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Abstract

Glioma, particularly glioblastoma (GBM), is characterized by a strongly immunosuppres-
sive tumor microenvironment that limits durable therapeutic responses. This review ex-
amines two interacting regulatory aspects of this microenvironment: metabolic repro-
gramming and neurotransmitter signaling co-option. Metabolic reprogramming is char-
acterized by Warburg-type aerobic glycolysis, lactate accumulation, nutrient competition,
and epigenetic lactylation, which generate an acidic and metabolically restrictive niche
that impairs cytotoxic immune populations. In parallel, neurotransmitter signaling co-op-
tion, particularly through glutamatergic and GABAergic pathways, can influence neuron-
glioma communication, microglial/macrophage phenotypes, and selected lymphocyte
functions. As direct evidence for bidirectional interactions between metabolic reprogram-
ming and neurotransmitter signaling in glioma remains incomplete, this relationship is
presented as a working neurometabolic framework rather than a fully resolved mecha-
nism. Lactate-driven immunometabolic suppression and glutamatergic neuron—glioma
signaling currently have the strongest support from glioma-specific studies, whereas
some GABAergic, serotonergic, and macrophage-metabolic mechanisms remain emerg-
ing or context-dependent. The review also considers how mechanism-guided patient
stratification, metabolically optimized immunotherapy and mechanism-based combina-
tion strategies targeting defined metabolic and neurotransmitter pathways may help re-
store antitumor immune competence within the glioma microenvironment.
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reprogramming; immunometabolism; neurotransmitter signaling; microglia; lactate;
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1. Introduction

Glioblastoma (GBM), the most common and aggressive primary malignant brain tu-
mor in adults, is characterized by a dismal prognosis driven by relentless proliferation,
diffuse infiltration, limited surgical resectability, and profound resistance to radiotherapy
and chemotherapy. The limited efficacy of tumor-centric approaches has shifted attention
toward the tumor microenvironment (TME), which is a central determinant of disease
progression and therapeutic responsiveness [1]. The GBM TME is a heterogeneous land-
scape composed of malignant cells, resident and infiltrating immune cells, glioma-associ-
ated microglia/macrophages (GAMs), myeloid-derived suppressor cells (MDSCs), regu-
latory T cells (Tregs), exhausted T-cell subsets, astrocytes, neurons, extracellular matrix
elements, and vascular barriers. A defining feature of this ecosystem is its profoundly im-
munosuppressive state; this is actively maintained by tumor-driven programs rather than
by tumor expansion.

This review focuses on two key regulatory mechanisms. The first, metabolic repro-
gramming, supports tumor growth while imposing nutrient depletion, acidosis, and me-
tabolite-driven suppression on immune cells. The second, based on endogenous neuro-
transmitter signaling and neuron-glia communication, can be recruited by gliomas arising
within neural tissue to promote malignant behavior and reshape immune function. In the
present review, these mechanisms are discussed as complementary layers of glioma im-
munobiology rather than as fully interchangeable processes. However, direct evidence for
their bidirectional interaction in glioma remains incomplete [2-5].

In the present review, direct glioma or GBM data are distinguished from mechanistic
insights derived from other tumor types or neuroinflammatory models. Accordingly, the
term GBM is used for evidence derived specifically from glioblastoma studies, whereas
glioma refers to mechanisms reported across diffuse gliomas or broader glioma datasets.
The review first defines the immune landscape, then separately examines metabolic and
neurotransmitter-associated mechanisms, and finally considers where the two may inter-
sect.

The paper proposes a neurometabolic working framework that incorporates meta-
bolic reprogramming and neurotransmitter signaling as interacting contributors to im-
mune suppression within the glioma microenvironment. This framework is intended to
support mechanistic interpretation and the development of therapeutic hypotheses, while
recognizing that direct evidence for bidirectional interactions between these pathways re-
mains incomplete.

2. Composition and Immunosuppressive Characteristics of the
Glioblastoma Immune Microenvironment
2.1. Major Cellular Components and Their Functions in the Glioma Microenvironment

The glioma microenvironment represents a highly complex ecosystem composed of
diverse cellular and non-cellular elements that collectively orchestrate tumor progression,
immune evasion, and therapeutic resistance. At its core are malignant glioma cells, which
function not merely as passive occupants but as active architects of their surrounding
niche. These cells exhibit pronounced transcriptional heterogeneity and phenotypic plas-
ticity, with distinct cellular states—including cycling, oligodendrocyte progenitor cell-like
(OPC-like), neural progenitor cell-like (NPC-like), and mesenchymal-like (MES-like) sub-
populations —identified through single-cell analyses [6]. This intrinsic heterogeneity is a
major determinant of tumor molecular identity and critically shapes the composition and
functional behavior of the surrounding microenvironment [7]. Glioma cells, particularly
glioma stem cells, display potent tumorigenic and invasive capacities that support tumor
growth and recurrence [8]. Glioma cells remodel the microenvironment through the
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secretion of signaling factors, metabolites, and extracellular vesicles (EVs). For example,
GSC-derived EVs enriched with clusterin promote macrophage polarization toward an
M2-like phenotype and contribute to temozolomide resistance [9]. Similarly, tumor-de-
rived factors such as TGF-f1 and SPP1 actively recruit and reprogram stromal and im-
mune populations within the glioma niche [6,10].

The most abundant non-neoplastic cellular component of the glioma microenviron-
ment consists of tumor-associated macrophages and microglia (TAMs). In gliomas, TAM
populations are predominantly skewed toward protumorigenic and immunosuppressive
M2-like functional states, although their phenotypic spectrum varies across molecular gli-
oma subtypes [11]. These cells promote tumor progression by secreting immunosuppres-
sive cytokines, such as IL-10 and TGF-f3; stimulating angiogenesis; and suppressing cyto-
toxic T-cell activity [12].

Recent observations have identified the presence of a distinct lipid-loaded TAM sub-
set, referred to as tumor-associated foam cells (TAFs or TAFCs). They constitute a meta-
bolically specialized protumorigenic population associated with unfavorable clinical out-
comes and enhanced immunosuppressive remodeling of the TME [13,14]. Their differen-
tiation is promoted by the scavenging of lipids carried by glioma-derived EVs. [13]. No-
tably, the responsiveness of TAMs to therapeutic strategies such as CSFIR inhibition is
strongly influenced by the genetic background of glioma, underscoring the context-de-
pendent nature of macrophage—tumor interactions [11].

Tumor-infiltrating lymphocytes (TILs), including T cells and natural killer (NK) cells,
are detectable within the glioma microenvironment but exhibit profound functional im-
pairment. T cells frequently display an exhausted phenotype characterized by elevated
expression of inhibitory receptors such as PD-1, reduced proliferative capacity, and di-
minished effector function, which is maintained by the surrounding suppressive cytokine
milieu [12,15]. Importantly, even virus-specific memory T cells residing within glioma tis-
sue may become functionally compromised [16].

The immunosuppressive landscape is supplemented by additional myeloid and lym-
phoid populations. Myeloid-derived suppressor cells (MDSCs) and regulatory T cells
(Tregs) act as central regulators of immune inhibition within the glioma niche [17]. Recent
evidence has also identified a highly suppressive neutrophil subset, disease-specific sup-
pressive granulocytes (DSSGs), originating from skull bone marrow and meninges and
correlating with glioma grade and adverse prognosis [18]. The metabolic or neurotrans-
mitter-dependent regulation of DSSGs in glioma remains poorly characterized, and
whether these cells participate in neurometabolic mechanisms of immune suppression re-
mains to be determined.

Other stromal components further contribute to microenvironmental remodeling.
Glioma-associated stromal cells (GASCs) —mesenchymal stromal-like populations func-
tionally analogous to cancer-associated fibroblasts—localize predominantly within peri-
vascular niches and promote angiogenesis, invasion, and tumor expansion [19,20]. Neu-
rons are increasingly recognized as active participants in glioma progression, where tu-
mor-induced alterations in neuronal activity contribute to pathological circuit remodeling
and seizure susceptibility while simultaneously supporting tumor growth dynamics [21].
In parallel, non-cellular components, including extracellular matrix (ECM) remodeling
and complex cytokine-chemokine signaling networks, establish a structural and biochem-
ical scaffold that regulates cellular interactions, enhances invasion, and contributes to im-
mune exclusion [22,23]. Collectively, this co-evolutionary interaction between heteroge-
neous glioma cells and diverse stromal and immune populations generates a profoundly
immunosuppressive and tumor-supportive microenvironment that represents a major ob-
stacle to effective therapeutic intervention [24,25].
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2.2. Classical and Non-Classical Mechanisms of Glioma Immunosuppression

The immunosuppressive tumor microenvironment (TME) in gliomas is established
through a coordinated interplay of classical and emerging non-classical regulatory mech-
anisms. Classical pathways include the upregulation of immune checkpoint ligands, the
secretion of inhibitory cytokines, and the recruitment of regulatory immune populations
that collectively suppress antitumor immunity. Glioblastoma cells express a broad spec-
trum of inhibitory checkpoint molecules, including PD-L1, PD-L2, and CTLA-4, which
directly impair effector T-cell and natural killer (NK) cell activity [26]. Expression of these
ligands is frequently enhanced in glioma stem-like cell populations, further reinforcing
immune escape mechanisms [26]. In parallel, glioma-derived immunosuppressive cyto-
kines such as TGF-{ and IL-10 inhibit antigen presentation, promote regulatory T-cell dif-
ferentiation, and drive polarization of myeloid populations—including TAMs and
MDSCs—toward anti-inflammatory, tumor-supportive phenotypes [27]. Additionally,
the structural and functional barrier imposed by the blood-brain barrier (BBB), together
with the infiltrative growth pattern of glioblastoma, restricts access of both therapeutic
agents and immune effector cells to tumor tissue, further limiting treatment efficacy [28].
Collectively, these classical mechanisms form a robust protective shield that contributes
substantially to the limited clinical success of immune checkpoint blockade in glioblas-
toma patients [29].

More recently, non-classical mechanisms have emerged as critical regulators of gli-
oma-associated immune suppression, reflecting the unique neurobiological context of tu-
mors arising within the central nervous system. A central component of this regulatory
layer involves active remodeling of neuronal circuitry by glioma cells, which generates
regionally specialized immunosuppressive niches. Glioblastoma regions characterized by
increased neuronal connectivity and synaptogenic activity display an enrichment of anti-
inflammatory TAM populations and depletion of pro-inflammatory immune subsets
[30,31]. This process is mediated in part by synaptogenic factors such as thrombospondin-
1 (TSP-1); genetic deletion of TSP-1 suppresses neuron—glioma synaptic signaling while
restoring antigen presentation capacity and pro-inflammatory immune activation, result-
ing in prolonged survival in immunocompetent but not immunodeficient mouse models
[30,31]. Pharmacological inhibition of glutamatergic neuronal hyperexcitability similarly
redirects TAM populations toward less immunosuppressive functional states, highlight-
ing a direct mechanistic connection between neuronal activity and immune regulation
[30].

Beyond neuronal interactions, bidirectional communication with other CNS-resident
cells—particularly astrocytes —represents an additional layer of immune modulation. Gli-
oblastoma cells can induce astrocytes to adopt immunosuppressive phenotypes through
IL-11/STAT3-dependent TRAIL expression, leading to apoptosis of infiltrating T cells [32].
Similarly, ANXA1-FPR1 signaling between astrocytes and glioma cells suppresses immu-
nogenic tumor cell death and dampens inflammatory signaling within astrocytes, thereby
establishing a protective tumor-supportive niche [33]. Recent spatial analyses in oral squa-
mous cell carcinoma further show that ANXA1-FPR signaling can organize spatially re-
stricted MDSC-mediated immune suppression, supporting the broader relevance of
ANXA1-FPR programs as cellular regulators of suppressive myeloid niches, although this
specific mechanism still requires validation in glioma [34]. Tumor-derived extracellular
vesicles (EVs) represent another potent class of non-classical mediators capable of dissem-
inating immunosuppressive signals both locally and systemically. EVs released from
IDH-mutant gliomas carry molecular cargo that reduces tumor-infiltrating lymphocyte
and dendritic cell abundance while increasing circulating monocyte populations, thereby
accelerating tumor progression [35]. Glioma-derived EVs additionally impair dendritic
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cell antigen presentation, promote polarization of TAMs and MDSCs, and reinforce T-cell
exhaustion programs within the tumor microenvironment [28,36].

Metabolic rewiring of tumor and immune compartments represents another central
non-classical axis of immune suppression. The oncometabolite R-2-hydroxyglutarate (R-
2HGQG), produced in IDH-mutant gliomas, reprograms tryptophan metabolism in infiltrat-
ing myeloid cells through activation of the aryl hydrocarbon receptor, thereby establish-
ing dynamic immunosuppressive myeloid states that limit effective T-cell responses [37].
R-2HG additionally suppresses inflammatory activation of microglia through inhibition
of the FTO/NF-kB signaling pathway [38]. Tumor-derived lactate further contributes to
immune suppression by reducing infiltration and functional activity of CD8* T cells within
the glioma microenvironment [39]. Together, these non-classical regulatory pathways—
including neuron—glioma-immune crosstalk, astrocyte reprogramming, vesicle-mediated
communication, and metabolic remodeling —constitute a coordinated network of mecha-
nisms that are increasingly recognized as central drivers of glioma-associated immune
evasion and therapeutic resistance. These cellular, stromal, metabolic and neurobiological
components define the glioma immune microenvironment as a spatially organized neu-
rometabolic immunosuppressive ecosystem (Figure 1).
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Figure 1. The glioma immune microenvironment as a neurometabolic immunosuppressive ecosys-
tem. Heterogeneous glioma cells and GSCs generate a metabolically stressed niche marked by lac-
tate accumulation, acidosis, hypoxia, EV release and nutrient depletion. These cues cooperate with
neuron-glioma signaling, astrocyte reprogramming, ECM remodeling and BBB restriction to pro-
mote suppressive TAMs/microglia, exhausted CD8* T cells, Tregs, MDSCs and impaired NK cells.
Created in BioRender. Rozpedek-Kamiriska, W. (2026) https://BioRender.com/wjiutpa, accessed on
28 June 2026.
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3. Metabolic Reprogramming of Glioma Cells: Shaping an
Immunosuppressive Metabolic Microenvironment
3.1. Warburg Effect and Lactate-Mediated Acidosis

Glioma cells, like many malignant cell types, undergo profound metabolic repro-
gramming characterized by preferential reliance on glycolysis for energy production even
in the presence of sufficient oxygen, a phenomenon known as the Warburg effect or aero-
bic glycolysis [40]. This metabolic adaptation is driven by oncogenic signaling networks
and results in inefficient ATP generation accompanied by sustained lactate production, in
contrast to the oxidative phosphorylation predominantly utilized by surrounding neu-
ronal tissue [41]. Importantly, glycolytic rewiring in glioma cells supports not only bioen-
ergetic requirements but also anabolic demands by supplying metabolic intermediates
necessary for nucleotide, lipid, and amino acid biosynthesis required for rapid prolifera-
tion [42]. This metabolic phenotype represents a defining feature of gliomas, including
glioblastoma (GBM), and can be directly visualized using advanced metabolic imaging
approaches. For example, dynamic oxygen-17 MRI has demonstrated a reduced cerebral
metabolic rate of oxygen (CMRO:) within glioma regions relative to normal brain tissue,
providing in vivo evidence of glycolytic metabolic dominance [43]. Similarly, hyperpolar-
ized 13C MRI using tracers such as [1-C]pyruvate enables real-time detection of en-
hanced pyruvate-to-lactate conversion in high-grade gliomas, correlating with tumor ag-
gressiveness and spatial metabolic heterogeneity [44]. At the molecular level, this meta-
bolic shift is supported by regulators including pyruvate kinase M2 (PKM2), whose ex-
pression promotes glycolytic flux and represents a potential therapeutic target [45]. In ad-
dition, Galectin-1 (Gal-1) reinforces the Warburg phenotype in glioma stem cells, and its
depletion partially restores oxidative metabolism while reducing lactate accumulation
[46]. Collectively, these observations identify aerobic glycolysis as a central metabolic ad-
aptation sustaining glioma growth and shaping the surrounding immune microenviron-
ment.

Enhanced glycolytic flux results in excessive extracellular lactate accumulation me-
diated by monocarboxylate transporters such as MCT1 and MCT4 [47]. This lactate efflux
leads to progressive acidification of the tumor microenvironment (TME), generating a
condition commonly referred to as lactic acidosis [3]. Acidification of the glioma niche
functions as a potent immunosuppressive barrier by directly impairing cytotoxic immune
cell activity. Reduced extracellular pH inhibits proliferation, migratory capacity, and ef-
fector function of cytotoxic T lymphocytes and natural killer (NK) cells, thereby attenuat-
ing antitumor immune responses [48,49]. Acidic conditions further disrupt immune syn-
apse formation between tumor and immune cells, driving tumor-infiltrating lymphocytes
toward functionally inactive or anergic states [50]. In parallel, extracellular acidosis pro-
motes the differentiation and suppressive activity of regulatory T cells (Tregs), reinforcing
immune tolerance within the glioma microenvironment [51]. Notably, transient exposure
to acidic conditions can induce durable metabolic reprogramming in Tregs, sustaining
their suppressive phenotype even after removal from the acidic niche [52]. These findings
indicate that lactate-driven acidification represents an active regulatory mechanism of im-
mune evasion rather than a passive metabolic by-product. Consistently, studies in lung
cancer models demonstrate that enzymes promoting lactate export and extracellular acid-
ification, including TMPRSS11B, generate macrophage-enriched immunosuppressive mi-
croenvironments dominated by M2-like populations, further supporting the mechanistic
link between lactate-dependent acidosis and immune suppression [53]. Thus, extracellu-
lar acidification constitutes a core metabolic strategy through which gliomas neutralize
antitumor immune surveillance.

https://doi.org/10.3390/biom16070956



Biomolecules 2026, 16, 956

7 of 35

Beyond its role in extracellular acidification, lactate functions as a signaling metabo-
lite capable of directly reprogramming immune cell phenotypes within the tumor micro-
environment. Lactate signaling occurs in part through receptors such as the G-protein-
coupled receptor GPR81 [54], contributing to polarization of tumor-associated macro-
phages toward anti-inflammatory and tumor-supportive M2-like states [55]. These mac-
rophage populations promote angiogenesis, extracellular matrix remodeling, and the sup-
pression of adaptive immune responses. Lactate-dependent environmental acidification
additionally alters macrophage circadian regulation, further contributing to the functional
dysregulation of tumor-associated macrophages within glioma tissue [56]. Importantly,
lactate also mediates epigenetic regulation through histone lactylation, a post-transla-
tional modification linking metabolic flux directly to transcriptional control [40]. In glio-
mas, histone lactylation at residues including H3K18 and H4K8 promotes expression of
oncogenic programs associated with proliferation, radioresistance, and cytoprotective au-
tophagy [57,58]. For example, lactylation of histone H4 at lysine 8 (H4K8la) activates tran-
scription of the autophagy regulator NUPR1, enhancing glioma cell survival under stress
conditions [58]. This lactate-driven metabolic—epigenetic regulatory axis integrates extra-
cellular acidification with transcriptional reprogramming of both tumor and immune
compartments toward immunosuppressive states [3]. Accordingly, therapeutic strategies
targeting lactate production, transport, receptor signaling, or downstream lactylation
pathways have emerged as promising approaches for restoring immune competence
within the glioma microenvironment and improving responses to immunotherapy

[59,60].

3.2. Nutrient Competition and Immune Cell Functional Exhaustion

The immunosuppressive tumor microenvironment (TME) in glioma is strongly
shaped by intense metabolic competition between tumor cells and infiltrating immune
populations for essential nutrients required to sustain cellular activation and effector func-
tion. A central component of this competition involves the preferential uptake of glucose
by glioma cells, which maintain elevated glycolytic flux even under normoxic conditions.
This metabolic dominance generates a state of severe glucose deprivation within the tu-
mor niche [61]. Effector T cells depend critically on glycolytic metabolism to support acti-
vation, clonal expansion, cytokine production (including IFN-y secretion), and cytotoxic
granule release containing perforin and granzymes [62]. Consequently, glucose restriction
within the glioma microenvironment induces metabolic stress in infiltrating T cells, lead-
ing to impaired proliferation, reduced cytokine production, and diminished cytotoxic ca-
pacity [63]. This resource competition, therefore, represents an active immune evasion
strategy rather than a passive consequence of tumor growth, reflecting direct metabolic
antagonism between proliferating tumor cells and antitumor immune populations [64].

Competition for amino acids constitutes an additional layer of metabolic immune
suppression. A key regulatory pathway involves upregulation of indoleamine-2,3-dioxy-
genase 1 (IDO1), which catalyzes tryptophan catabolism [65]. However, tryptophan 2,3-
dioxygenase 2 (TDO2) is also independently expressed in GBM and may constitute a
mechanistically distinct source of kynurenine production and immunosuppressive signal-
ing [66]. Depletion of extracellular tryptophan activates stress-response pathways such as
GCN2 kinase signaling in T cells, thereby inhibiting proliferation and effector differentia-
tion [65]. Simultaneously, the accumulation of downstream metabolites such as
kynurenine (KYN) promotes apoptosis of effector T cells and enhances the expansion of
regulatory T cells (Tregs), further reinforcing immune tolerance [61]. This coordinated
mechanism —combining nutrient depletion with production of immunoregulatory metab-
olites—establishes a potent tryptophan-dependent immunosuppressive axis within the
glioma microenvironment [67].
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Glioma-associated metabolic competition extends beyond tryptophan to additional
amino acid pathways. Enhanced glutamine consumption by tumor cells restricts the met-
abolic flexibility of immune populations, including dendritic cells and macrophages,
whose activation states depend on glutaminolysis-dependent signaling pathways [68].
Similarly, dysregulated arginine metabolism contributes to immune suppression through
elevated expression of arginase-1 (ARG1) in both glioma cells and tumor-associated my-
eloid populations, resulting in depletion of L-arginine required for T-cell and natural killer
(NK) cell proliferation and cytotoxic function [69]. Together, these coordinated metabolic
constraints generate a nutrient-restricted microenvironment that drives functional ex-
haustion and anergy in effector immune populations. This metabolically hostile niche rep-
resents a major obstacle to immunotherapeutic efficacy and highlights the importance of
strategies aimed at restoring the metabolic fitness of immune cells within the glioma TME
[70,71]. The major mechanisms by which glioma metabolic reprogramming generates an
acidic, nutrient-restricted and epigenetically suppressive immune niche are summarized
in Figure 2.
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Figure 2. Metabolic reprogramming generates an acidic, nutrient-restricted and epigenetically sup-
pressive glioma niche. Warburg-like glycolysis and MCT1/MCT4-mediated lactate export drive ac-
idosis, while competition for glucose, tryptophan, arginine, glutamine and methionine limits cyto-
toxic immune function. Lactate signaling and histone lactylation further promote suppressive
TAM/microglial programs and glioma immune evasion. Created in BioRender. Rozpedek-Ka-
minska, W. (2026) https://BioRender.com/wijiutpa, accessed on 28 June 2026.
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4. Co-Option of Neurotransmitter Signaling Networks: Glioma Exploits
the Brain’s Chemical Language

4.1. Abnormal Activation and Co-Option of the Glutamate Signaling Pathway

Glioma cells actively manipulate the brain’s excitatory neurotransmitter system
through the overexpression of glutamate transport machinery, most notably the cystine-
glutamate antiporter xCT (SLC7A11), which constitutes the catalytic subunit of system Xc-
[72]. This dysregulation drives excessive glutamate efflux into the extracellular tumor mi-
croenvironment (TME) [73]. The resulting accumulation of extracellular glutamate is a de-
fining feature of the glioma niche and exerts multiple protumorigenic effects [74]. Im-
portantly, glutamate release is not a passive metabolic consequence but a tightly regulated
component of glioma biology. Loss of the transcriptional repressor Capicua (CIC), which
is frequently mutated in oligodendrogliomas, increases xCT/SLC7A11 expression and fur-
ther elevates extracellular glutamate levels [73]. Conversely, the tumor suppressor p53
functions as a negative transcriptional regulator of SLC7A1l, and its loss or mutation,
common in glioblastoma, promotes increased XCT expression and glutamate release [75].
Together, these alterations establish a dysregulated glutamatergic feed-forward circuit
that supports glioma progression.

Within the TME, elevated glutamate acts in both autocrine and paracrine modes
through the activation of ionotropic glutamate receptors, including AMPA and NMDA
receptors, expressed on glioma cells themselves [76]. Activation of these receptors, partic-
ularly AMPA receptors (AMPARSs), critically supports tumor proliferation, invasion, and
survival [77]. This signaling frequently occurs through neuron-to-glioma synaptic struc-
tures, in which presynaptic neurons release glutamate onto postsynaptic-like domains on
glioma cells, thereby forming functional “neurogliomal synapses” [76,78]. The resulting
membrane depolarization and calcium influx activate downstream oncogenic signaling
pathways involving Src kinase, PDGFRa, and the RAS/ERK cascade, which directly pro-
mote tumor growth [79]. This mode of synaptic communication effectively integrates gli-
oma cells into existing neural circuitry, enabling them to exploit activity-dependent neu-
ronal signaling for malignant advantage [80]. The biological significance of this pathway
is underscored by observations linking high functional connectivity within gliomas to re-
duced patient survival [76].

Beyond its direct effects on tumor cells, excessive glutamate exerts marked exci-
totoxic effects on the surrounding neural tissue [72]. This excitotoxicity contributes to neu-
rodegeneration, neuronal loss, and local tissue disruption, thereby creating physical and
functional conditions favorable for tumor expansion [76]. Moreover, the resulting disturb-
ance of the excitatory—inhibitory balance promotes a hyperexcitable microenvironment,
which is strongly associated with the high prevalence of tumor-associated epilepsy
[81,82]. Peritumoral hyperexcitability and seizure susceptibility arise from complex host-
tumor interactions that include loss of inhibitory interneurons and reactive alterations in
glial populations [83]. Glutamatergic signaling also modulates the broader tumor micro-
environment by acting on non-neoplastic cellular compartments. Microglia and macro-
phages express metabotropic glutamate receptors (mGluRs), and glutamate stimulation
can reshape their inflammatory phenotype [84]. In particular, excessive extracellular glu-
tamate promotes polarization of tumor-associated macrophages toward anti-inflamma-
tory, protumorigenic states, thereby reinforcing immune suppression [74]. Taken to-
gether, this multifaceted co-option of glutamatergic signaling—simultaneously driving
tumor growth, remodeling neuronal function, and reprogramming immune responses—
defines a central and therapeutically actionable axis of glioma biology [85,86].

https://doi.org/10.3390/biom16070956



Biomolecules 2026, 16, 956

10 of 35

4.2. Role of GABAergic Signaling in the Glioma Immune Microenvironment

Gamma-aminobutyric acid (GABA), the principal inhibitory neurotransmitter of the
brain, exerts a multifaceted role within the glioma immune microenvironment that ex-
tends well beyond neuronal signaling to directly influence tumor behavior and immune
escape. Glioma cells actively participate in shaping the local GABAergic milieu. They are
capable of synthesizing and secreting GABA or modulating its availability through the
uptake of precursor substrates, thereby influencing the concentration of this key signaling
molecule within the tumor niche [87]. This active remodeling of the neurotransmitter en-
vironment represents an important component of the broader neural-immune-tumor
axis. Multi-omics analyses of adult gliomas derived from The Cancer Genome Atlas
(TCGA) have identified tumor subgroups defined by neurotransmitter-related gene ex-
pression signatures, underscoring the functional relevance of neurotransmitter signaling
pathways, including GABAergic signaling, in glioma biology [88]. Aberrant expression of
GABA system components is not merely an epiphenomenon but is closely linked to ma-
lignant progression. For example, the GABA-A receptor 1 subunit (GABRP) is frequently
overexpressed in gliomas and other cancers, and elevated expression correlates with
poorer patient prognosis, suggesting a direct contribution to tumor aggressiveness [89].
Functionally, GABA signaling promotes glioma cell proliferation. Studies using GABRP
knockdown in U87 and U251 glioma cell lines demonstrated marked suppression of pro-
liferation and migration, implicating GABA-A receptor-mediated signaling, potentially
through PI3K/AKT-associated pathways, in maintenance of tumor growth [89]. This au-
tocrine and paracrine loop enables glioma cells not only to respond to a GABA-enriched
niche but also to actively sustain it.

The immunomodulatory consequences of GABAergic signaling are substantial and
represent a major mechanism by which gliomas consolidate an immunosuppressive tu-
mor microenvironment (TME). GABA exerts inhibitory effects on immune cell function
primarily through GABA-A and GABA-B receptors expressed on multiple immune pop-
ulations. In T cells, GABA signaling suppresses cytotoxic effector function, and this inhi-
bition can be partially reversed by pharmacological blockade, as illustrated by amentofla-
vone, which partially counteracts GABA-mediated T-cell suppression through modula-
tion of GABA-A receptor-associated signaling in preclinical models [89]. Beyond adaptive
immunity, GABAergic signaling critically influences innate immune populations, partic-
ularly macrophages, promoting their polarization toward anti-inflammatory, M2-like tu-
mor-supportive phenotypes. Bioinformatic analyses consistently demonstrate that ele-
vated expression of GABA-related genes, including GABRP, is associated with increased
infiltration of immunosuppressive cell populations within the TME, including regulatory
T cells (Tregs) and M2 macrophages [89]. This coordinated recruitment and polarization
establishes a robust barrier to effective antitumor immunity. Additional support for the
link between neurotransmitter signaling and immune architecture derives from TCGA-
based analyses demonstrating significant differences in inflammatory microenvironmen-
tal composition among neurotransmission-defined glioma subgroups, with selected cate-
gories exhibiting altered representation of M2 macrophage populations [88].

The cellular origins of these immunosuppressive signals are likely heterogeneous.
For instance, translocator protein (TSPO) expression in glioblastoma identifies aggressive
mesenchymal-like tumor populations associated with increased infiltration of tumor-as-
sociated macrophages, which serve as major executors of immunosuppressive programs
potentially influenced by GABAergic cues [90]. Moreover, observations from neuroin-
flammatory disorders such as antibody-associated autoimmune encephalitis, in which
GABA receptors are directly targeted, highlight the broader importance of astrocytes and
microglia in neuroimmune communication [91]. Although glioma cells may represent the
dominant source of GABA-related immunoregulatory signaling in the tumor setting,
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reactive astrogliosis and microglial activation are pervasive features of glioma pathology,
and direct GABA-mediated effects on these glial compartments likely further reinforce
the suppressive microenvironment. Thus, glioma cells exploit the endogenous GABAer-
gic system to achieve a dual outcome: direct support of tumor proliferation and simulta-
neous suppression of antitumor immunity through inhibition of cytotoxic T cells and pro-
motion of macrophage polarization toward M2-like states. This coordinated action posi-
tions GABAergic signaling as a central regulatory pillar of the immunosuppressive glioma
microenvironment and a compelling therapeutic target for strategies aimed at restoring
immune competence [87,89]. These glutamatergic and GABAergic mechanisms together
illustrate how glioma cells co-opt the brain’s neurochemical language to coordinate tumor
growth, neural remodeling and immune suppression (Figure 3).
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Figure 3. Glioma co-opts glutamatergic and GABAergic signaling to reshape tumor-neuron-im-
mune communication. XCT/SLC7Al1l-mediated glutamate export and neuron—glioma synapses ac-
tivate AMPAR/NMDAR-dependent pathways that support proliferation, invasion and neural hy-
perexcitability. GABAergic signaling suppresses CD8* T-cell activity and promotes M2-like TAM
polarization, linking neurochemical remodeling to immune escape. Created in BioRender.
Rozpedek-Kaminska, W. (2026) https://BioRender.com/wjiutpa, accessed on 28 June 2026.

5. Crosstalk Between Metabolites and Neurotransmitters: A Working
Model and Evidence Gaps

5.1. Interaction Between Lactate and Neurotransmitter Systems

Direct mechanistic evidence that lactate and neurotransmitter pathways bidirection-
ally regulate one another in glioma remains limited. Current support is best viewed in
three tiers. First, glioma tissues and experimental glioma models show measurable alter-
ations in lactate, glutamate, glutamine, and GABA pools, indicating that tumor metabo-
lism and neurotransmitter-associated pathways are spatially and biochemically connected
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[92-95]. Second, astrocytes provide a plausible mechanistic bridge because they regulate
glutamate—glutamine cycling and are sensitive to metabolic stress, acidosis, and glioma-
derived factors. Third, both lactate-rich metabolic niches and abnormal neurotransmitter
signaling can affect immune cell function, particularly myeloid polarization and T-cell fit-
ness. These observations support a testable model of neurometabolic coupling, but they
do not yet prove a fully reciprocal regulatory circuit in human glioma.

Lactate may influence neurotransmitter availability through proton-coupled mono-
carboxylate transport, intracellular pH changes, and altered astrocytic metabolism. MRS-
based studies in glioma patients and glioma-bearing animals provide evidence of altered
lactate and neurotransmitter-related metabolites, while multi-omics analyses identify per-
turbations in alanine, aspartate, and glutamate metabolism [92-95]. These data are valua-
ble for mapping metabolic-neurochemical association, but they are largely correlative.
Therefore, statements regarding lactate-driven changes in glutamate or GABA homeosta-
sis should be interpreted as mechanistic hypotheses requiring direct testing using cell-
type-resolved and spatially controlled models [96].

Within this cautious framework, tumor-derived lactate, acidosis, and nutrient com-
petition may disturb neurotransmitter balance, while altered glutamate and GABA sig-
naling may secondarily influence tumor and immune cell metabolism. The strongest gli-
oma-specific evidence currently links glutamate release and neuron-glioma synaptic ac-
tivity to tumor growth, neural hyperexcitability, and immune remodeling. By contrast,
the extent to which lactate directly regulates neurotransmitter synthesis or clearance in
glioma-associated astrocytes, microglia, or immune infiltrates remains insufficiently de-
fined. Thus, this section proposes an integrated model of metabolic-neurotransmitter in-
teraction while explicitly recognizing that direct bidirectional co-regulation remains an
emerging area rather than an established conclusion [92,93,96].

5.2. Regulation of Immune Cell Metabolism by Neurotransmitters

Neurotransmitter signaling can influence immune cell metabolism, but the strength
of evidence varies by neurotransmitter, cell type, and tumor context. GABA provides an
instructive example. Experimental work outside glioma shows that GABA can reshape
macrophage metabolism, inflammasome activity, and polarization through pathways in-
volving succinate-FAD-LSD1 signaling, OXPHOS, and methylation-linked metabolic reg-
ulation [97,98]. In cancer models, tumor-derived GABA or GABA-related metabolites can
suppress CD8* T-cell activation and support immune evasion [99-101]. These studies es-
tablish biological plausibility, but they should not be interpreted as direct proof that iden-
tical GABA-macrophage mechanisms operate in glioma.

Glutamate and serotonin illustrate a similar principle. Glutamate availability is
closely linked to glutamine metabolism and receptor-mediated calcium signaling, and gli-
oma datasets suggest associations between amino acid transporters and immune infiltra-
tion [102]. Serotonin-dependent GAPDH serotonylation in CD8* T cells promotes a glyco-
lytic shift that supports antitumor immunity [103], and serotonergic signaling can modu-
late macrophages, dendritic cells, and PD-L1 expression in other tumor contexts [104].
However, the relevance of GAPDH serotonylation to the glioma TME remains unproven.
We therefore cite this mechanism as an example of how neurotransmitter-derived metab-
olites can regulate immune metabolism, not as a glioma-validated pathway [99].

The most direct glioma-relevant anchor for neurotransmitter-mediated immunome-
tabolism is the sex-specific role of GABA receptor B (GABBR) signaling in female granu-
locytic MDSCs, where enhanced L-arginine metabolism and nitric oxide synthase 2
(NOS2) expression promote GBM growth in an immune-dependent manner [105]. This
observation connects neurotransmitter signaling, immune cell metabolism, and glioma
progression more directly than many adjacent models and suggests that sex and myeloid
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subtype may be important variables in future therapeutic stratification. Systems-level
analyses of chronic psychological stress and oncogenesis also support the broader concept
that neural and neuroendocrine states can modulate tumor immunity and metabolism,
although these data are not glioma-specific [106]. Overall, neurotransmitter-dependent
regulation is best interpreted as an emerging layer of the glioma immune microenviron-
ment, with strong rationale but uneven mechanistic validation across pathways (Figure 4)
[107-109].
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Figure 4. Metabolite-neurotransmitter crosstalk shapes glioma-associated immunosuppression.
Glioma metabolic stress, including lactate accumulation, acidosis and nutrient competition, cooper-
ates with neurotransmitter signaling co-option to reshape the immune microenvironment. Glutama-
tergic neuron—glioma signaling and xCT/SLC7A11-mediated glutamate export support tumor
growth and neural hyperexcitability, whereas GABA-associated and GABBR-gMDSC/NOS2 path-
ways may contribute to immune metabolic suppression in a context-dependent manner. Astrocytes
may serve as an intermediate buffering interface linking metabolic stress to neurochemical imbal-
ance. Solid, dashed and dotted arrows indicate glioma-supported, emerging and hypothesis-gener-
ating mechanisms, respectively. Created in BioRender. Rozpedek-Kaminska, W. (2026) https://Bio-

Render.com/wijiutpa, accessed on 28 June 2026.

6. Microglia and Macrophages at the Metabolic-Neural Interface
6.1. Metabolic Constraints on TAM/Microglial Phenotypes

The metabolic state of tumor-associated macrophages/microglia (TAMs) within the
glioma microenvironment is tightly linked to their functional phenotype. Because lactate-
driven acidosis and nutrient competition were discussed above, this section focuses on
how myeloid cells adapt metabolically once they enter the glioma niche. TAMs integrate
hypoxia, glucose restriction, amino acid availability, and lipid-rich signals through
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coordinated changes in glycolysis, oxidative phosphorylation (OXPHQOS), fatty acid oxi-
dation (FAQO), the tricarboxylic acid cycle, and autophagy [110-112]. Comparable neuroin-
flammatory settings, such as post-stroke inflammation, also show that microglia/macro-
phage polarization is coupled to temporal changes in glycolysis, lactate handling, mito-
chondrial metabolism, and inflammatory resolution, providing a useful energy-metabo-
lism framework while remaining disease-context distinct from glioma [113-115].

In glioma, these metabolic adaptations help TAMs survive in hypoxic and nutrient-
poor regions and maintain angiogenic, immunosuppressive, and therapy-resistant func-
tions [110,112]. Tumor-derived metabolites such as lactate and kynurenine can act as in-
structive signals, but their effects should be interpreted in a spatial and cell-state-specific
manner rather than as a uniform M2 switch. For example, tryptophan catabolism may
simultaneously affect tumor cells, myeloid cells, and T cells through kynurenine-AhR sig-
naling, whereas lipid uptake can generate metabolically specialized foam-like TAM states.
Thus, TAM metabolism represents a convergence point through which the tumor niche
translates metabolic stress into suppressive myeloid function [115-117].

The key unresolved issue for the dual-axis model is how these metabolic programs
are modified by neural activity and neurotransmitter exposure in glioma. Current evi-
dence indicates that myeloid phenotypes vary across spatial niches and can be influenced
by neuron-glioma signaling, but direct mapping of neurotransmitter cues onto TAM mi-
tochondrial state, FAO, or amino acid metabolism remains incomplete. Future studies
combining spatial metabolomics, single-cell myeloid profiling, and neural-activity map-
ping will be necessary to determine whether neural cues actively instruct TAM metabo-
lism or mainly act in parallel with metabolic stress.

6.2. Neurotransmitter Signaling and Myeloid Immune Regulation

Microglia and macrophages express neurotransmitter receptors and can respond to
neural cues within the glioma microenvironment. Evidence most directly relevant to gli-
oma indicates that neuron—glioma signaling and glutamatergic activity can shape regional
immune states, including TAM phenotypes and antigen presentation capacity [30,31].
These observations support a neural contribution to myeloid regulation, but the molecular
pathways linking neurotransmitter exposure to specific metabolic programs in glioma-
associated TAMs remain only partly defined [88,118].

GABAergic mechanisms are particularly important to discuss with caution. Tumor-
derived GABA has been shown in non-glioma tumor models to act on macrophages and
promote M2-associated markers such as Argl and IL-10 [118]. GAD1 expression and
GABA-related pathways are also observed in glioma datasets [88], and GABBR signaling
in female gMDSCs provides a glioma-relevant example of neurotransmitter-linked mye-
loid metabolism [105]. Nevertheless, the conclusion that GABA directly drives macro-
phage polarization in glioma remains inferential and requires direct validation in glioma
microglia/macrophage systems [104,119-121].

Other neurotransmitter systems may also influence myeloid cells. Glutamate signal-
ing through metabotropic receptors can suppress inflammatory activation in microglia,
whereas NMDAR activation on tumor-associated macrophages may enhance calcium in-
flux, reactive oxygen species production, and immunosuppressive activity [119,122]. Do-
paminergic, serotonergic, and glycinergic pathways provide additional examples of neu-
rotransmitter-dependent myeloid regulation, but most supporting data come from non-
glioma or broader inflammatory settings [104,120,121]. Accordingly, neurotransmitter re-
ceptor targeting should be presented as a promising but still early-stage strategy for my-
eloid reprogramming in glioma rather than as a clinically established approach.
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7. Dual Inhibitory Mechanisms on Effector T-Cell Function
7.1. Metabolic Deprivation and Dysfunction

Effector T cells within the glioma microenvironment are exposed to intense competi-
tion for critical nutrients, including glucose and selected amino acids, resulting in a pro-
found inability to sustain effective glycolysis and oxidative metabolism. This bioenergetic
crisis culminates in functional impairment and, in some settings, apoptotic loss. The
highly glycolytic phenotype of glioma cells, driven in part by factors such as hypoxia-
inducible factor 1a (HIF-1a), generates a nutrient-depleted and acidic tumor microenvi-
ronment (TME) [123]. This metabolic niche is further characterized by the accumulation
of by-products such as lactic acid, which amplifies local immune suppression [124]. Gli-
oma cells and glioma stem cells (GSCs) also display marked metabolic flexibility, allowing
them to persist under glucose-restricted conditions by using alternative carbon sources
such as lactate and acetate, thereby maintaining their aggressive phenotype [125]. This
metabolic adaptability supports tumor survival while simultaneously intensifying the
hostile conditions encountered by infiltrating immune cells. More broadly, the glioma
TME is recognized as a metabolically disadvantaged compartment in which impaired vas-
cular exchange and sustained tumor cell metabolism drive hypoxia, nutrient depletion,
and waste product accumulation [126]. This hostile biochemical landscape imposes sub-
stantial constraints on tumor-infiltrating lymphocytes (TILs), including CD8* T cells. Di-
rect competition for metabolic substrates such as glucose renders T cells dysfunctional or
exhausted, as tumor cells generally outcompete them for these shared resources [63]. Nu-
trient depletion, particularly involving glucose as well as amino acids such as arginine
and methionine, therefore represents a central mechanism by which the glioma TME sup-
presses antitumor immunity [127]. For example, glioma cells exhibit dominant methionine
metabolism, which is associated with a more immunosuppressive microenvironment, in-
cluding an increased infiltration of M2-type macrophages [128]. Likewise, arginine meta-
bolic reprogramming in glioma cells reduces arginine availability in the TME and thereby
suppresses T-cell proliferation, activation, and effector function [129]. Importantly, this
metabolic competition extends beyond passive starvation, as tumor-derived factors and
metabolic enzymes also reshape the surrounding chemokine and cytokine milieu, further
weakening recruitment and functionality of cytotoxic T lymphocytes and natural killer
cells while favoring accumulation of immunosuppressive populations [130].

The acidic environment generated by glycolytic tumor metabolism imposes an addi-
tional layer of T-cell dysfunction. Acidosis suppresses T-cell receptor (TCR) signaling and
inhibits mTORCT activity, a central regulator of T-cell activation, proliferation, and differ-
entiation [131]. As a direct consequence of enhanced glycolysis and lactate secretion, the
acidic TME also remodels the extracellular matrix and generates metabolic gradients that
may support metabolic cooperation among tumor cell populations while remaining det-
rimental to immune cell fitness [123]. Lactic acid itself acts as a potent immunosuppressive
metabolite. In addition to driving extracellular acidification, lactate directly inhibits cyto-
lytic activity and cytokine production, including IFN-y and TNF-a secretion, in CD8* T
cells [124]. Lactate accumulation may also support expansion and functional activity of
regulatory T cells (Tregs), thereby reinforcing suppression of effector immunity [130]. This
multilayered metabolic inhibition extends beyond T cells. Dendritic cell (DC) function is
also impaired in the glioma TME, while glioma-derived exosomes with reduced MHC-I
expression contribute to CD8* T-cell dysfunction and systemic immune escape [132,133].
Persistent metabolic stress additionally drives epigenetic remodeling in T cells. Prolonged
exposure to nutrient-poor and metabolically restrictive conditions can result in loss of his-
tone methyltransferase EZH2 in tumor-infiltrating lymphocytes, leading to mitochondrial
dysfunction and establishment of an exhausted phenotype [134]. In this setting, metabolic
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exhaustion serves as a precursor to stable functional exhaustion marked by increased ex-
pression of inhibitory receptors such as PD-1. The close relationship between metabolic
rewiring and immune checkpoint regulation further reinforces this suppressive state, as
metabolic alterations can regulate checkpoint expression in both tumor and immune com-
partments [135]. Thus, metabolic deprivation imposed by glioma cells—through nutrient
sequestration, extracellular acidification, and production of inhibitory metabolites such as
lactate —constitutes a central driver of effector T-cell dysfunction, energetic collapse, and
broader immune suppression, representing a major barrier to successful immunotherapy
[136,137].

7.2. Direct Immunomodulation by Neurotransmitter Signaling

Infiltrating T cells within brain tumors can be exposed to neurotransmitter-rich mi-
croenvironments that influence antitumor activity. As noted above, GABA receptor sig-
naling may suppress CD8* T-cell proliferation and cytotoxicity, but direct glioma-specific
validation remains limited [87]. The glutamatergic axis is better supported in glioma mod-
els: pharmacological reduction in intratumoral glutamate with BHV-4157 decreases glu-
tamate levels, increases CD4* T-cell infiltration, reduces Foxp3+ regulatory T cells, and
synergizes with anti-PD-1 therapy; this benefit is lost after the depletion of CD4* or CD8*
T cells, confirming a T-cell-dependent component [138]. System-level modeling also iden-
tifies glutamate uptake inhibition in T cells as a potential strategy to counter glioma-asso-
ciated metabolic suppression [139]. These findings indicate that neurotransmitter signal-
ing can constrain effector immunity, although the degree of direct versus indirect action
on T cells remains pathway-specific [140,141].

Consequently, effector T cells within gliomas are subjected to a dual inhibitory pres-
sure: metabolic deprivation, which imposes nutrient starvation, and neurotransmitter-
mediated suppression, which functionally restrains or paralyzes immune activity
[87,138,139]. This convergence of starvation and signaling-dependent inhibition pro-
foundly weakens the adaptive immune response and likely contributes to the character-
istic resistance of gliomas to immunotherapeutic intervention. Collectively, these meta-
bolic and neurotransmitter-dependent regulatory mechanisms converge to suppress ef-
fector immune responses within the glioma microenvironment, as summarized in Table
1.

Table 1. Metabolic and neurotransmitter-associated mechanisms of immunosuppression in the gli-

oma tumor microenvironment: mechanisms, functional effects, and evidence context.

Tumor-Associated Target Im-

Axis Mechanism Functional Outcome Evidence/Model Context References
Factor/Process mune Cells
Lactate metab- Inhibition of mTORC1 Redgced IFNy pro- Glioma-specific evidence and ex-
. Lactate CD8* T cells . duction and cytotoxi- . [123,130]
olism signaling perimental T-cell models

city

Glycolytic shift Acidic TME

Experimental acidic TME and im-
Functional exhaustion mune cell models, with supporting [123,126,130]
glioma-related evidence

Effector T Suppression of TCR sig-
cells naling

Methionine Methionine deple-

metabolism tion

Experimental T-cell metabolic mod-
els and glioma-associated metabolic[128]
evidence

Epigenetic restriction of Reduced proliferation

T cells R o
activation programs and activation

Arginine me-
tabolism

Arginine depletion T cells

Impaired metabolic fit- Reduced expansion  Glioma-related studies and experi-

ness and effector function mental immune cell models [69,129,142]

Lactate signal- Lactate accumula-

ing tion

Experimental Treg and tumor mi-
croenvironment models, including [51,52]
acidic TME studies

Promotion of a regula-  Increased immuno-

Tregs .
tory phenotype suppression

Glutamate sig- Extracellular gluta- CD4* and Disruption of metabolic

naling mate

Reduced immune cell . .
. . . Glioma datasets and experimental
infiltration and anti-

CD8* T cells homeostasis glioma-associated immune models
tumor responses

[137]

https://doi.org/10.3390/biom16070956



Biomolecules 2026, 16, 956

17 of 35

GABA signal-
ing

GABA

Primarily non-glioma tumor and
Receptor-mediated im- Reduced proliferation experimental immune cell models;
mune suppression and effector activity ~ direct glioma validation remains
limited

CD8* T cells [99-101,105]

Dopamine sig- e 1y activation
naling

Enhanced immuno-  Experimental macrophage and tu-
suppressive pheno-  mor models; glioma-specific evi-  [120,141]
type dence remains context-dependent

PD-L1 upregulation and

M h
acrophiages polarization shift

8. Therapeutic Implications and Future Perspectives:
Mechanism-Guided Targeting of Metabolic and Neurotransmitter Axes

8.1. Therapeutic Strategies Targeting Metabolic Reprogramming

Targeting the metabolic reprogramming intrinsic to gliomas represents a major ther-
apeutic frontier aimed at dismantling the immunosuppressive tumor microenvironment
(TME) and restoring antitumor immunity. A central strategy focuses on the inhibition of
key enzymes and transporters involved in the Warburg phenotype, which is characterized
by excessive glycolysis and sustained lactate production. Small-molecule inhibitors di-
rected against lactate dehydrogenase A (LDHA) or monocarboxylate transporters
(MCTs), including the MCT1 inhibitor AZD3965, are currently under clinical investigation
[3]. The therapeutic rationale is to reverse the profound extracellular acidification caused
by lactate efflux, which impairs cytotoxic T-cell function and promotes polarization of tu-
mor-associated macrophages and microglia (TAMs) toward an immunosuppressive M2-
like phenotype [3]. By limiting lactate export, these agents aim to alleviate microenviron-
mental acidosis and restore the metabolic fitness and effector capacity of infiltrating im-
mune cells.

Additional glycolytic nodes also represent attractive targets. Inhibition of phos-
phofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3), for example, with PFK15, has
shown promising activity in preclinical diffuse midline glioma models by inducing apop-
tosis and cell-cycle arrest [143]. Beyond glycolysis, therapeutic efforts also target amino
acid metabolic pathways that simultaneously support tumor growth and deprive immune
cells of essential substrates. The inhibition of IDO1 and TDO2 seeks to reduce tryptophan
depletion and kynurenine accumulation, thereby attenuating the suppressive pathways
restraining T-cell activity [66,144]. Similarly, targeting glutaminolysis with glutaminase
inhibitors such as CB-839 aims to disrupt a key anaplerotic dependency in glutamine-re-
liant glioma subtypes and has already been explored in combinatorial settings [145,146].

Importantly, these metabolic interventions are unlikely to achieve maximal efficacy
as standalone therapies and are more plausibly positioned as sensitizing components of
combination regimens with immunotherapies such as immune checkpoint inhibitors
(ICIs). The underlying logic is mechanistically coherent: metabolic modulators can reverse
the “starved” and functionally “paralyzed” state of T cells within the TME, thereby creat-
ing a permissive metabolic environment in which reactivated lymphocytes can exert cy-
totoxic function in response to anti-PD-1/PD-L1-directed therapies [147,148]. This princi-
ple is exemplified by preclinical studies in IDH-mutant gliomas, where the inhibition of
the oncometabolite D-2-hydroxyglutarate (D-2HG), when combined with radiotherapy,
temozolomide, and anti-PD-L1 treatment, resulted in complete tumor regression in a sub-
stantial proportion of mice, accompanied by reduced T-cell exhaustion and enhanced gen-
eration of memory CD8* T cells [147]. Taken together, these findings indicate that target-
ing metabolic reprogramming is evolving from a purely tumor-centric intervention into a
multilayered immunorestorative strategy capable of reshaping the glioma microenviron-
ment and improving the therapeutic impact of contemporary immunotherapy. Repre-
sentative therapeutic strategies targeting metabolic pathways that contribute to immuno-
suppression within the glioma tumor microenvironment are summarized in Table 2.
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Table 2. Therapeutic strategies and biomarker-guided translational frameworks targeting metabolic

and immunometabolic drivers of immunosuppression in the glioma tumor microenvironment.
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8.2. Therapeutic Potential of Intervening in Neurotransmitter Signaling Co-Option

Co-option of neurotransmitter signaling by glioma cells represents a compelling ther-

apeutic vulnerability. Intervening in these pathways offers an opportunity to disrupt tu-

mor-promoting neural circuitry and, potentially, to remodel the immunosuppressive
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microenvironment. One major strategy involves antagonizing excitatory glutamatergic
signaling. Excessive glutamate release, frequently facilitated by system Xc- (xCT), contrib-
utes to tumor progression and glioma-associated epilepsy by establishing neuronal hy-
perexcitability [165,166]. NMDA receptor antagonists such as memantine or glutamate-
release inhibitors such as sulfasalazine may therefore limit excitotoxic damage and neural
activity-driven tumor support [167]. However, the clinical restoration of immune balance
by memantine in glioma has not been demonstrated; any immune benefit should currently
be regarded as a mechanistic hypothesis or repurposing rationale.

A parallel but less mature strategy involves modulation of inhibitory GABAergic sig-
naling. GABA can suppress cytotoxic T-cell function and alter myeloid behavior in exper-
imental systems [86,87], while broader cancer-stress literature supports neuroendocrine
and neurotransmitter regulation of immune surveillance [106]. Nevertheless, glioma-spe-
cific therapeutic evidence for GABA receptor antagonists remains early. These agents
should therefore be described as conceptual or preclinical candidates whose utility will
depend on receptor subtype, sex, myeloid context, seizure status, and potential effects on
normal inhibitory neurotransmission [168].

An upstream therapeutic approach focuses on transporters that mediate aberrant
neurotransmitter accumulation and release. Because xCT was described mechanistically
in Section 4.1, the therapeutic point is summarized here: inhibition of xCT by sulfasalazine
or more selective next-generation compounds may reduce glutamate export, weaken tu-
mor antioxidant capacity, and modulate the neural-tumor ecosystem [165,166,169]. Be-
yond xCT, transporters involved in tryptophan and tyrosine handling may indirectly re-
shape neurochemical availability and tumor-immune interactions [169]. Representative
strategies targeting neurotransmitter-mediated immunoregulatory pathways are summa-
rized in Table 3, with developmental status indicated to distinguish repurposing concepts
from validated clinical effects.

Table 3. Therapeutic strategies and biomarker-guided translational frameworks targeting neuro-

transmitter-associated and dual-axis mechanisms in the glioma tumor microenvironment.
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8.3. Translational Strategies for Dual-Axis Targeting

The current standard of care for the treatment of GBM is defined by the Stupp
protocol, which involves maximal safe surgical resection followed by concurrent
radiotherapy and temozolomide (TMZ)-based chemotherapy and, subsequently, 6-12
months of adjuvant TMZ treatment [181]. Although this regimen significantly improved
patient  survival, therapeutic resistance and profound tumor-associated
immunosuppression continue to represent major clinical challenges. Interestingly, the
first major breakthrough since the introduction of the Stupp protocol in 2005 emerged
through targeting metabolic rewiring with vorasidenib, a dual inhibitor of mutant IDH1
and IDH2 enzymes that suppresses production of the oncometabolite D-2-
hydroxyglutarate (D-2HG). In the phase III INDIGO trial, progression-free survival
increased from 11.1 months in the placebo arm to 27.7 months in the vorasidenib-treated
group, corresponding to a 61% reduction in the risk of progression or death, emphasizing
that targeting metabolic reprogramming may constitute a clinically effective therapeutic
strategy capable of substantially delaying glioma progression and counteracting tumor-
supportive mechanisms driven by metabolic dysregulation [182].

While these findings highlight the therapeutic potential of targeting metabolic
rewiring in gliomas, abnormal neurotransmitter signaling and pathological neuron-
glioma interactions may represent another therapeutically exploitable feature of GBM
biology. Talampanel, an AMPA receptor antagonist, was evaluated with radiotherapy
and temozolomide in newly diagnosed GBM and separately in recurrent high-grade
glioma [183,184]. The newly diagnosed study reported encouraging survival compared
with historical expectations and acceptable tolerability, but it was a single-arm phase 1I
trial without a concurrent control group. In recurrent GBM, outcomes were more limited.
Therefore, talampanel should be interpreted as providing early clinical feasibility for
glutamatergic pathway modulation rather than definitive evidence of clinical benefit.

The GLUGLIO trial represents a clinically relevant attempt to test glutamate
signaling inhibition in combination with standard chemoradiotherapy. It is a phase Ib/II
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randomized, open-label protocol comparing gabapentin, sulfasalazine, memantine, and
chemoradiotherapy with chemoradiotherapy alone in newly diagnosed GBM [185,186].
Importantly, published information currently establishes trial design rather than efficacy.
Accordingly, GLUGLIO should be cited as an example of ongoing clinical evaluation of
glutamatergic pathway modulation in combination with standard therapy, rather than as
evidence of clinical efficacy or validated dual-axis targeting.

8.3.1. Biomarker-Guided Dual-Axis Intervention

The rationale for dual-axis intervention rests on three observations: gliomas exploit
metabolic pathways such as tryptophan catabolism, adenosine signaling, and arginine
depletion to establish immune tolerance; neuron-to-tumor synaptic communication and
neurotransmitter signaling can drive proliferation and immune exclusion; and selected
interactions between these axes may create microenvironments that exhaust infiltrating T
cells and undermine immunotherapy [142,149,170,187]. Because the strength of evidence
varies across mechanisms, biomarker-guided strategies should match specific patients to
specific actionable nodes rather than broadly labeling all combinations as dual-axis
therapies.

Translational success, therefore, requires not only the identification of actionable
nodes within each axis but also the development of biomarker frameworks capable of
matching patients to mechanism-informed therapeutic combinations and enabling
immune effector cells to function within metabolically hostile tumor niches. Precision
implementation of dual-axis strategies begins with molecular stratification aimed at
identifying patients whose tumors exhibit specific metabolic vulnerabilities.

Tryptophan metabolism represents a tractable immunometabolic checkpoint. Tumor
expression and activity of indoleamine 2,3-dioxygenase 1 (IDO1) and tryptophan 2,3-
dioxygenase (TDO) drive immune tolerance and may serve as selection biomarkers for
tryptophan-axis inhibitors or combinational immunometabolic approaches [150,151].
Patients with elevated IDO1/TDO expression may therefore represent candidates for
interventions aimed at restoring tryptophan availability and relieving kynurenine-
mediated T-cell suppression.

Arginine metabolism provides a complementary stratification axis. Loss of
argininosuccinate synthase 1 (ASS1) expression defines a subset of gliomas characterized
by arginine auxotrophy, potentially predicting sensitivity to arginine-directed therapeutic
strategies [158]. However, arginine depletion carries important immunomodulatory
tradeoffs, as arginine is essential for T-cell proliferation and effector function. This
necessitates careful patient selection and potentially sequential or compartmentalized
delivery strategies capable of sparing systemic immune function while targeting tumor
arginine dependence [158].

Adenosine pathway activity, reflected by the expression of ectonucleotidases CD39
and CD73 or adenosine receptor-associated signatures, may further identify tumors that
exploit adenosine-mediated immunosuppression [159]. Multi-parametric metabolic
profiling integrating transcriptomics with metabolite imaging, including glucose,
glutamine, and lipid utilization, may help prioritize metabolic inhibitors for tumors with
dominant nutrient dependencies and guide the selection of mechanism-informed
combination strategies [160,162,163].

Neurotransmitter-axis stratification relies on identifying tumor dependence on
neuronal signaling. Elevated expression of glutamate receptor subunits, particularly
AMPAR-associated components such as GRIA2 and GRIA3, may identify tumors
dependent on neuron-tumor communication and potentially responsive to AMPAR
antagonists or alternative neurotransmitter-modulating therapies. Glutamatergic
signaling through AMPARSs contributes to neuron—glioma synaptic activity and immune
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exclusion, positioning AMPAR blockade as a rational adjuvant to immunotherapy in
biomarker-selected patients [171].

In parallel, pharmacologic neurotransmitter modulation, including repurposed
agents such as selective serotonin reuptake inhibitors (SSRIs) and serotonin-
norepinephrine reuptake inhibitors (SNRIs), has demonstrated synergy with targeted
kinase inhibition in preclinical diffuse midline glioma models, illustrating a potential
translational route for neurotransmitter-axis drug repurposing.

Importantly, multi-parametric stratification integrating both metabolic and
neurotransmitter-related biomarkers may enable rational selection of mechanism-
informed combinations while minimizing antagonistic effects. For example, arginine
deprivation strategies require careful assessment of immune consequences, whereas
AMPK activation combined with glutamate uptake inhibition has been identified through
systems-level modeling as a potentially high-impact strategy for reversing tumor-
mediated T-cell suppression [188]. The sex-specific GABBR-gMDSC pathway described
above further suggests that sex, myeloid subtype, and arginine/NOS2 programs may
become relevant stratification variables for future studies [105]. Adaptive trial designs
incorporating biomarker-guided escalation or de-escalation of therapeutic components
may help optimize therapeutic windows while minimizing toxicity.

8.3.2. Metabolic Engineering of CAR-T Cells for Glioma Immunotherapy

The metabolically hostile glioma microenvironment, characterized by glucose
depletion, lactate accumulation, amino acid imbalance, and neurotransmitter-associated
stress, can impair CAR-T-cell trafficking, persistence, and effector function. For this
review, the key point is not CAR-T engineering in solid tumors generally, but how CAR-
T cells might be adapted to survive the specific metabolic-neurotransmitter constraints of
glioma.

One cell-intrinsic strategy is to enhance metabolic fitness. Overexpression of glucose
transporters GLUT1 and GLUT3 in CD70-targeted CAR-T cells improves glucose uptake,
intratumoral trafficking, persistence, and antitumor activity under glucose-restricted
conditions [173,174]. In glioma, such engineering could be paired with patient selection
for highly glycolytic or lactate-rich tumors, where nutrient competition is expected to be
most severe.

A second strategy is to protect CAR-T cells from suppressive signaling within
neurometabolic niches. CRISPR-enabled engineering may combine improved oxidative
metabolism, reduced exhaustion, resistance to checkpoint-mediated inhibition, and
adaptation to amino acid scarcity [175,176]. Future designs could also test whether
glutamate transport modulation, AMPK pathway activation, or resistance to GABA-
associated suppression improves CAR-T function in glioma-specific models rather than
generic solid tumor assays.

A third strategy is microenvironmental remodeling. Checkpoint-switch constructs
such as PD1-CD28 fusion receptors convert inhibitory PD-L1 signaling into costimulatory
activation [177,178], while CAR-T cells engineered to secrete SIRPy-derived CD47
blockers may recruit phagocytic myeloid populations [179]. These approaches are most
relevant to the dual-axis framework when combined with metabolic or neurotransmitter-
directed interventions that make the glioma niche more permissive to immune effector
function.

Thus, future CAR-T studies should explicitly test whether metabolic engineering,
glutamate pathway modulation, or targeting sex- and myeloid-specific neurotransmitter
programs improves immune persistence within glioma. This would align CAR-T
development more closely with the neurometabolic framework proposed in this review.
Accordingly, early-phase studies combining CAR-T therapy with carefully selected
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metabolic or neurotransmitter-axis modulators may benefit from biomarker-guided
patient stratification based on indicators of glucose competition, lactate accumulation,
AMPK activity, glutamate metabolism, and myeloid suppressive programs.

8.4. Prospects and Challenges of Multi-Target Combination Therapy

Given the extensive, but incompletely resolved, interaction between metabolic and
neural signaling pathways within the glioma immune microenvironment, simultaneous
targeting of selected nodes may offer therapeutic benefit. However, not every
microenvironmental co-target should be considered part of the core metabolic
reprogramming axis. For example, adenosine-A2AR signaling and CXCL12/CXCR4-
mediated immune exclusion are best viewed as immunosuppressive niche-modifying
pathways that can be combined with metabolic or neurotransmitter-directed
interventions, rather than as direct components of lactate or nutrient competition biology
[161,189]. Emerging and alternative combination strategies, including selected traditional
Chinese medicine-derived compounds that may influence metabolic or neuroimmune
pathways, further illustrate that multi-target approaches may arise from diverse
therapeutic sources, although rigorous glioma-specific validation remains essential [190].

More broadly, specific forms of metabolic reprogramming —including alterations in
tyrosine, tryptophan, and lactate metabolism—are linked to PD-L1 expression and
immunosuppressive TME formation, providing justification for intervention at defined
nodes [154,191,192]. Dysregulation of copper, fatty acid, and cholesterol metabolism in
glioma-associated immune populations, particularly macrophages, contributes to T-cell
exhaustion and immunotherapy resistance, identifying additional vulnerabilities suitable
for combination strategies [155,156,193]. Integration of metabolic therapies with
radiotherapy or ferroptosis induction represents another dimension of treatment. For
example, paeonol has been reported to inhibit human glioma cell growth by inducing
ferroptosis, providing a glioma-specific example of ferroptosis as an antitumor metabolic
intervention, although its immune consequences remain to be defined [152,157,164,194—
196].

The rationale for co-targeting neural pathways should also be framed precisely.
Glutamatergic signaling, xCT-dependent glutamate export, and neuron-glioma synaptic
activity support tumor expansion and glioma-associated epilepsy, while GABA-
associated metabolic signaling may influence motility and immune regulation
[165,172,197,198]. Proteomic studies further identify glioma subgroups such as a
“metabolic—neural” class enriched for both metabolic enzymes and neurotransmitter
receptor proteins, supporting biological coherence between these axes [180]. These
findings justify mechanism-guided co-targeting, but they do not yet establish a universal
dual-axis therapy for all glioma patients.

At the same time, the development of such strategies faces substantial challenges. A
major obstacle remains the blood-brain barrier (BBB), which markedly limits penetration
of many candidate agents into the central nervous system [154]. This makes advanced
delivery systems essential. Approaches under investigation include biomimetic
nanoplatforms camouflaged with hybrid glioma-macrophage membranes to improve
BBB penetration and tumor selectivity [194], engineered outer membrane vesicles for
coordinated payload delivery [195], and intracavitary sprayable hydrogel systems for
localized postoperative treatment [156]. Another major concern is the potential effect of
these interventions on normal brain physiology, especially cognition, given the essential
functions of metabolites such as lactate and neurotransmitters such as glutamate and
GABA in normal neuronal and synaptic activity [192,197]. For example, inhibition of xCT
or glutamatergic signaling, while potentially antitumorigenic, must be balanced against
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the risk of worsening neuronal excitotoxicity or disrupting physiologic neurotransmission
[72,165].

Tumor heterogeneity and adaptive compensation represent additional limitations.
Gliomas display profound inter- and intratumoral heterogeneity at genetic, metabolic,
and proteomic levels, resulting in variable therapeutic responses and rapid adaptive
escape [1,180]. Targeting a single metabolic enzyme, such as mutant IDH, for example,
may be circumvented through alternative metabolic pathways or epigenetic adaptation
[153]. Likewise, the immunosuppressive TME is sustained by multiple redundant circuits;
blockade of one pathway, such as adenosine signaling, may be insufficient if parallel
suppressive systems, including tryptophan metabolism or myeloid-driven regulation,
remain intact [199,200]. This complexity is reflected in the spatial distribution of glioma
subtypes, which correlates with regional brain properties such as neurotransmitter
receptor density and functional connectivity, suggesting that local microenvironmental
context may shape therapeutic vulnerability [201].

Future research will need to integrate advanced models and technologies to
overcome these constraints and fully exploit the potential of multi-target therapy. Patient-
derived organoid co-cultures, humanized mouse models, and spatially resolved single-
cell multi-omics will be essential for recapitulating the human glioma metabolism-
neuroimmune network and for testing rational combinations [1,180,202]. These systems
should specifically determine which interactions are direct, which are correlative, and
which are context-dependent. Brain-targeted delivery systems capable of sequential or
simultaneous release, responsiveness to TME cues, and precise extracellular or
intracellular targeting will also be needed to minimize off-tumor effects [189,196,203,204].

Ultimately, precision implementation should stratify patients on the basis of
integrated molecular profiles that include metabolic subtype, neural interaction
signatures, immune contexture, and validated therapeutic vulnerabilities. Such
stratification is a framework for patient selection, not itself a therapy. It may guide the
rational selection of regimens tailored to vulnerabilities such as tryptophan metabolism,
arginine dependence, lactate-rich niches, or AMPAR-associated neurotransmitter
phenotypes [154,172,191,205].

9. Conclusions

In conclusion, glioma-associated immunosuppression is shaped by both metabolic
reprogramming and neurotransmitter signaling co-option. The strongest evidence
supports lactate-driven acidosis, nutrient competition, tryptophan/kynurenine signaling,
and glutamatergic neuron—glioma communication as major contributors to immune
dysfunction. Evidence for a fully bidirectional neurometabolic circuit is promising but still
incomplete, particularly for GABAergic macrophage polarization and serotonergic
immunometabolic mechanisms in glioma.

The value of the dual-axis framework is therefore conceptual and translational: it
encourages studies that test how metabolic stress, neural activity, and immune
dysfunction interact within spatially defined glioma niches. Future therapeutic
development should move beyond broad combination language and instead pair specific
biomarkers with specific interventions, such as tryptophan-axis inhibition, lactate/MCT
targeting, glutamatergic pathway modulation, or metabolically optimized cellular
therapy.

At the same time, clinical translation must remain cautious. Many proposed
interventions are preclinical, repurposing-based, or supported by indirect evidence from
non-glioma models. Effective implementation will require brain-penetrant agents, careful
protection of normal neurotransmission, spatially informed patient selection, and trials
designed to distinguish feasibility from genuine efficacy. A clearer mechanistic map of the
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metabolic-neural-immune interface may ultimately support safer and more effective
strategies for reversing glioma-associated immune suppression.
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