found to have a comparatively high inflammatory, “cold” TME characterized by a low T
cell infiltration. DMG is typically known for a high infiltration of macrophages or microglia, but
limited to no T or NK cells, and an absence of chemokine or cytokine expression to recruit these
lymphocytes. This does not mean the present microglia are completely inactive: DMG cells can
induce a loss of histone 3 lysine 27 trimethylation in microglia and consequently affect its
phenotype to a tumor-promoting state, contributing to the highly immunosuppressive conditions
within DMGs [81]. However, it was shown that DMG had a greater inflammatory TME compared to
the hemispheric high-grade gliomas, including hemispheric pDHGG, and displayed a greater
expression of immune-related genes indicating the presence of T cells, macrophages, neutrophils
and CD45+ cells [117]. The understanding of the biological function of inflammatory cells in DMG
progressed fast with the development of highly innovative syngeneic allograft mouse models, of
which the histopathology, the immune microenvironment and the therapeutic response of DMG
adequately recapitulates human DMG [118]. Of particular interest is the high PDL1 expression in
tumor-associated versus healthy microglia and macrophages, demonstrated at both the single-
cell RNA and protein level using CITEseq analysis of syngeneic DMG tissues (Figure 7). As previously
noted, PDL1 overexpression in GAMs as compared to non-tumor-associated macrophages is
prevalent in DMG (Figure 7). GAMs driving T cells from a progenitor exhaustion state to terminal
exhaustion has also been described [119].
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These data are confirmed by findings in human DMG tissue (communication of unpublished data
by DSM and EH). A recent review assessed MDSCs as a potential immunotherapy target in DMG
[120]. Overall, these data form the rationale for targeting the myeloid component in DMG treatment.
Metabolic alterations in H3 K27-altered DMG cells include an increased glucose dependence for
energy with subsequent elevated lactate production levels, an increased cholesterol biosynthesis,
increased TCA and OXPHOS metabolism, increased glutaminolysis and increased Pentose
Phosphate Pathway activity [121]. An observed increase in DMG citrate concentration (also seen
during hypoxia) combined with the reduced relative tumor blood volume detected by advanced
magnetic resonance spectroscopy (MRS) and -imaging (MRI), and their improvement upon
treatment, strongly suggest that intratumoral hypoxia also plays a prominent role in DMG [122].
GABAergic synaptic communication between GABAergic interneurons and DMG cells were
discovered, underscoring tumor subtype-specific mechanisms of brain cancer neurophysiology
[106], and suggesting the potential need for the additional blockage of the GABAergic pathway with
levetiracetam besides blocking the glutamatergic pathway with perampanel in DIPG [123]. One
particular type of dopamine antagonist drug, the first in line being ONC201, emerged recently as
promising against DIPG/DMG. ONC20], or dordaviprone, selectively binds dopamine receptor D2
(DRD2) and so inhibits cell proliferation via the Ras pathway [124]. It also binds to mitochondrial
caseinolytic protease P (ClpP) which impairs mitochondrial activity and subsequent apoptosis
[125]. Though ONC201 treatment does not prolong overall survival of malignant glioma in general,
ONC201in H3 K27-altered DMG does have a positive effect. H3 K27-altered cells use a-ketoglutaric
acid (a-KG) to maintain a low methylation status (H3 K27me3). The application of ONC201
increases H3 K27me3 by increasing glutamine over glucose derivation of a-KG, which is then
metabolized to 2-hydroxyglutarat instead [124]. As ONC201 activates the ATF4/CHOP-mediated
integrated stress response via downstream target engagement, it indirectly activates the
TRAIL/Death receptor 5, inactivates Akt/ERK signaling in tumor cells, and inhibits OXPHOS via c-
myc [126]. TRAIL-independent apoptosis, cell cycle arrest, and antiproliferative effects also occur.
As this extends the effects of ONC201 beyond tumor bulk to include cancer stem cells, associated
fibroblasts and TME immune cells, it is unsurprising that clinical studies have shown that ONC201

does not only have a clinical activity on its own but also synergizes with RT, CTx, targeted therapy
and immune checkpoint agents [126].
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Figure 7. Single-cell RNA and protein analysis of myeloid cells in the pontine region of synegeneic
allograft mouse models for DMG, indicating PDL1 expression in GAMs compared to healthy cells.
Color scales indicate expression levels. Red circles indicate the different tumor-associated
grouped cells.

4. NEED FOR INNOVATIVE MULTIPHASE INDIVIDUALIZED COMBINATION TREATMENT

Though each key feature can be linked to a specific tumor hallmark, all of them are in fact the result
of complex interplay between multiple tumor hallmarks, and closely interact and affect one
another. GSCs communicate with their direct TME by cell-cell interaction via TNT, directly affecting
the energetic metabolism of their surrounding cells [28]. The oncogenes, which cause malignanci,
often directly deregulate the cellular metabolism: TP53 regulates the lipid metabolism in cancer
cells, and c-MYC activates glutamine uptake [34]. Glutamine competition halts immune cell
activation, and inhibits CD4+ T cell development into inflammatory subtypes. Intermediary and end
products of glycolysis and lactate fermentation inhibit NK cell function, Th1 differentiation, B cell
function and T cell activation. Competitive glucose uptake is the main cause of impaired T cell
function in the TME [127]. The regulation of vasculature and angiogenesis results in the formation
of fluctuating areas of hypoxia and varying nutrient availability. This, in turn, contributes to the
deregulation of metabolism, and non-mutatuional epigenetic reprogramming, promotes tumor
tissue heterogeneity, and increase invasiveness and metastasis [41,75]. Oxygen concentrations
play a fundamental role in stemness maintenance, defining several GSC niches. Hypoxia even
enlarges the GSC population [41]. One can distinguish five hypoxiarelated niches [29]: (1) the
perivascular niche where proneural GSCs mainly reside; (2) the immune niche; (3) the
hypoxia/necrotic niche where mesenchymal GSCs mainly reside; (4) the extracellular matrix niche;
and (5) the peri-arteriolar niche. All of these niches also interact with each other.

Taken together, these subsequent changes and intratumoral fluctuations create a temporal effect
within hallmark development. This explains the heterogeneity seen in tumors, as well as their fast-
adapting character over time. An example of this is the fact that when fluctuating areas of hypoxia
develop due to angiogenic deregulation and changes in metabolism, different cell populations
develop within one tumor which collaborates to regulate nutrient availability throughout the tumor
tissue [34]. It also explains why tumors can exhibit such different and fast-changing behaviors and
differences in development between people, tumor locations, and over time [3,34,40,75]. Figure 8
outlines how, eventually, the different tumor hallmarks together can influence tumor development,
and how repurposed drugs can target different hallmarks. A chance interplay between genomic
mutations (hallmark 10) and non-mutational epigenetic reprogramming (hallmark 11), deregulates
the cellular metabolism (hallmark 7), which in turn causes a cell to evade growth suppression
(hallmark 2) and leads to subsequent cellular senescence (hallmark 13) as the cell proliferates. The
genomic instability and fast cell division of the starting malignant cells lead to resistance to
apoptosis (hallmark 3). The cells instead gain sustained proliferative signaling (hallmark 1) and
maybe even replicative immortality (hallmark 4). Phenotypic plasticity is unlocked (hallmark 14),
which not only allows the growing malignancy to avoid immune destruction (hallmark 8) but helps
it evade and affect the immune cells, resulting in a tumor-promoting inflammation (hallmark 9). The
subsequent metabolic changes alter cellular nutrient needs, while the growing tumor develops
hypoxic areas, causing the cancer cells to induce vascularization (hallmark 5) which affects the
influx of possible polymorphic bacteria (hallmark 12). Finally, tumor cells gain the ability to invade
healthy tissue (hallmark 6), causing the tumor to spread throughout the body.
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It should be strongly emphasized that this is only one possible scenario of tumor development. Not
all hallmarks occur in every tumor cell, not all hallmarks occur simultaneously, the order of hallmark
occurrence can vary, and each hallmark can push the cascade of tumor development as a whole.
As a source of nutrients, blood vessel transport, microbes, different healthy cell types, and immune
cells, the TME plays a major role in how fast the different tumor cells, and thus the tumor entity,
have a chance to develop.

Based on this knowledge, a temporal treatment plan should be developed, and adapted specifically
to each patient (Figure 9). This described treatment strategy is only one example for setting up a
hypothetic rational strategy that acknowledges both the evolutionary dynamics of the tumor cells
and the TME. Having neurosurgery/radiochemotherapy/alkylants as the only SoC approach,
multiple combination treatment approaches can and should enter clinical research. The following
described treatment strategy has been pioneered [26,128,129].

Globally, three different phases of combination therapies emerge, each including therapies
focused against cancer cells, focused on the cancer-immune interaction and focused on the TME.
The different phases ensure an effective response to an adaptable malignant glioma, a
heterogeneous TME, and a changing systemic immune compartment. It allows for necessary timely

adaptations, depending on current tumor status, and should thus be paired with continuous tumor
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Figure 8. Example of temporal occurrence of individual tumor hallmarks during tumor
development, from stage |, Tumorigenesis to stage IV, Invasion. Included is a temporal tumor
treatment plan, to combat specific tumor hallmarks throughout malignancy development.

The first anticancer treatment phase (treatment phase |) aims to reduce tumor size, proliferation
and infiltration via SoC treatment (surgery, RCT, and maintenance CTx) with 5 days of TMZ in 4-
week cycles or Lomustin/TMZ in 6-week cycles. About 2 days after the maintenance
chemotherapy course, immunogenic cell death (ICD) immunotherapy consisting of 5 daily sessions
of modulated electrohyperthermia (mEHT) and bolus injections of oncolytic Newcastle Disease
Virus (NDV) are given. ICD immunotherapy aims to kill cancer cells, including GSCs, via a biological
and physics approach instead of only alkylating agents. As a result, the tumor burden reduces in
size. The mEHT functions to prime the immune system in the TME and the inclusion of NDV ensures
a cytotoxic immune response. Tumor Treating Fields (TTF), another type of physics therapy based

on electromagnetic waves, has already been added at this stage, resulting in improved prognosis
[130]. Of note, part of the working mechanism of TTF has been suggested to be ICD-mediated
tumor cell killing [131]. During this first anticancer phase, the use of repurposed drugs to affect the
TME is proposed: anti-inflammatory drugs (Cox2 inhibition, NFkB inhibition, anti Histamin R1 drugs),
a metabolic cocktail (Metformin, Lipoic acid, Atorvastatin), Mebendazole, drugs targeting the
neuron-glioma axis, and melatonin. During treatment phase |, the administered RCT and CTx target
immune cells besides the tumor cells, thereby weakening the immune system. In addition, the
heterogeneous tumor is prone to mutate in response to treatment, with the formation of new
subclones with a higher mutational burden. The treatment-induced combination of more
aggressive tumor subclones with weakened immune surveillance is life-threatening. By adding ICD
immunotherapy during the first anticancer treatment phase, the TME is prepared for a second
phase of global treatment: immunization.
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Figure 9. Overview of possible combination strategy trajectory, separated into three treatment
phases that allow for adaptation and optimal patient-individualized treatment, based on tumor
status and activity. GBM leads to symptoms (indicated as a stethoscope) and suppresses the
immune system. Three subsequent treatment phases are proposed to combat the initial tumor
and its escape mechanisms, by temporal targeting both, the tumor directly, and its TME. The
gray—red—yellow—green background colors reflect treatment effectivity as increased tumor
control, also shown as tumor dedifferentiation and size decrease at the top of the figure. Yellow
tumor cells represent glioma stem cells, tumor cells in variations of brown (light to dark)

Oncothermia Journal Volume 39 | September 2026

Page 174|100



represent tumor cells of a different subtype, indicating here how a tumor of a different variation
might grow after initial treatment of the main tumor subtype present, and how treatment might
push further tumor differentiation.

Treatment phase Il consists of active specific immunotherapy and modulatory immunotherapy to
strengthen the immune system and train it against the heterogeneous residual tumor subclones
and the GSC tumor cells. Patient-derived dendritic cells (DCs) are loaded with patient-specific
tumor antigens. Either or both lysate from the original tumor tissue and ICD immunotherapy-
induced serum-derived antigenic extracellular microvesicles and apoptotic bodies, also called
large oncosomes [132], can be used to load the DCs. Both contain the spectrum of antigens that
are present at time of vaccination, at the end of the first anticancer phase, during which radio- and
chemotherapy might have altered tumor subclones and antigenicity. A cytokine cocktail (TNF-q,
IL-1B, IL-6) and the addition of NDV, which delivers viral antigen presentation and TLR stimulation,
guarantee full DC maturation at time of DC vaccine release. After intradermal injection, the mature
DCs reactivate endogenous T cells to target both the tumor itself and the NDV present inside the
tumor after phase I. Concurrent modulatory immunotherapy consists of a patient-specific tailored
combination of anti-inflammatory agents, checkpoint inhibitors (targeting, e.g, PDI1-PDLI
interaction or CTLA4-CD80/CD86 interaction), and bisphosphonates (e.g., risedronate). The use of
anti-PDL1 as a checkpoint inhibitor during this immunization phase might be favorable in the
treatment of GBM, because of the particular targeting of the GAMs [83]. TME treatment with
repurposed drugs is maintained during this phase. The scheduling of DC vaccination after
maintenance CTx but not during CTx has been suggested to be beneficial [128,133].

Treatment phase lll is aimed at the maintenance and expansion of immune protection, and is
considered vital to keep the ever-changing tumor from flaring up. The tumor immune escape
mechanism is a well-described phenomenon [26,134]. By combining ICD immunotherapy, peptide
vaccines targeting more universally spread tumor antigens like WT1[135] and survivin [136], but also
specific antigens, like IDHIR132H [98] or H3 K27M [137], and booster DC vaccines, the immune
system is repetitively trained against both current and newly emerging tumor antigens, targeting
the cancer cells directly and indirectly from the outside and from within. Protection is updated and
expanded, which is crucial to create long-term control over the malignant glioma. At this stage, the
exhaustion of T cells might be overcome by using anti-PD1 and anti-CTLA4 checkpoint inhibitors.
The question has risen whether recommended doses should be kept, or lower doses can be used
[138,139]. Also, at this stage, TME treatment with repurposed drugs remains essential.

The potential effectiveness of this multiphase combined treatment strategy, which includes
different modes of immunotherapy, has been reported. Overall survival data were compared to
data of control arms of reported contemporary randomized clinical trials, outlining the current
expected overall survival of these patients [26,140]. Though the clinical risk profiles of the reported
real world patients were comparable or worse than the patient profiles in the randomized clinical
trials, use of the proposed multiphase combined treatment strategy (Figure 9) resulted in a
relevant increase in the 2 year overall survival in the adult population [26,140].

Oncothermia Journal Volume 39 | September 2026

Page 175 | 100



5. OPTIMIZING THERAPY REQUIRES CAREFUL CONSIDERATION AND CONSTANT
MONITORING

The complexity of GBM treatment has been clearly established, and is reflected in its many
possible treatment strategies. It is vital to consider that all aforementioned therapies do not
function as a monotherapy, but rather need thoughtful combination or supplementation to
effectively combat GBM. Combination therapies must be considered carefully, as some treatments
have opposing effects or cancel each other out. To administer immunotherapy during chemo- or
radiotherapy would defeat the purpose of the immunotherapy, as CTx and RCT both specifically
target immune cells besides tumor cells [26,133]. Another example comprises the application of
checkpoint inhibitors: in a randomized phase Il trial and biomarker study, the PDI-checkpoint
inhibitor pembrolizumab was administered alone (n = 30) or in combination with the anti-
angiogenesis agent bevacizumab (n = 50) to patients with recurrent GBM [50]. Despite ample pre-
clinical and clinical support that dual VEGF and immune checkpoint blockades might enhance anti-
tumor immune responses, the authors reported no benefit of combination therapy. Their
explanations for this lack of effect include that a potential complementary benefit is dependent
on tumor context, and might not work for GBM specifically. A second reason given includes their
use of a high bevacizumab dosage; lower dosing of antiangiogenics is related to vasculature
normalization, while high doses are reported to augment hypoxia within the tumor, thus worsening
immunosuppression. Antiangiogenics may also decrease the intratumoral penetration of
therapeutic antibodies [50]. As anti-PD1 therapy is reported to trigger infiltration and activation of
tumor-infiltrating lymphocytes in the TME, therapy timing might also play a major role [141].

Unfortunately, tumors have developed many ways of immunotherapy resistance. How the adaptive
metabolism in the tumor and its TME affects immune cells through the expression of
immunoregulatory factors was discussed in subchapters 2.4 and 2.5, but it was only recently
discovered how metabolic restrictions, imposed by the TME, facilitate immunotherapy resistance
and should thus be considered in both the development and application of immunotherapeutic
strategies. It was found that specifically targeting metabolic deficiencies, such as hypoxia or the
generation of suppressive metabolites, are promising in combination with GBM SoC [142].

The tumor-inherent mechanism of antigen escape is one of the main reasons immunotherapies
such as chimeric antigen receptor (CAR)-T cells do not work on solid tumors, as CAR-T cells
depend on recognition of surface antigens [143]. There exist seven different mechanisms of antigen
escape: (1) pre-existing target-negative tumor clones, in which tumor cells with absent or dim
antigen expression survive a first immunotherapy and then rise up to form a secondary tumor; (2)
antigen gene mutations or alternative splicing, leading to loss or downregulation of antigens, or
emergence of neoantigens against which the immunotherapy was not trained; (3) deficiencies in
antigen processing, in which mutations in CD81 expression or CD19 regulation lead to an absence
of CD19 in B cells required to recognize antigens; (4) antigen redistribution, in which antigens are
transferred from the cell membrane surface to subcellular locations; (5) lineage switch, mainly
described in leukemia patients where a lymphoid tumor transforms into a myeloid phenotype to
escape treatment; (6) epitope masking, which occurs when tumor cells contaminate the harvested
T cells and lead to CAR molecules which bind to CD19 on tumor cells and mask them; and (7)
trogocytosis-mediated antigen loss, when cells acquire plasma from other cells, which can
facilitate the transfer of antigens and lead to reduced antigen expression in tumor cells [143]. To
overcome tumor immunotherapy resistance, it is deemed vital to understand the TME and
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combine different immunotherapies to target the tumor in different ways and so combat its
heterogeneity.

Another good example of the importance of well-considered combination therapy is THC
treatment. Delta-9-tetrahydrocannabinol (THC) is a well-studied cannabinoid prescribed to
alleviate the side effects of cancer treatment: loss of appetite, nausea, vomiting, pain, stress, and
sleeplessness. THC is thought to have direct anticancer effects, promoting apoptosis in a
Cannabinoid receptor-dependent manner, anti-angiogenesis, inhibiting proliferation and
migration, and inducing cell cycle arrest [144]. Simultaneously, the use of THC might also have
tumorigenic effects; the treatment of GBM U73-MG cell lines with THC resulted in increased cell
proliferation [145]. In addition, use of THC is under suspicion of impeding immunotherapy. THC
blocks JAK1 of the JAK-STAT pathway through cannabis receptor 2 (CNR2), which also blocks CD8+
T cell proliferation and anti-tumor immunity [146]. In an extensive retrospective study, cannabis
use negatively impacted tumor response rate to nivolumab in 51 patients who used it in
combination, as compared to 89 patients who solely used nivolumab [147], and was associated
with a poorer clinical outcome [148]. Use of this ancillary drug during the first anticancer phase can
be recommended, but in combination with immunotherapy is thus advised against [144,146-148].

There is an additional great potential in newly developed therapies, such as nucleic acid therapies.
Nucleic acid therapies, such as mRNA, siRNA, miRNA, aptamers, circRNAs oligonucleotides, DNA,
peptide nucleic acids, or cancer gene therapy, might be able to overcome hurdles that current
immunotherapies cannot [149]. Initially explored for gene therapy, gene knockdown, and protein
replacement, nucleic acid therapeutics have had promising results for hepatoblastoma,
nephroblastoma, neuroblastoma, osteosarcoma, medulloblastoma, retinoblastoma, acute
lymphoblastic leukemia and GBM [142]. Now, nucleic acids are being explored as
immunotherapeutics for cancer. Nucleic acids are highly target-specific, small enough to cross the
BBB, and they can directly affect the tumor or TME, or (re-)sensitize the malignancy to other
combination therapies [150]. Patientderived nucleic acids can easily be amplified in vitro, enabling
therapy development from only small biopsy samples, and can be stored relatively well, making
semi-off-the-shelf production possible. While DNA is more inexpensive and stable than RNA, it
risks patient genome integration. On the other hand, nucleic acids need an efficient delivery
method to avoid degradation by ubiquitous nucleases or triggering a local or systemic immune
response. Nucleic acids can also cause off-target effects, have poor accumulation at tumor sites,
and have a low blood stream circulation. To avoid this, delivery systems are under development
[150].

This review is written in 2024/early 2025, and takes into account the currently available
repurposed drugs that receive attention by the neuro-oncology community, for approaching five
important hallmarks. It should be strongly acknowledged that other hallmarks are also focuses of
novel treatment approaches. Particularly in the domain of malignant glioma, the hallmark of non-
mutational epigenetic reprogramming is emerging as a targetable hallmark [151]. The gain of
function proteins like mutant IDH or H3 can be approached. Vorasidenib, approved by the FDA for
grade Il astrocytoma [152], is already debated for its potential use in higher grade astrocytoma
[153]. The efficacy of peptide vaccines against mutant IDH has been proven [98]. Targeting the
gain-of-function mutants such as H3 K27M and H3 G34R remains challenging. Nevertheless,
“epigenetic” therapies with HDAC inhibitors, DNA methylation inhibitors, and EZH2 inhibitors are
still under development [154,155].
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Though we offer a comprehensive overview over many factors that influence specific GBM
mechanics, their interplay amongst themselves and the TME, there are still many other external
influences which should be taken into account. In this review, we did not take external effects, such
as family history, lifestyle habits or exposure to carcinogenic environmental factors into account.
We excluded the microbiome from contemplation, though its importance is emerging [156,157]. On
the topic of person-based effects, it must be noted that women possess enriched immunological
signatures compared to men [158], which translates into a statistically significant 1 year survival
advantage in female GBM patients. This effect was even more pronounced under the application
of vaccine-based immunotherapy. Male GBM patients have a larger population of exhausted T cells
[159]. To the best of our knowledge, the age at which the differences between sexes develop has
not yet been researched. Beyond these factors that were not discussed, it must be taken into
account that despite all we now know and learn about GBM and other brain malignancies using
novel techniques, there is still much to discover.

One way to do this is by introducing more structured monitoring strategies. Current GBM and
general cancer monitoring consist mainly of analytical snapshots. When a therapeutic plan is based
only on a one-time assay, for instance on a pathological analysis after tumor resection, it ignores
the many dynamic, swift changes in malignant glioma and its TME here outlined, often
accompanied by treatment resistance. To actually enable proper adaptable treatment
individualization, tumor and TME dynamics must be taken into account. Thus, we argue that tumor
status analysis should not only commence with diagnostic procedures, but should be repeated
regularly, in a similar way imaging and toxicity monitoring are. By monitoring the tumor as well as
the patient and tumor immune state, cancer evolution can be detected and corrected earlier.
Potential signs of treatment resistance can be caught and combatted with different therapeutic
options, and a fast and accurate response is of vital importance. A treatment combination could
be performed better when informed towards best effectivity. Moreover, continuous monitoring of
GBM development would offer much more, and much more accurate, information to further
improve GBM-treatment.

Liquid biopsy (LB) is a promising tool toward minimally invasive repeated monitoring of specific
markers for disease and TME over the course of the disease. Distant from the original tumor, cell-
free nucleic acids (cfDNA/RNA), extracellular vesicles (EVs) or circulating tumor cells (CTCs) can
be harvested from blood, CSF, or urine. Several techniques to analyze samples derived from LB at
time of diagnosis are commercially available [160-167]. Research programs under development or
in clinical studies more often include LB, and are designed to evaluate the relevance of LB-
monitoring in cancer evolution, therapy response and/or the onset of therapy resistance [168,169].
For over a century, GBM were classified only by their histological hallmarks: primary GBM
development was considered to appear with no detectable precursors. Secondary tumors
appeared to be so different from primary tumors, bearing mutually exclusive gene alterations, that
they were considered two completely different tumor entities rather than a primary and secondary
malignancy [170]. Molecular characterization through LB can support in GBM understanding: a
current insight into actionable mutations or copy number aberrations of the tumor status can be
obtained, and treatment can be adjusted accordingly [170]. However, the BBB poses a major
obstacle. Rather than using non- or minimally invasive samples for LB, such as urine or blood, ctDNA
must be harvested from CSF to obtain a high enough concentration for accurate analysis. By the
time information can be obtained from blood samples, it is a clear indication of BBB breaking down
[171], which unfortunately means treatment adjustments are occurring at the time of already
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increased aggressiveness in the tumoral process. Beyond the low concentration, the absence of
brain tumor markers poses another challenge. Commercial CTC systems rely on epithelial tumor
markers for tumor cell identification, which are absent in brain tumors. Research currently includes
H3 K27M [172173], glial fibrillary acidic protein GFAP [165], or a mixture of SOX2, Tubulin beta-3,
EGFR, A2B5, and c-MET [174], but with mixed success. More research is needed to improve LB of
malignant glioma as a monitoring tool. However, new attempts are promising. One interesting
approach is the measurement of GBM-derived EVs in the plasma as biomarkers for diagnosis,
prognosis and monitoring [175]. Especially in the context of immunotherapy, longitudinal sampling
of biofluids for multi-omics to dissect complex temporal changes in the GBM TME as a function of
the immunotherapy is recommended [176].

Lastly, a multiphase combined treatment strategy is hypothesized and was tested against
randomized clinical trials data. It is known that patients considered eligible for randomized clinical
trials represent a thoroughly selected minority of patients in a realworld population [177].
Nonetheless, the application of the proposed multiphase combined treatment strategy with real
world patients resulted in a relevant improvement of overall survival when compared to clinical
trials [26,140]. It will be challenging to translate multiphase individualized combination treatment
strategies into appropriate clinical trial strategies, so that the treatment approach becomes
reproducible, for the benefit of all patients [19,177].

The implementation of individualized therapy does come with its own unique challenges. Though
therapy options are improving, they often remain highly expensive due to their patient-specific
nature. Often, individualized cell therapies cannot be prepared off-the-shelf, which means the
need for a specific clean-room, specific equipment, trained staff, and GMP-certified processes
within treatment facilities. Adaptation of personalized treatment would require a major rethink on
treatment validation, as clinical trials usually require a standardized protocol in a standardized
group of patients, both of which cannot apply [19]. These aspects complicate individualized
therapy. However, it has also been shown that personalized treatment shortens the actual hospital
or clinic stay, and vastly improves patient quality of life. Especially for GBM, the most frequent
primary brain tumor in adults with the highest mean years of potential life lost amongst all human
cancers [5], there is much to be gained.

Similarly, the use of repurposed drugs in GBM treatment should be considered carefully. It is often
considered a fast-track in GBM treatment. As these drugs have already been applied to solve other
medical problems, they often have been extensively tested for safety and pharmacokinetic
properties. Repurposed drugs are often more readily available and relatively cheap compared to
alternatives that may not yet be available [178,179]. However, the BBB can limit the ability of these
drugs to reach the tumor site. Severe side effects can be expected when dealing with repurposed
drugs. It must also be validated that the drugs can actually reach and affect the tumor [178,179].

6. CONCLUSIONS

In this review, we have discussed five tumor hallmarks. We outlined how they develop, what their
molecular and cellular effects are, how they are affected by the TME and how they respond to
treatment. It is clear that metabolic activity, nutrient availability, extracellular communication and
hypoxia are cancer hallmarks which cause and contribute to the highly heterogeneous, spatio-
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temporal fluctuating, fast-adapting character of GBM and its TME. An in-depth analysis of the
many possible processes happening simultaneously in cancer intracellular maintenance and
progression makes it clear that GBM functions as a complex regulated system rather than a simple
cluster of independent fast-growing cells. The treatment responses and options listed indicate
how multi-faceted treatment should be, in order to not only keep up with the tumor heterogeneity
but to get ahead of it. To be able to effectively target the tumor as a whole, a thorough
understanding of the cancer and its immediate surrounding tissue is required [140]. Several
categories of repurposed drugs, and several modes of immunotherapy in combination with
standard of care (SoC) are considered vital to treat not only the heterogeneous tumor but the
specific GBM hallmarks. We believe it is vital to document and consider tumor location, metastases,
primary or secondary, age, sex, MGMT promoter methylation status, mutations present or
developing, and macrophage population, as these malignancy characteristics have a major
influence on treatment strategy and response, and should be considered. However, initial
documentation and consideration are not enough to treat an ever-changing tumor. We deem it
critical to incorporate repeated monitoring. To properly combat the spatio-temporal aspects of
GBM and its TME, repeated monitoring, for instance through liquid biopsy, of the tumor status and
its development is necessary to ensure the treatment plan matches the actual tumorigenic
aspects.

Further research will give more insight into other tumor hallmarks, and may lead to the
development of accurate GBM subtype development models. Until that time, we depend on
current patient information and treatment flexibility. Currently, tumor tissue from a first resection
is often analyzed to determine post-surgery treatment. Primary in each treatment plan should be
the extermination of GSCs, as these are highly treatment-resistant while offering GBM much of its
heterogeneity. Antidepressants can be used against GSCs, and the TME must be carefully
monitored and treated to avoid new GSCs developing. An individualized, multi-faceted, and multi-
phased treatment plan should support the current SoC.With all the new developments in tumor
understanding, tumor treatment cannot be left behind with only currently available SoC.
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ABBREVIATIONS
The following abbreviations are used in this manuscript:

TME
GSCs
CNS
GBM
Tregs
NK
GAMs
MDSC
TAN
BBB
SoC
RCT
RT
CTx
Sc-seq
mMiRNA
GTMEI
WHO
Tem
Tfth
T™MZ
EMT
VEGF
EPCs
HIF
CSF
LLMs
HMGB
PDK

IL

ROS
OXPHOS
ACSS2
TGF
NO

FU
MMP
CITE-seq
CyTOF
ER
CPM
NDV
DMG
DIPG

Tumor microenvironment

Glioma stem-like cells

Central Nervous System
Glioblastoma

T regulatory cells

Natural Killer cells

Glioma- or Tumor-associated microglia and macrophages, also known as TAMs
Myeloid-derived suppressor cells
Tumor-associated neutrophils
Blood—brain barrier
Standard-of-Care
Radiochemotherapy

Radiotherapy

Chemotherapy

Single cell sequencing

Micro-RNA

GBM-associated TIME immune cell infiltration
World Health Organization

Central memory T cells

T follicular helper cells
Temozolomide
Epithelial-to-mesenchymal transition
Vascular endothelial growth factor
Endothelial progenitor cells
Hypoxia-inducible factor
Cerebrospinal fluid

Lipid-laden macrophages

high mobility growth factor
pyruvate dehydrogenase kinase
Interleukin

Reactive oxygen species
Oxidative phosphorylation
acetyl-CoA synthase
transforming growth factor

Nitric oxide

Fluorouracil

matrix metalloproteinases

cellular indexing of transcriptomes and epitomes by sequencing
cytometry by time of flight
endoplasmic reticulum
Cyclophosphamide

Newcastle Disease Virus

Diffuse midline gliomas

diffuse intrinsic pontine glioma
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pDHGG
H3 G34-mutant DHG
H3 K27-altered DMG

diffuse pediatric-type high-grade glioma
diffuse hemispheric glioma H3G34-mutant

diffuse midline glioma H3K27-altered

MRS magnetic resonance spectroscopy
MRI magnetic resonance imaging

DRD2 dopamine receptor D2

ClpP mitochondrial caseinolytic protease P
a-KG a-ketoglutaric acid

TNT tunneling nanotubes

ICD immunogenic cell death

mEHT modulated electrohyperthermia
TTF Tumor Treating Fields

DCs Dendritic cells

LB Liquid biopsy

EVs extracellular vesicles

CTCs circulating tumor cells

CAR-T cells chimeric antigen receptor T cells
REFERENCES

1. Hanahan, D.Weinberg, RA. The Hallmarks of Cancer. Cell 2000, 100, 57-70. [CrossRef]
[PubMed]

2. Hanahan, D.;Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646-
674. [CrossRef]

3. Hanahan, D. Hallmarks of Cancer: New Dimensions. Cancer Discov. 2022, 12, 31-46.
[CrossRef]

4. Louis, D.N,; Perry, A,; Wesseling, P.; Brat, D.J.; Cree, l.A,; Figarella-Branger, D.; Hawkins, C.; Ng,
H.K,; Pfister, S.M,; Reifenberger, G.; et al. The 2021 WHO Classification of Tumors of the
Central Nervous System: A summary. Neuro-Oncology 2021, 23, 1231-1251. [CrossRef]

5. Rouse, C.; Gittleman, H.; Ostrom, Q.T.; Kruchko, C.; Barnholtz-Sloan, J.S. Years of potential
life lost for brain and CNS tumors relative to other cancers in adults in the United States,
2010. Neuro-Oncology 2016, 18, 70-77. [CrossRef]

6. Bilotta, M.T.; Antignani, A.; Fitzgerald, D.J. Managing the TME to improve the efficacy of
cancer therapy. Front. Immunol. 2022, 13, 954992. [CrossRef]

7. Stupp, R,; Hegi, M.E; Mason, W.P.; van den Bent, M.J.; Taphoorn, M.J.; Janzer, R.C.; Ludwin, SK
Aligeier, A, Fisher, B,; Belanger, K, et al. Effects of radiotherapy with concomitant and
adjuvant temozolomide versus radiotherapy alone on survival in glioblastoma in a
randomised phase lll study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009,
10, 459-466. [CrossRef] [PubMed]

8. Stupp, R; Mason, W.P.; van den Bent, M.J.; Weller, M,; Fisher, B.; Taphoorn, M.J.B.; Belanger, K
Brandes, A.A,; Marosi, C.; Bogdahn, U,; et al. Radiotherapy plus concomitant and adjuvant
temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352, 987-996. [CrossRef] [PubMed]

9. Eisenbarth, D.;Wang, Y.A. Glioblastoma heterogeneity at single cell resolution. Oncogene
2023, 42, 2155-2165. [CrossRef]

10. Suter, RK.; Rodriguez-Blanco, J.; Ayad, N.G. Epigenetic pathways and plasticity in brain

tumors. Neurobiol. Dis. 2020, 145, 105060. [CrossRef]

Oncothermia Journal Volume 39 | September 2026

Page 182|100



1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Vinci, M,; Burford, A,; Molinari, V.; Kessler, K.; Popov, S.; Clarke, M.; Taylor, K.R.; Pemberton,
H.N.; Lord, CJ., Gutteridge, A, et al. Functional diversity and cooperativity between
subclonal populations of pediatric glioblastoma and diffuse intrinsic pontine glioma cells.
Nat. Med. 2018, 24, 1204-1215. [CrossRef] [PubMed]

Venkataramani, V.; Schneider, M,; Giordano, F.A.; Kuner, T.; Wick, W.; Herrlinger, U.; Winkler, F.
Disconnecting multicellular networks in brain tumours. Nat. Rev. Cancer 2022, 22, 481-491.
[CrossRef] [PubMed]

Osswald, M.; Jung, E.; Sahm, F.; Solecki, G.; Venkataramani, V.; Blaes, J.; Weil, S.; Horstmann,
H.; Wiestler, B.; Syed, M.; et al. Brain tumour cells interconnect to a functional and resistant
network. Nature 2015, 528, 93-98. [CrossRef]

Pericoli, G.; Galardi, A.; Paolini, A,; Petrilli, L.L.; Pepe, G.; Palma, A, Colletti, M,; Ferretti, R;
Giorda, E.; Levi Mortera, S.; et al. Inhibition of exosome biogenesis affects cell motility in
heterogeneous sub-populations of paediatric-type diffuse high-grade gliomas. Cell Biosci.
2023, 13, 207. [CrossRef]

Taylor, KR.; Barron, T.; Hui, A; Spitzer, A; Yalcin, B,; Ivec, AE.; Geraghty, A.C.; Hartmann, G.G,;
Arzt, M,; Gillespie, S.M,; et al.Glioma synapses recruit mechanisms of adaptive plasticity.
Nature 2023, 623, 366—374. [CrossRef]

Venkataramani, V.; Tanev, D.l.; Strahle, C.; Studier-Fischer, A, Fankhauser, L.; Kessler, T,
Korber, C.; Kardorff, M,; Ratliff, M.; Xie, R,; et al. Glutamatergic synaptic input to glioma cells
drives brain tumour progression. Nature 2019, 573, 532-538. [CrossRef]

Venkatesh, H.S.; Tam, L.T.; Woo, P.J.; Lennon, J.; Nagaraja, S.; Gillespie, S.M,; Ni, J.; Duveau, D.Y,;
Morris, P.J.; Zhao, J.J.; et al. Targeting neuronal activity-regulated neuroligin-3 dependency
in high-grade glioma. Nature 2017, 549, 533-537. [CrossRef] [PubMed]

Lerouge, L.; Ruch, A, Pierson, J.; Thomas, N.; Barberi-Heyob, M. Non-targeted effects of
radiation therapy for glioblastoma. Heliyon 2024, 10, e30813. [CrossRef]

Van Gool, S.W.; Makalowski, J.; Fiore, S.; Sprenger, T.; Prix, L,; Schirrmacher, V.; Stuecker,W.
Randomized Controlled Immunotherapy Clinical Trials for GBM Challenged. Cancers 2021,
13, 32. [CrossRef]

Zhao, R, Pan, Z; Li, B; Zhao, S.; Zhang, S.; Qi, Y, Qiu, J.; Gao, Z; Fan, Y, Guo, Q.; et al.
Comprehensive Analysis of the Tumor Immune Microenvironment Landscape in
Glioblastoma Reveals Tumor Heterogeneity and Implications for Prognosis and
Immunotherapy. Front. Immunol. 2022, 13, 820673. [CrossRef]

Tanner, G.; Barrow, R,; Ajaib, S.; Al-Jabri, M.; Ahmed, N.; Pollock, S.; Finetti, M.; Rippaus, N.;
Bruns, AF.,; Syed, K,; et al. IDHwt glioblastomas can be stratified by their transcriptional
response to standard treatment, with implications for targeted therapy. Genome Biol.
2024, 25, 45. [CrossRef]

De Simone, M, laconetta, G.; Palermo, G.; Fiorindi, A.; Schaller, K; De Maria, L. Clustering
Functional Magnetic Resonance Imaging Time Series in Glioblastoma Characterization: A
Review of the Evolution, Applications, and Potentials. Brain Sci. 2024, 14, 296. [CrossRef]
[PubMed]

Becker, AP, Sells, BEE,; Haque, S.J.; Chakravarti, A. Tumor Heterogeneity in Glioblastomas:
From Light Microscopy to Molecular Pathology. Cancers 2021, 13, 761. [CrossRef]

Latzer, P, Zelba, H.; Battke, F.; Reinhardt, A.; Shao, B.; Bartsch, O.; Rabsteyn, A.; Harter, J.;
Schulze, M,; Okech, T.; et al. A real-world observation of patients with glioblastoma treated
with a personalized peptide vaccine. Nat. Commun. 2024, 15, 6870. [CrossRef]
Karimi-Sani, |; Molavi, Z,; Naderi, S.; Mirmajidi, S.-H.; Zare, |.; Naeimzadeh, Y.; Mansouri, A;
Tajbakhsh, A.; Savardashtaki, A.; Sahebkar, A. Personalized mRNA vaccines in glioblastoma

Oncothermia Journal Volume 39 | September 2026

Page 183 | 100



26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

therapy: From rational design to clinical trials. J. Nanobiotechnol. 2024, 22, 601. [CrossRef]
[PubMed]

Van Gool, S.W.; Makalowski, J.; Van de Vliet, P,; Van Gool, S.; Sprenger, T.; Schirrmacher, V.;
Stuecker, W. Individualized Multimodal Immunotherapy for Adults with IDH1 Wild-Type
GBM: A Single Institute Experience. Cancers 2023, 15, 1194. [CrossRef] [PubMed]

Zhang, B. Shen, R; Cheng, S, Feng, L. Immune microenvironments differ in immune
characteristics and outcome of glioblastoma multiforme. Cancer Med. 2019, 8, 2897-2907.
[CrossRef]

Garnier, D.; Renoult, O.; Alves-Guerra, M.-C.; Paris, F.; Pecqueur, C. Glioblastoma Stem-Like
Cells, Metabolic Strategy to Kill a Challenging Target. Front. Oncol. 2019, 9, 118. [CrossRef]
Shi, T,; Zhu, J.; Zhang, X.; Mao, X. The Role of Hypoxia and Cancer Stem Cells in Development
of Glioblastoma. Cancers 2023, 15, 2613. [CrossRef]

Couturier, C.P,; Ayyadhury, S;; Le, P.U.; Nadaf, J.; Monlong, J.; Riva, G.; Allache, R.; Baig, S.; Yan,
X.; Bourgey, M, et al. Single-cell RNA-seq reveals that glioblastoma recapitulates a normal
neurodevelopmental hierarchy. Nat. Commun. 2020, 11, 3406. [CrossRef]

Ngo, ATL,; Le, HM.; Trinh, N.T.H,; Jun, AP.G.; Bach, T.Q,; Bui, HT.H,; Hoang, V.T.; Bui, AV,
Nguyen, L.T,; Hoang, D.M. Clinically relevant preservation conditions for mesenchymal
stem/stromal cells derived from perinatal and adult tissue sources. J. Cell. Mol. Med. 2021,
25,10747-10760. [CrossRef]

Sullivan, J.P; Nahed, B.V,, Madden, M.W.; Oliveira, S.M.; Springer, S.; Bhere, D.; Chi, AS,;
Wakimoto, H.; Rothenberg, S.M.; Sequist, L.V.; et al. Brain Tumor Cells in Circulation Are
Enriched for Mesenchymal Gene Expression. Cancer Discov. 2014, 4,1299-1309. [CrossRef]
Couturier, C.P.; Nadaf, J,; Li, Z; Baig, S.; Riva, G.; Le, P.; Kloosterman, D.J.; Monlong, J.; Nkili
Meyong, A.; Allache, R;; et al. Glioblastoma scRNA-seq shows treatment-induced, immune-
dependent increase in mesenchymal cancer cells and structural variants in distal neural
stem cells. Neuro-Oncology 2022, 24, 1494-1508. [CrossRef] [PubMed]

Park, J.H.; Pyun, W.Y.; Park, HW. Cancer Metabolism: Phenotype, Signaling and Therapeutic
Targets. Cells 2020, 9, 2308. [CrossRef] [PubMed]

Maijc, B.; Sever, T, Zari'’c, M, Breznik, B.; Turk, B.; Lah, T.T. Epithelial-to-mesenchymal
transition as the driver of changing carcinoma and glioblastoma microenvironment.
Biochim. Biophys. Acta BBA—Mol. Cell Res. 2020, 1867, 118782. [CrossRef] [PubMed]

Wang, X, Liang, J.; Sun, H. The Network of Tumor Microtubes: An Improperly Reactivated
Neural Cell Network With Stemness Feature for Resistance and Recurrence in Gliomas.
Front. Oncol. 2022, 12, 921975. [CrossRef]

Bielecka-Wajdman, A.M; Lesiak, M,; Ludyga, T.; Siero'n, A.; Obuchowicz, E. Reversing glioma
malignancy: A new look at the role of antidepressant drugs as adjuvant therapy for
glioblastoma multiforme. Cancer Chemother. Pharmacol. 2017, 79, 1249-1256. [CrossRef]
Hardee, M.E,; Dewhirst, M.\W.; Agarwal, N.; Sorg, B.S. Novel Imaging Provides New Insights into
Mechanisms of Oxygen Transport in Tumors. Curr. Mol. Med. 2009, 9, 435-441. [CrossRef]
Lanzen, J.; Braun, R.D. Klitzmman, B.; Brizel, D.; Secomb, T.W., Dewhirst, M\W. Direct
Demonstration of Instabilities in Oxygen Concentrations within the Extravascular
Compartment of an Experimental Tumor. Cancer Res. 2006, 66, 2219-2223. [CrossRef]
Cardenas-Navia, L.I; Mace, D.; Richardson, R.A;Wilson, D.F.; Shan, S.; Dewhirst, M\W. The
Pervasive Presence of Fluctuating Oxygenation in Tumors. Cancer Res. 2008, 68, 5812—
5819. [CrossRef]

Oncothermia Journal Volume 39 | September 2026

Page 184100



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

Michiels, C.; Tellier, C,; Feron, O. Cycling hypoxia: A key feature of the tumor
microenvironment. Biochim. Biophys. Acta BBA—Rev. Cancer 2016, 1866, 76—86. [CrossRef]
[PubMed]

Saxena, K, Jolly, MK. Acute vs. Chronic vs. Cyclic Hypoxia: Their Differential Dynamics,
Molecular Mechanisms, and Effects on Tumor Progression. Biomolecules 2019, 9, 339.
[CrossRef] [PubMed]

Lavogina, D.; Kr.lov, MK.; Vellama, H.; Modhukur, V.; Di Nisio, V.; Lust, H.; Eskla, K.-L.; Salumets,
A.; Jaal, J. Inhibition of epigenetic and cell cycle-related targets in glioblastoma cell lines
reveals that onametostat reduces proliferation and viability in both normoxic and hypoxic
conditions. Sci. Rep. 2024, 14, 4303. [CrossRef]

Lo Dico, A,; Martelli, C.; Diceglie, C.; Lucignani, G.; Ottobrini, L. Hypoxia-Inducible Factor-1a
Activity as a Switch for Glioblastoma Responsiveness to Temozolomide. Front. Oncol. 2018,
8, 249. [CrossRef]

Aleyasin, H.; Karuppagounder, S.S.; Kumar, A,; Sleiman, S.; Basso, M,; Ma, T.; Siddiq, A.; Chinta,
S.J.; Brochier, C.; Langley, B.; et al. Antihelminthic Benzimidazoles Are Novel HIF Activators
That Prevent Oxidative Neuronal Death via Binding to Tubulin. Antioxid. Redox Signal. 2015,
22,121-134. [CrossRef] [PubMed]

Sotelo, J.; Briceno, E.; Lopez-Gonzalez, M.A. Adding Chloroquine to Conventional Treatment
for Glioblastoma Multiforme. Ann. Intern. Med. 20086, 144, 337—-343. [CrossRef]

Putta, C.L; Eswar, K; Rengan, AK. Melatonin: Avenues in cancer therapy and its
nanotechnological advancements. MedComm— Biomater. Appl. 2023, 2, e58. [CrossRef]
Wang, L.,Wang, C.; Choi,W.S. Use of Melatonin in Cancer Treatment: Where Are We? Int. J.
Mol. Sci. 2022, 23, 3779. [CrossRef]

Do’ganlar, O.; Do ganlar, ZB.; Delen, E.; Do’gan, A. The role of melatonin in angio-miR-
associated inhibition of tumorigenesis and invasion in human glioblastoma tumour
spheroids. Tissue Cell 2021, 73, 101617. [CrossRef]

Nayak, L.; Molinaro, A.M,; Peters, K.; Clarke, J.L.; Jordan, J.T.; de Groot, J.; Nghiemphu, L.; Kaley,
T., Colman, H.; McCluskey, C,; et al. Randomized Phase Il and Biomarker Study of
Pembrolizumab plus Bevacizumab versus Pembrolizumab Alone for Patients with Recurrent
Glioblastoma. Clin. Cancer Res. 2021, 27, 1048-1057. [CrossRef]

Kloosterman, D.J.; Erbani, J.; Boon, M,; Farber, M,; Handgraaf, S.M.; Ando-Kuri, M.; Sanchez-
Lopez, E.; Fontein, B.; Mertz, M.; Nieuwland, M.; et al. Macrophage-mediated myelin recycling
fuels brain cancer malignancy. Cell 2024, 187, 5336—-5356.e30. [CrossRef] [PubMed]

Zhou, W.; Wahl, D.R. Metabolic Abnormalities in Glioblastoma and Metabolic Strategies to
Overcome Treatment Resistance. Cancers 2019, 11, 1231. [CrossRef]

Warburg, O.; Wind, F.; Negelein, E. The Metabolism of Tumors in the Body. J. Gen. Physiol.
1927, 8, 519-530. [CrossRef] [PubMed]

DeBerardinis, R.J.; Chandel, N.S.We need to talk about the Warburg effect. Nat. Metab. 2020,
2,127-129. [CrossRef]

Jiang, Y.-G. Peng, Y, Koussougbo, KS. Necroptosis: A novel therapeutic target for
glioblastoma. Med. Hypotheses 2011, 76, 350-352. [CrossRef]

Yee, P.P;Wei, Y.; Kim, S.-Y.; Lu, T,; Chih, S.Y.; Lawson, C.; Tang, M, Liu, Z; Anderson, B
Thamburaj, K., et al. Neutrophil-induced ferroptosis promotes tumor necrosis in
glioblastoma progression. Nat. Commun. 2020, 11, 5424. [CrossRef]

Ahn, S.-H,; Park, H,; Ahn, Y.-H.; Kim, S.; Cho, M.-S,; Kang, J.L.; Choi, Y.-H. Necrotic cells influence
migration and invasion of glioblastoma via NF-kB/AP-1-mediated IL-8 regulation. Sci. Rep.
2016, 6, 24552. [CrossRef] [PubMed]

Oncothermia Journal Volume 39 | September 2026

Page 185 | 100



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

Di lanni, N.; Musio, S.; Pellegatta, S. Altered Metabolism in Glioblastoma: Myeloid-Derived
Suppressor Cell (MDSC) Fitness and Tumor-Infiltrating Lymphocyte (TIL) Dysfunction. Int.
J. Mol. Sci. 2021, 22, 4460. [CrossRef]

Mahalingam, D.; Goel, S.; Aparo, S.; Patel Arora, S.; Noronha, N.; Tran, H.,; Chakrabarty, R;
Selvaggi, G.; Gutierrez, A; Coffey, M,; et al. A Phase Il Study of Pelareorep (REOLYSINR) in
Combination with Gemcitabine for Patients with Advanced Pancreatic Adenocarcinoma.
Cancers 2018, 10, 160. [CrossRef]

Scafidi, A; Mogensen, F.L.-H.; Campus, E.; Pailas, A; Neumann, K,; Legrave, N.; Bernardin, F.;
Pereira, S.L.; Antony, P.M.A; Nicot, N.; et al. Metformin impacts the differentiation of mouse
bone marrow cells into macrophages affecting tumour immunity. Heliyon 2024, 10, e37792.
[CrossRef]

Li, X;Wu, C.; Chen, N.; Gu, H,; Yen, A, Cao, L;Wang, E.;Wang, L. PI3K/Akt/mTOR signaling
pathway and targeted therapy for glioblastoma. Oncotarget 2016, 7, 33440-33450.
[CrossRef] [PubMed]

Zhang, X, Zhao, L. Zhang, H. Zhang, Y. Ju, H;Wang, X.; Ren, H,; Zhu, X,; Dong, Y. The
immunosuppressive microenvironment and immunotherapy in human glioblastoma. Front.
Immunol. 2022, 13, 1003651. [CrossRef] [PubMed]

Gong, L, Ji, L; Xu, D,; Wang, J.; Zou, J. TGF-f links glycolysis and immunosuppression in
glioblastoma. Histol. Histopathol. 2021, 36, 1111-1124. [CrossRef]

Poon, C.C.; Sarkar, S.; Yong, V.W. Kelly, JJ.P. Glioblastoma-associated microglia and
macrophages: Targets for therapies to improve prognosis. Brain 2017, 140, 1548-1560.
[CrossRef]

Geribaldi-Doldan, N.; Fernandez-Ponce, C.; Quiroz, R.N.; Sanchez-Gomar, |.; Escorcia, L.G.;
Velasquez, E.P.; Quiroz, ENN. The Role of Microglia in Glioblastoma. Front. Oncol. 2021, 10,
603495. [CrossRef] [PubMed]

Pace, A.; Scirocchi, F.; Napoletano, C.; Zizzari, .G.; D'Angelo, L.; Santoro, A.; Nuti, M.; Rahimi, H.;
Rughetti, A. Glycan-Lectin Interactions as Novel Immunosuppression Drivers in
Glioblastoma. Int. J. Mol. Sci. 2022, 23, 6312. [CrossRef]

Guo, X, Qiu, W,; Liu, Q, Qian, M; Wang, S.; Zhang, Z; Gao, X, Chen, Z; Xue, H. Li, G.
Immunosuppressive effects of hypoxia-induced glioma exosomes through myeloid-
derived suppressor cells via the miR-10a/Rora and miR-21/Pten Pathways. Oncogene 2018,
37, 4239-4259. [CrossRef]

Ohashi, T.; Aoki, M,; Tomita, H.; Akazawa, T.; Sato, K,; Kuze, B.; Mizuta, K.; Hara, A.; Nagaoka, H.;
Inoue, N.; et al. M2-like macrophage polarization in high lactic acid-producing head and
neck cancer. Cancer Sci. 2017, 108, 1128-1134. [CrossRef]

Leo, AD,; Ugolini, A; Yu, X,; Scirocchi, F.; Scocozza, D.; Peixoto, B.; Pace, A,; D'Angelo, L, Liu,
JKC,; Etame, AB,; et al. Glucose-driven histone lactylation promotes the
immunosuppressive activity of monocyte-derived macrophages in glioblastoma. Immunity
2024, 57,1105-1123.e8. [CrossRef]

Hao, Z.-N,; Tan, X.-P.; Zhang, Q. Li, J.; Xia, R,; Ma, Z. Lactate and Lactylation: Dual Regulators
of T-Cell-Mediated Tumor Immunity and Immunotherapy. Biomolecules 2024, 14, 1646.
[CrossRef]

Peereboom, D.M.; Alban, T.J.; Grabowski, M.M.; Alvarado, A.G.; Otvos, B.; Bayik, D.; Roversi, G.;
McGraw, M.; Huang, P, Mohammadi, A.M.; et al. Metronomic capecitabine as an immune
modulator in glioblastoma patients reduces myeloid-derived suppressor cells. JCI Insight
2019, 4, e130748. [CrossRef] [PubMed]

Oncothermia Journal Volume 39 | September 2026

Page 186 | 100



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Yanchu, L,; Rong, P.; Rong, C.; Li, Z,; Xiaoyan, Y.; Feng, W. Ozone therapy for high-grade glioma:
An overview. Front. Oncol. 2023, 13, 1161206. [CrossRef]

Khan, F.; Pang, L.; Dunterman, M,; Lesniak, M.S.; Heimberger, A.B.; Chen, P. Macrophages and
microglia in glioblastoma: Heterogeneity, plasticity, and therapy. J. Clin. Investig. 2023, 133,
€163446. [CrossRef] [PubMed]

Grabowski, M.M,; Sankey, EW.; Ryan, K.J.; Chongsathidkiet, P.; Lorrey, S.J;Wilkinson, D.S.;
Fecci, P.E. Immune suppression in gliomas. J. Neurooncol. 2021, 151, 3-12. [CrossRef]
[PubMed]

Riera-Domingo, C.; Audige, A,; Granja, S.; Cheng, W.-C.; Ho, P.-C; Baltazar, F.; Stockmann, C.;
Mazzone, M. Immunity, Hypoxia, and Metabolism—the Menage a Trois of Cancer:
Implications for Immunotherapy. Physiol. Rev. 2020, 100, 1-102. [CrossRef]

Friebel, E.; Kapolou, K;; Unger, S.; Nunez, N.G.; Utz S.; Rushing, E.J.; Regli, L.; Weller, M,; Greter,
M.; Tugues, S.; et al. Single-Cell Mapping of Human Brain Cancer Reveals Tumor-Specific
Instruction of Tissue-Invading Leukocytes. Cell 2020, 181, 1626-1642.e20. [CrossRef]
Messiaen, J.; Jacobs, S.A.;; De Smet, F. The tumor micro-environment in pediatric glioma:
Friend or foe? Front. Immunol. 2023, 14, 1227126. [CrossRef]

Paul, S.; Sa, G. Curcumin as an Adjuvant to Cancer Immunotherapy. Front. Oncol. 2021, 11,
675923. [CrossRef]

Exley, M.A,; Garcia, S, Zellander, A, Zilberberg, J.; Andrews, D.W. Challenges and
Opportunities for Immunotherapeutic Intervention against Myeloid Immunosuppression in
Glioblastoma. J. Clin. Med. 2022, 11, 1069. [CrossRef]

Li, H.; Xiao, Y, Li, Q. Yao, J.; Yuan, X;; Zhang, Y,; Yin, X, Saito, Y.; Fan, H.; Li, P,; et al. The allergy
mediator histamine confers resistance to immunotherapy in cancer patients via activation
of the macrophage histamine receptor H1. Cancer Cell 2022, 40, 36-52.€9. [CrossRef]

du Chatinier, A, Velilla, 1.Q.; Meel, MH.; Hoving, EW.; Hulleman, E.; Metselaar, D.S. Microglia in
pediatric brain tumors: The missing link to successful immunotherapy. Cell Rep. Med. 2023,
4,101246. [CrossRef] [PubMed]

Ross, J.L,; Puigdelloses-Vallcorba, M,; Pinero, G.; Soni, N.; Thomason, W.; DeSisto, J.; Angione,
A, Tsankova, N.M.; Castro, M.G.; Schniederjan, M,; et al. Microglia and monocyte-derived
macrophages drive progression of pediatric high-grade gliomas and are transcriptionally
shaped by histone mutations. Immunity 2024, 57, 2669-2687.e6. [CrossRef]

Sprooten, J.; Vanmeerbeek, |.; Datsi, A,; Govaerts, J.; Naulaerts, S.; Laureano, R.S.; Borras, D.M,;
Calvet, A,; Malviya, V., Kuballa, M,; et al. Lymph node and tumor-associated PD-L1+
macrophages antagonize dendritic cell vaccines by suppressing CD8+ T cells. Cell Rep.
Med. 2024, 5,101377. [CrossRef]

Robert, C. A decade of immune-checkpoint inhibitors in cancer therapy. Nat. Commun.
2020, 11, 3801. [CrossRef]

Jiang, P; Zhang, P.; Mukthavaram, R.; Nomura, N.; Pingle, S.C.; Teng, D.; Chien, S.; Guo, F.; Kesari,
S. Anti-cancer effects of nitrogen-containing bisphosphonates on human cancer cells.
Oncotarget 2016, 7, 57932-57942. [CrossRef] [PubMed]

Fournie, J.-J.; Sicard, H.; Poupot, M,; Bezombes, C.; Blanc, A.; Romagne, F.; Ysebaert, L.;
Laurent, G. What lessons can be learned from y§ T cell-based cancer immunotherapy
trials? Cell. Mol. Immunol. 2013, 10, 35—-41. [CrossRef]

da Fonseca, C.O,; Sim.o, M, Lins, LR.; Caetano, R.O.; Futuro, D.; Quirico-Santos, T. Efficacy of
monoterpene perillyl alcohol upon survival rate of patients with recurrent glioblastoma. J.
Cancer Res. Clin. Oncol. 2011, 137, 287-293. [CrossRef]

Oncothermia Journal Volume 39 | September 2026

Page 187|100



88.

89.

90.

9l

92.

93.

94.

95.

96.

97.

98.

99.

100.

Fonseca, C.O.D.; Teixeira, RM.; Silva, J.C.T,; Fischer, J.D.S.D.G.; Meirelles, O.C; Landeiro, J.A;;
Quirico-Santos, T. Long-term Outcome in Patients with Recurrent Malignant Glioma
Treated with Perillyl Alcohol Inhalation. Anticancer Res. 2013, 33, 5625-5631. [PubMed]
Heylmann, D.; Bauer, M,; Becker, H.; van Gool, S.; Bacher, N.; Steinbrink, K.; Kaina, B. Human
CD4+CD25+ regulatory T cells are sensitive to low dose cyclophosphamide: Implications
for the immune response. PLoS ONE 2013, 8, e83384. [CrossRef]
Ghiringhelli, F.; Larmonier, N.; Schmitt, E.; Parcellier, A.; Cathelin, D.; Garrido, C.; Chauffert, B.;
Solary, E,; Bonnotte, B.; Martin, F. CD4+CD25+ regulatory T cells suppress tumor immunity
but are sensitive to cyclophosphamide which allows immunotherapy of established tumors
to be curative. Eur. J. Immunol. 2004, 34, 336-344. [CrossRef]
Zhong, H. Lai, Y, Zhang, R, Daoud, A; Feng Q. Zhou, J; Shang, J. Low Dose
Cyclophosphamide Modulates Tumor Microenvironment by TGF-f Signaling Pathway. Int.
J. Mol. Sci. 2020, 21, 957. [CrossRef] [PubMed]
Ferrer-Font, L.; Arias-Ramos, N.; Lope-Piedrafita, S.; Julia-Sape, M.; Pumarola, M; Arus, C.;
Candiota, A.P. Metronomic treatment in immunocompetent preclinical GL261 glioblastoma:
Effects of cyclophosphamide and temozolomide. NMR Biomed. 2017, 30, €3748. [CrossRef]
[PubMed]
Freeman, A.; Zakay-Rones, Z; Gomori, JM, Linetsky, E. Rasooly, L; Greenbaum, E.;
Rozenman-Yair, S.; Panet, A,; Libson, E.; Irving, C.S.; et al. Phase I/Il trial of intravenous NDV-
HUJ oncolytic virus in recurrent glioblastoma multiforme. Mol. Ther. J. Am. Soc. Gene Ther.
2006, 13, 221-228. [CrossRef] [PubMed]
Garcia-Romero, N.; Palacin-Aliana, I.; Esteban-Rubio, S.; Madurga, R.; Rius-Rocabert, S,;
Carrion-Navarro, J.; Presa, J.; Cuadrado- Castano, S.; Sanchez-Gomez, P.; Garcia-Sastre, A,
et al. Newcastle Disease Virus (NDV) Oncolytic Activity in Human Glioma Tumors Is
Dependent on CDKN2A-Type | IFN Gene Cluster Codeletion. Cells 2020, 9, 1405. [CrossRef]
Chuntova, P.; Yamamichi, A.; Chen, T.; Narayanaswamy, R.; Ronseaux, S.; Hudson, C.; Tron,
AE; Hyer, M.L; Montoya, M.,; Mende, A.L; et al. Inhibition of D-2HG leads to upregulation of
a proinflammatory gene signature in a novel HLA-A2/HLA-DR1 transgenic mouse model of
IDHIR132H-expressing glioma. J. Immunother. Cancer 2022, 10, e004644. [CrossRef]
Kohanbash, G.; Carrera, D.A,; Shrivastav, S.; Ahn, BJ.; Jahan, N.; Mazor, T.; Chheda, ZS,
Downey, KM.; Watchmaker, P.B.; Beppler, C.; et al. Isocitrate dehydrogenase mutations
suppress STAT1 and CD8+ T cell accumulation in gliomas. J. Clin. Investig. 2017, 127, 1425-
1437. [CrossRef]
Kaminska, B.; Czapski, B, Guzik, R.; Krol, SK; Gielniewski, B. Consequences of IDH1/2
Mutations in Gliomas and an Assessment of Inhibitors Targeting Mutated IDH Proteins.
Molecules 2019, 24, 968. [CrossRef]
Platten, M.; Bunse, L.; Wick, A.; Bunse, T.; Le Cornet, L.; Harting, |.; Sahm, F.; Sanghvi, K;; Tan,
C.L; Poschke, |; et al. A vaccine targeting mutant IDH1 in newly diagnosed glioma. Nature
2021, 592, 463-468. [CrossRef]
Li, W,; Wang, Z,; Chen, S, Zuo, M,; Xiang, Y., Yuan, Y.; He, Y., Zhang, S, Liu, Y. Metabolic
checkpoints in glioblastomas: Targets for new therapies and non-invasive detection. Front.
Oncol. 2024, 14,1462424. [CrossRef]

Bahar, M.E;; Kim, H.J,; Kim, D.R. Targeting the RAS/RAF/MAPK pathway for cancer
therapy: From mechanism to clinical studies. Signal Transduct. Target. Ther. 2023, 8, 455.
[CrossRef]

Oncothermia Journal Volume 39 | September 2026

Page 188 | 100



101. Basto, D.; Trovisco, V.; Lopes, JM.; Martins, A, Pardal, F.; Soares, P.; Reis, R.M. Mutation
analysis of B-RAF gene in human gliomas. Acta Neuropathol. 2005, 109, 207-210. [CrossRef]
[PubMed]

102.Venkatesh, H.S.; Morishita, W.; Geraghty, A.C,; Silverbush, D.; Gillespie, S.M.; Arzt, M.,; Tam, L.T,;
Espenel, C.; Ponnuswami, A; Ni, L; et al. Electrical and synaptic integration of glioma into
neural circuits. Nature 2019, 573, 539-545. [CrossRef] [PubMed]

103.Keough, M.B.; Monje, M. Neural Signaling in Cancer. Annu. Rev. Neurosci. 2022, 45, 199-221.
[CrossRef]

104.Pan, Y.; Monje, M. Neuron—Gilial Interactions in Health and Brain Cancer. Adv. Biol. 2022, 6,
2200122. [CrossRef] [PubMed]

105. Venkataramani, V.; Yang, Y., Schubert, M.C.; Reyhan, E.; Tetzlaff, SK; Wismann, N.;
Botz, M,; Soyka, S.J.; Beretta, C.A,; Pramatarov, RL.; et al. Glioblastoma hijacks neuronal
mechanisms for brain invasion. Cell 2022, 185, 2899-2917.e31. [CrossRef]

106. Barron, T.; Yalcin, B.; Mochizuki, A.; Cantor, E.; Shamardani, K; Tlais, D.; Franson, A,
Lyons, S.; Mehta, V,; Jahan, S.M,; et al. GABAergic neuron-to-glioma synapses in diffuse
midline gliomas. bioRxiv 2022, preprint. [CrossRef]

107.Shanyue, S.; Xinyuan, C.; Nannan, D.; Miao, Z,; Xiaoru, L.; Lin, C; Kai, S.; Yingchao, L. Gamma-
aminobutyric acid-mediated neuro-immune interactions in glioblastoma: Implications for
prognosis and immunotherapy response. Life Sci. 2024, 357, 123067. [CrossRef]

108.Hanahan, D.; Monje, M. Cancer hallmarks intersect with neuroscience in the tumor
microenvironment. Cancer Cell 2023, 41, 573—-580. [CrossRef]

109. Kumari, DK, Jha, D.AM. Brain Tumors in Pediatric Patients. Int. J. Trends
OncoScience 2024, 2, 14-22. [CrossRef]

NO. Lieberman, N.A.P.; Vitanza, N.A.; Crane, C.A. Immunotherapy for brain tumors: Understanding
early successes and limitations. Expert Rev. Neurother. 2018, 18, 251-259. [CrossRef]

M. Louis, D.N,; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, WK
Ohgaki, H.; Wiestler, O.D.; Kleihues, P.; Ellison, D.W. The 2016 World Health Organization
Classification of Tumors of the Central Nervous System: A summary. Acta Neuropathol.
2016, 131, 803-820. [CrossRef] [PubMed]

N2. Petrilli, L.L.; Fuoco, C.; Palma, A.; Pasquini, L.; Pericoli, G.; Grabovska, Y.; Mackay, A.; Rossi, S,
Carcaboso, AM,; Carai, A, et al. Inter and intra-tumor heterogeneity of paediatric type
diffuse high-grade gliomas revealed by single-cell mass cytometry. Front. Oncol. 2022, 12,
1016343. [CrossRef]

N3. Grabovska, Y.; Mackay, A,; O'Hare, P.; Crosier, S.; Finetti, M.; Schwalbe, E.C.; Pickles, J.C,;
Fairchild, AR, Avery, A, Cockle, J,; et al. Pediatric pan-central nervous system tumor
analysis of immune-cell infiltration identifies correlates of antitumor immunity. Nat.
Commun. 2020, 11, 4324. [CrossRef]

114. Czuba, E,; Deschuyter, M.; Entz-Werle, N,; Noel, G.; Burckel, H. Overcoming the limits of
pediatric brain tumor radiotherapy: The use of preclinical 3D models.
Cancer/Radiotherapie 2024, 28, 424—434. [CrossRef]

15. Lin, G.L.; Nagaraja, S.; Filbin, M.G.; Suva, M.L.; Vogel, H.; Monje, M. Non-inflammatory tumor
microenvironment of diffuse intrinsic pontine glioma. Acta Neuropathol. Commun. 2018, 6,
51. [CrossRef] [PubMed]

16. Lieberman, N.AP.; DeGolier, K,; Kovar, H.M,; Davis, A.,; Hoglund, V.; Stevens, J.Winter, C,;
Deutsch, G. Furlan, S.N.; Vitanza, N.A. et al. Characterization of the immune
microenvironment of diffuse intrinsic pontine glioma: Implications for development of
immunotherapy. Neuro-Oncology 2019, 21, 83-94. [CrossRef] [PubMed]

Oncothermia Journal Volume 39 | September 2026

Page 189 | 100



7. Ross, J.L; Chen, Z.; Herting, C.J.; Grabovska, Y.; Szulzewsky, F.; Puigdelloses, M.; Monterroza,
L.; Switchenko, J.; Wadhwani, N.R,; Cimino, P.J.; et al. Platelet-derived growth factor beta is
a potent inflammatory driver in paediatric high-grade glioma. Brain 2021, 144, 53-69.
[CrossRef]

18. du Chatinier, A,; Meel, MH,; Das, All; Metselaar, D.S.; Waranecki, P.; Bugiani, M.; Breur, M.;
Simonds, E.F,; Lu, ED.; Weiss, W.A,; et al. Generation of immunocompetent syngeneic
allograft mouse models for pediatric diffuse midline glioma. Neuro-Oncol. Adv. 2022, 4,
vdac079. [CrossRef]

9. Waibl Polania, J.; Hoyt-Miggelbrink, A. TomaszewskiW.H.,Wachsmuth, L.P; Lorrey,
S.J,;Wilkinson, D.S; Lerner, E;Woroniecka, K. Finlay, J.B; Ayasoufi, K; et al. Antigen
presentation by tumor-associated macrophages drives T cells from a progenitor
exhaustion state to terminal exhaustion. Immunity 2025, 58, 232-246.e6. [CrossRef]

120.Frederico, S.C,; Sharma, N.; Darling, C.,; Taori, S, Dubinsky, A.C.; Zhang, X. Raphael, I;
Kohanbash, G. Myeloid cells as potential targets for immunotherapy in pediatric gliomas.
Front. Pediatr. 2024, 12, 1346493. [CrossRef]

121. Park, J.; Chung, C. Epigenetic and Metabolic Changes in Diffuse Intrinsic Pontine Glioma.
Brain Tumor Res. Treat. 2023, 11, 86—-93. [CrossRef]

122.Yeom, KW.; Lober, R.M.; Nelson, M.D.; Panigrahy, A,; Bluml, S. Citrate concentrations increase
with hypoperfusion in pediatric diffuse intrinsic pontine glioma. J. Neurooncol. 2015, 122,
383-389. [CrossRef] [PubMed]

123.Van Gool, S.W.; Makalowski, J.; Bonner, E.R.; Feyen, O.; Domogalla, M.P.; Prix, L.; Schirrmacher,
V., Nazarian, J.; Stuecker, W. Addition of Multimodal Immunotherapy to Combination
Treatment Strategies for Children with DIPG: A Single Institution Experience. Medicines
2020, 7, 29. [CrossRef]

124.Venneti, S.; Kawakibi, AR.; Ji, S.;Waszak, S.M.; Sweha, S.R.; Mota, M.; Pun, M.; Deogharkar, A.;
Chung, C.; Tarapore, R.S.; et al. Clinical Efficacy of ONC201 in H3K27M-Mutant Diffuse
Midline Gliomas Is Driven by Disruption of Integrated Metabolic and Epigenetic Pathways.
Cancer Discov. 2023, 13, 2370-2393. [CrossRef] [PubMed]

125.Jackson, E.R,; Persson, M.L,; Fish, C.J.; Findlay, I.J.; Mueller, S.; Nazarian, J.; Hulleman, E.; van
der Lugt, J; Duchatel, RJ; Dun, MD. A review of current therapeutics targeting the
mitochondrial protease ClpP in diffuse midline glioma, H3 K27-altered. Neuro-Oncology
2024, 26, S136—-S154. [CrossRef]

126.Prabhu, V.V, Morrow, S.; Rahman Kawakibi, A.; Zhou, L.; Ralff, M,; Ray, J.; Jhaveri, A.; Ferrarini,
I, Lee, Y.; Parker, C.; et al. ONC201 and imipridones: Anti-cancer compounds with clinical
efficacy. Neoplasia 2020, 22, 725-744. [CrossRef] [PubMed]

127.Wang, N.; Wang, B,; Maswikiti, E.P,; Yu, Y,; Song, K.; Ma, C.; Han, X.; Ma, H.; Deng, X;; Yu, R, et al.
AMPK-a key factor in crosstalk between tumor cell energy metabolism and immune
microenvironment? Cell Death Discov. 2024, 10, 237. [CrossRef]

128.Van Gool, S.W.; Makalowski, J.; Kampers, L.F.C.; Van de Vliet, P.; Sprenger, T.; Schirrmacher,
V.; Stucker, W. Dendritic cell vaccination for glioblastoma multiforme patients: Has a new
milestone been reached? Transl. Cancer Res. 2023, 12, 2224-2228. [CrossRef]

129.Van Gool, SW.; Van de Vliet, P, Kampers, LF.C; Kosmal, J.; Sprenger, T, Reich, E;
Schirrmacher, V., Stuecker,W. Methods behind oncolytic virus-based DC vaccines in
cancer: Toward a multiphase combined treatment strategy for Glioblastoma (GBM)
patients. Methods Cell Biol. 2023, 183, 51-113. [CrossRef]

130.Stupp, R; Taillibert, S.; Kanner, A.; Read,W.; Steinberg, D.M.; Lhermitte, B.; Toms, S.; Idbaih, A,
Ahluwalia, M.S,; Fink, K; et al. Effect of Tumor-Treating Fields Plus Maintenance

Oncothermia Journal Volume 39 | September 2026

Page 190 | 100



Temozolomide vs Maintenance Temozolomide Alone on Survival in Patients With
Glioblastoma: A Randomized Clinical Trial. JAMA 2017, 318, 2306-2316. [CrossRef]

131. Voloshin, T.; Kaynan, N.; Davidi, S.; Porat, Y., Shteingauz, A.; Schneiderman, R.S,; Zeevi, E,;
Munster, M,; Blat, R,; Tempel Brami, C.; et al. Tumor-treating fields (TTFields) induce
immunogenic cell death resulting in enhanced antitumor efficacy when combined with
anti-PD-1 therapy. Cancer Immunol. Immunother. 2020, 69, 1191-1204. [CrossRef]

132.Meehan, B.; Rak, J.; Di Vizio, D. Oncosomes—Large and small: What are they, where they
came from? J. Extracell. Vesicles 2016, 5, 33109. [CrossRef]

133. Antonopoulos, M.; Gool, SW.V.; Dionysiou, D.; Graf, N.; Stamatakos, G. Immune Phenotype
Correlates With Survival in Patients With GBM Treated With Standard Temozolomide-
based Therapy and Immunotherapy. Anticancer Res. 2019, 39, 2043-2051. [CrossRef]
[PubMed]

134.Weller, M.; Butowski, N.; Tran, D.D.; Recht, L.D.; Lim, M.; Hirte, H.,; Ashby, L.; Mechtler, L,
Goldlust, S.A.; lwamoto, F.; et al. Rindopepimut with temozolomide for patients with newly
diagnosed, EGFRUVIll-expressing glioblastoma (ACT IV): A randomised, double-blind,
international phase 3 trial. Lancet Oncol. 2017, 18, 1373-1385. [CrossRef] [PubMed]

135.1zumoto, S.; Tsuboi, A.; Oka, Y.; Suzuki, T.; Hashiba, T.; Kagawa, N.; Hashimoto, N.; Maruno, M,;
Elisseeva, O.A; Shirakata, T.; et al. Phase Il clinical trial of Wilms tumor 1 peptide vaccination
for patients with recurrent glioblastoma multiforme. J. Neurosurg. JNS 2008, 108, 963-971.
[CrossRef] [PubMed]

136.Galbo, P.M,; Ciesielski, M.J.,; Figel, S.; Maguire, O, Qiu, J.; Wiltsie, L; Minderman, H.;
Fenstermaker, R.A. Circulating CD9+/GFAP+/survivin+ exosomes in malignant glioma
patients following survivin vaccination. Oncotarget 2017, 8, 114722-114735. [CrossRef]

137.Grassl, N.; Poschke, I; Lindner, K,; Bunse, L.; Mildenberger, |.; Boschert, T.; Jahne, K;; Green,
E.W.; Hulsmeyer, |; Junger, S.; et al. A H3K27M-targeted vaccine in adults with diffuse
midline glioma. Nat. Med. 2023, 29, 2586-2592. [CrossRef]

138.Kleef, R.; Nagy, R.; Baierl, A,; Bacher, V.; Bojar, H,; McKee, D.L,; Moss, R.; Thoennissen, N.H.;
Szasz, M, Bakacs, T. Low-dose ipilimumab plus nivolumab combined with IL-2 and
hyperthermia in cancer patients with advanced disease: Exploratory findings of a case
series of 131 stage IV cancers—A retrospective study of a single institution. Cancer Immunol.
Immunother. 2021, 70, 1393-1403. [CrossRef]

139.Mitchell, A.P.; Goldstein, D.A. Cost Savings and Increased Access With Ultra-Low-Dose
Immunotherapy. J. Clin. Oncol. 2023, 41,170-172. [CrossRef]

140.Schirrmacher, V.; Van Gool, S.; Stuecker, W. Individualized Multimodal Immunotherapy (IMI):
Scientific Rationale and Clinical Experience from a Single Institution. Biomedicines 2024, 12,
754. [CrossRef]

141. Cloughesy, T.F.; Mochizuki, A.Y.; Orpilla, J.R; Hugo, W.; Lee, AH.; Davidson, T.B,Wang, A.C,;
Ellingson, B.M,; Rytlewski, J.A.; Sanders, C.M,; et al. Neoadjuvant anti-PD-1 immunotherapy
promotes a survival benefit with intratumoral and systemic immune responses in recurrent
glioblastoma. Nat. Med. 2019, 25, 477-486. [CrossRef] [PubMed]

142.DePeaux, K.; Delgoffe, G.M. Metabolic barriers to cancer immunotherapy. Nat. Rev. Immunol.
2021, 21, 785-797. [CrossRef] [PubMed]

143.Lin, H.; Yang, X, Ye, S.; Huang, L.; Mu,W. Antigen escape in CAR-T cell therapy: Mechanisms
and overcoming strategies. Biomed. Pharmacother. 2024, 178, 117252. [CrossRef]

144.Daris, B.; Verboten, M.T.: Knez, Z.: Ferk, P. Cannabinoids in cancer treatment: Therapeutic
potential and legislation. Bosn. J. Basic Med. Sci. 2019, 19, 14-23. [CrossRef] [PubMed]

Oncothermia Journal Volume 39 | September 2026

Page 191100



145.Hart, S.; Fischer, O.M.; Ullrich, A. Cannabinoids Induce Cancer Cell Proliferation via Tumor
Necrosis Factor a-Converting Enzyme (TACE/ADAMI7)-Mediated Transactivation of the
Epidermal Growth Factor Receptor. Cancer Res. 2004, 64, 1943-1950. [CrossRef]

146.Xiong, X.; Chen, S.; Shen, J.; You, H.; Yang, H.; Yan, C.; Fang, Z,; Zhang, J.; Cai, X.; Dong, X, et al.
Cannabis suppresses antitumor immunity by inhibiting JAK/STAT signaling in T cells
through CNR2. Signal Transduct. Target. Ther. 2022, 7, 99. [CrossRef]

147.Taha, T.; Meiri, D.; Talhamy, S.; Wollner, M,; Peer, A.; Bar-Sela, G. Cannabis Impacts Tumor
Response Rate to Nivolumab in Patients with Advanced Malignancies. Oncologist 2019, 24,
549-554. [CrossRef]

148.Bar-Sela, G.; Cohen, I; Campisi-Pinto, S.; Lewitus, G.M.; Oz-Ari, L., Jehassi, A.; Peer, A,
Turgeman, |.; Vernicova, O.; Berman, P.; et al. Cannabis Consumption Used by Cancer
Patients during Immunotherapy Correlates with Poor Clinical Outcome. Cancers 2020, 12,
2447. [CrossRef]

149.Dain, L.; Zhu, G. Nucleic acid immunotherapeutics and vaccines: A promising approach to
glioblastoma multiforme treatment. Int. J. Pharm. 2023, 638, 122924. [CrossRef]

150. Lan, Y, Li, X, Liu, B, Lu, J.; Zuo, B.; Wang, Y.; Cao, S, Fu, X;; Yue, Q.; Luo, X; et al.
Framework nucleic acid-based nanoparticles enhance temozolomide sensitivity in
glioblastoma. Drug Resist. Updates 2024, 76, 101122. [CrossRef]

151. Phillips, R.E.; Soshnev, A.A;; Allis, C.D. Epigenomic Reprogramming as a Driver of Malignant
Glioma. Cancer Cell 2020, 38, 647-660. [CrossRef] [PubMed]

152.Lamb, Y.N. Vorasidenib: First Approval. Drugs 2024, 84, 1325-1331. [CrossRef] [PubMed]

153.van den Bent, M.J.; French, P.J.; Brat, D.; Tonn, J.C.; Touat, M,; Ellingson, B.M,; Young, R.J.; Pallud,
J.; von Deimling, A; Sahm, F.; et al. The biological significance of tumor grade, age,
enhancement, and extent of resection in IDH-mutant gliomas: How should they inform
treatment decisions in the era of IDH inhibitors? Neuro-Oncology 2024, 26, 1805-1822.
[CrossRef] [PubMed]

154.Lu, V.M,; Daniels, D.J. Epigenetic-Targeted Treatments for H3K27M-Mutant Midline Gliomas.
Adv. Exp. Med. Biol. 2021, 1283, 73—-84. [CrossRef]

155.Keane, L.; Cheray, M,; Saidi, D.; Kirby, C.; Friess, L.; Gonzalez-Rodriguez, P.; Gerdes, M.E,;
Grabert, K,; McColl, BW.; Joseph, B. Inhibition of microglial EZH2 leads to anti-tumoral
effects in pediatric diffuse midline gliomas. Neuro-Oncol. Adv. 2021, 3, vdab096. [CrossRef]

156.Liu, L,; Huh, J.R.; Shah, K. Microbiota and the gut-brain-axis: Implications for new therapeutic
design in the CNS. EBioMedicine 2022, 77,103908. [CrossRef]

157.Zhang, H.; Hong, Y, Wu, T,; Ben, E;; Li, S,; Hu, L,; Xie, T. Role of gut microbiota in regulating
immune checkpoint inhibitor therapy for glioblastoma. Front. Immunol. 2024, 15, 1401967.
[CrossRef]

158.Shireman, J.M,; Ammanuel, S.; Eickhoff, J.C,; Dey, M. Sexual dimorphism of the immune
system predicts clinical outcomes in glioblastoma immunotherapy: A systematic review
and meta-analysis. Neuro-Oncol. Adv. 2022, 4, vdac082. [CrossRef]

159.Lee, J.; Nicosia, M,; Hong, E.S.; Silver, D.J,; Li, C.; Bayik, D.; Watson, D.C.; Lauko, A,; Kay, K.E;
Wang, S.Z; et al. Sex-Biased T-cell Exhaustion Drives Differential Immune Responses in
Glioblastoma. Cancer Discov. 2023, 13, 2090-2105. [CrossRef]

160. Bonner, ERR.; Bornhorst, M,; Packer, R.J.; Nazarian, J. Liquid biopsy for pediatric
central nervous system tumors. Npj Precis. Oncol. 2018, 2, 29. [CrossRef]

161. Aibaidula, A,; Fain, C.E.; Garcia, L.C.;Wier, A;; Bouchal, S.M.; Bauman, M.M.; Jung, M.-Y.; Sarkaria,
J.N.; Johnson, AJ.,; Parney, LF. Spectral flow cytometry identifies distinct nonneoplastic

Oncothermia Journal Volume 39 | September 2026

Page 192|100



plasma extracellular vesicle phenotype in glioblastoma patients. Neuro-Oncol. Adv. 2023,
5, vdad082. [CrossRef] [PubMed]

162.Mitsuhashi, A.; Okuma, Y. Perspective on immune oncology with liquid biopsy, peripheral
blood mononuclear cells, and microbiome with non-invasive biomarkers in cancer patients.
Clin. Transl. Oncol. 2018, 20, 966—974. [CrossRef]

163.Pan, C; Diplas, B.H.; Chen, X;Wu, Y.; Xiao, X;; Jiang, L., Geng, Y.; Xu, C.; Sun, Y,; Zhang, P.; et al.
Molecular profiling of tumors of the brainstem by sequencing of CSF-derived circulating
tumor DNA. Acta Neuropathol. 2019, 137, 297-306. [CrossRef] [PubMed]

164.Bounajem, M.T,; Karsy, M,; Jensen, R.L. Liquid biopsies for the diagnosis and surveillance of
primary pediatric central nervous system tumors: A review for practicing neurosurgeons.
Neurosurg. Focus FOC 2020, 48, E8. [CrossRef] [PubMed]

165.Muller Bark, J.; Kulasinghe, A.; Chua, B.; Day, B.W.; Punyadeera, C. Circulating biomarkers in
patients with glioblastoma. Br. J. Cancer 2020, 122, 295-305. [CrossRef]

166.Hutoczki, G.; Virga, J.; Birko, Z; Klekner, A. Novel Concepts of Glioblastoma Therapy
Concerning Its Heterogeneity. Int. J. Mol. Sci. 2021, 22, 10005. [CrossRef]

167.Del Bene, M.; Osti, D.; Faletti, S.; Beznoussenko, G.V.; DiMeco, F.; Pelicci, G. Extracellular
vesicles: The key for precision medicine in glioblastoma. Neuro-Oncology 2022, 24, 184—
196. [CrossRef]

168.Panditharatna, E,; Kilburn, L.B.; Aboian, M.S.,; Kambhampati, M.; Gordish-Dressman, H.; Magge,
S.N.; Gupta, N,; Myseros, J.S.; Hwang, E.I; Kline, C.; et al. Clinically Relevant and Minimally
Invasive Tumor Surveillance of Pediatric Diffuse Midline Gliomas Using Patient-Derived
Liquid Biopsy. Clin. Cancer Res. 2018, 24, 5850-5859. [CrossRef]

169.Verduin, M.; Compter, |; Steijvers, D.; Postma, A.A.; Eekers, D.B.P.; Anten, M.M.; Ackermans, L.;
ter Laan, M, Leijenaar, R.T.H,; van de Weijer, T.; et al. Noninvasive Glioblastoma Testing:
Multimodal Approach to Monitoring and Predicting Treatment Response. Dis. Markers 2018,
2018, 2908609. [CrossRef]

170.Eibl, R.H.; Schneemann, M. Liquid biopsy and glioblastoma. Explor. Target. Anti-Tumor Ther.
2023, 4, 28-41. [CrossRef]

171. Malara, N.; Donato, G. Blood-Brain Barrier Breakdown by Combined Detection of Circulating
Tumor and Endothelial Cells in Liquid Biopsy. In Liquid Biopsy; IntechOpen: London, UK,
2019; pp. 127-148.

172. Zaky, W.; Ragoonanan, D,; Batth, |; Dao, L,; Wang, J.; Xia, X.; Daw, N.C,; Gill, J.B; Khatua, S; Li, S.
Automated Capture and Analysis of Circulating Tumor Cells in Pediatric, Adolescent and
Young Adult Patients with Central Nervous System Tumors. Cancers 2023, 15, 3853.
[CrossRef]

173. Patel, J.; Aittaleb, R.; Doherty, R.,; Gera, A, Lau, B, Messinger, D.,Wadden, J.; Franson, A;;
Saratsis, A, Koschmann, C. Liquid biopsy in H3K27M diffuse midline glioma. Neuro-
Oncology 2024, 26, S101-S109. [CrossRef] [PubMed]

174.Qi, Y.; Sun, Q,; Deng, G.; Zhang, H.; Xu, Y.; Li, Y.; Huang, S.; Li, Y.; Ye, Z; Wang, Y.; et al. Identifying
circulating glioma cells and their clusters as diagnostic markers by a novel detection
platform. Clin. Transl. Med. 2021, 11, 318. [CrossRef]

175.Ricklefs, F.L.; Wollmann, K.; Salviano-Silva, A.; Drexler, R.; Maire, C.L.; Kaul, M.G.; Reimer, R.;
Schuller, U,; Heinemann, S.; Kolbe, K;; et al. Circulating extracellular vesicles as biomarker for
diagnosis, prognosis, and monitoring in glioblastoma patients. Neuro-Oncology 2024, 26,
1280-1291. [CrossRef] [PubMed]

Oncothermia Journal Volume 39 | September 2026

Page 193 | 100



176.Chen, E.; Ling, AL.; Reardon, D.A.; Chiocca, E.A. Lessons learned from phase 3 trials of
immunotherapy for glioblastoma: Time for longitudinal sampling? Neuro-Oncology 2024,
26, 211-225. [CrossRef] [PubMed]

177. Skaga, E.; Skretteberg, M.A.; Johannesen, T.B,; Brandal, P.; Vik-Mo, E.O.; Helseth, E.; Langmoen,
lLA. Real-world validity of randomized controlled phase Il trials in newly diagnosed
glioblastoma: To whom do the results of the trials apply? Neuro-Oncol. Adv. 2021, 3,
vdab008. [CrossRef]

178. Alomari, S.; Zhang, |.; Hernandez, A, Kraft, C.Y.; Raj, D.; Kedda, J.; Tyler, B. Drug Repurposing
for Glioblastoma and Current Advances in Drug Delivery—A Comprehensive Review of the
Literature. Biomolecules 2021, 11, 1870. [CrossRef]

179.Ntafoulis, I; Koolen, SLW.; Leenstra, S.,; Lamfers, M.L.M. Drug Repurposing, a Fast-Track
Approach to Develop EffectiveTreatments for Glioblastoma. Cancers 2022, 14, 3705.
[CrossRef]

Oncothermia Journal Volume 39 | September 2026

Page 194100



