
Frontiers in Oncology

OPEN ACCESS

EDITED BY

Manny Bacolod,
New York-Presbyterian, United States

REVIEWED BY

Hafeez Noor,
Shanxi Agricultural University, China
Zebin Yang,
Kunming University of Science and
Technology, China

*CORRESPONDENCE

Egiroh Omene
egiroh.omene@cancercarealberta.ca

RECEIVED 08 April 2026
REVISED 27 April 2026
ACCEPTED 22 May 2026
PUBLISHED 14 July 2026

CITATION

Omene E (2026) Metabolic cell
competition in the glioblastoma tumour
microenvironment: glucose, glutamine,
and lactate as determinants of immune
exclusion and targets for
pharmacological reprogramming.
Front. Oncol. 16:1849888.
doi: 10.3389/fonc.2026.1849888

COPYRIGHT

© 2026 Omene. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance
with accepted academic practice. No
use, distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Review

PUBLISHED 14 July 2026

DOI 10.3389/fonc.2026.1849888
Metabolic cell competition
in the glioblastoma tumour
microenvironment: glucose,
glutamine, and lactate as
determinants of immune
exclusion and targets for
pharmacological reprogramming

Egiroh Omene1,2*

1Division of Oncology, Department of Medicine, University of Alberta, Edmonton, AB, Canada, 2Division
of Oncology, Cross Cancer Institute, Edmonton, AB, Canada
Glioblastoma (GBM) remains the most lethal primary brain tumour, with median

overall survival of 14 to 16 months despite maximal safe surgical resection,

concurrent chemoradiotherapy, and adjuvant temozolomide. Treatment failure is

driven in large part by a profoundly immunosuppressive tumour microenvironment

(TME) in which metabolic competition between GBM cells, bone marrow-derived

immunosuppressivemyeloid cells, and cytotoxic T lymphocytes determines cellular

dominance. This review frames the GBM TME through the lens of metabolic cell

competition: a process by which differential metabolic fitness, mediated principally

through glucose and glutamine consumption, establishes a suppressive hierarchy

that forecloses effective anti-tumour immunity. Aerobic glycolysis in GBM cells

produces lactate, which polarises tumour-associated macrophages toward immu-

nosuppressive phenotypes via GPR81/HIF-1alpha signalling and directly impairs T

cell effector function through extracellular acidification and competition for

monocarboxylate transporter capacity. GBM cells and immunosuppressive myeloid

cells cannot sustain their proliferative and immunosuppressive programmes with-

out glucose and glutamine; cytotoxic memory T cells, whose effector functions are

energetically but not biosynthetically demanding, retain the capacity to function

through fatty acid oxidation when these substrates are restricted. Disrupting

glucose and glutamine metabolism through glutamine antagonism (DON and

prodrugs JHU083/JHU395), dichloroacetate (DCA)-mediated PDK inhibition, in-

travenous pharmacological ascorbate-mediated GAPDH inactivation and HIF-

1alpha destabilisation, systemic glucose restriction (SGLT2 inhibitors), sodium

phenylbutyrate-mediated glutamine depletion, and monocarboxylate transporter

inhibition can invert this competitive hierarchy, reprogramming the immunosup-

pressive myeloid compartment while preserving T cell fitness; mebendazole is

additionally reviewed as a multi-target anti-parasitic repurposing candidate with

demonstrated GBM preclinical survival benefit. Pharmacological ketosis elevates

beta-hydroxybutyrate, an endogenous HDAC inhibitor that further augments T cell

effector function through NLRP3 inflammasome suppression. The mechanistic and

clinical evidence for each intervention is reviewed,metabolic engineering strategies

for increasing T cell competitive fitness are described, and principal research gaps
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are identified. GBM cells and immunosuppressive myeloid cells are proposed to

constitute a substrate-dependent competitive coalition whose simultaneous

disruption is the central therapeutic proposition reviewed. Evidence is synthesised

from in vitro metabolic competition experiments, immune-competent murine

GBM models, mechanistic pharmacology studies, and early-phase clinical phar-

macodynamic data in human GBM.
KEYWORDS

fatty acid oxidation, glioblastoma, glutamine metabolism, glycolysis, metabolic cell
competition, pharmacological immunometabolism, tumour microenvironment,
tumour-associated macrophages
1 Introduction

Glioblastoma is the most common malignant primary brain

tumour in adults, with an age-adjusted incidence of approximately

3.2 per 100,000 person-years in the United States and a median age

at diagnosis of 64 years (1). Despite representing a minority of all

primary brain and central nervous system tumours, GBM accounts

for the majority of malignant cases and carries a five-year relative

survival rate of less than 5% (1). The current standard of care,

established by Stupp et al. in 2005 and since largely unchanged,

consists of maximal safe surgical resection followed by concurrent

temozolomide and fractionated radiotherapy with six cycles of

adjuvant temozolomide, extending median survival from approxi-

mately 12 months with radiotherapy alone to 14.6 months (2).

Molecular stratification by MGMT promoter methylation and IDH

mutation status, codified in the 2021 WHO classification, has

refined prognostic grouping but has not yet translated into sub-

stantially improved therapeutic outcomes for IDH-wildtype GBM,

which constitutes the majority of cases (3). Immunotherapy trials,

including checkpoint inhibitors targeting PD-1, and cellular ther-

apies directed at EGFRvIII and IL13Ralpha2, have yielded uni-

formly disappointing results in randomised trials, indicating that

the immunosuppressive biology of GBM cannot be overcome by

targeting a single immune checkpoint or antigen (4).

The failure of immunotherapy in GBM is not primarily attrib-

utable to a lack of tumour antigenicity or deficient T cell priming at

peripheral lymphoid organs, but rather to the deeply immunosup-

pressive microenvironment within which primed effector cells must

operate. The GBM TME is a densely populated and functionally

integrated ecosystem comprising malignant cells of multiple states,

tumour-associated macrophages and microglia, myeloid-derived

suppressor cells (MDSCs), regulatory T cells (Tregs), exhausted

cytotoxic lymphocytes, cancer-associated fibroblasts (CAFs),

pericytes, and endothelial cells (5). Tumour-associated macro-

phages and microglia together constitute 30 to 50% of the total

tumour mass in many GBM specimens, establishing the myeloid

compartment as the numerically dominant and functionally central

cellular element of the TME (6, 7). These cells suppress T cell

priming and effector function, promote angiogenesis, remodel the

extracellular matrix, and facilitate tumour invasion (8).

One explanation for the intractability of GBM immunosup-

pression, and for the failure of checkpoint blockade and cellular

therapies to overcome it, is that GBM cells and tumour-associated
02
myeloid cells collectively outcompete infiltrating T lymphocytes for

limiting metabolic resources within the shared tumour niche,

establishing a competitive hierarchy in which immune effector

cells are systematically deprived of the biosynthetic and energetic

substrates required for their anti-tumour programmes. Cell com-

petition, first described in Drosophila melanogaster by Morata and

Ripoll and subsequently characterised across mammalian develop-

mental contexts, refers to the selective elimination of cells with

reduced fitness by neighbouring cells with superior fitness within a

shared niche. In the canonical developmental setting, cells with

lower Myc expression or altered Flower isoform signalling are

recognised as “losers” and eliminated through contact-dependent

mechanisms, secreted factors, or metabolic signals, maintaining

tissue quality. In cancer, this concept has been extended to describe

how tumour cells outcompete normal stromal and epithelial

neighbours during oncogenesis, and more recently how tumour

cells and immunosuppressive myeloid cells collectively outcompete

anti-tumour effector lymphocytes for survival signals and metabolic

substrates within the TME (5, 9).

The molecular bridge between canonical cell competition and

the GBMmetabolic context is c-Myc. In canonical cell competition,

cells with higher Myc activity consistently outcompete and elimi-

nate lower-Myc neighbours through contact-dependent and

paracrine mechanisms, a phenomenon characterised as

supercompetition and demonstrated in mammalian developmental

contexts by Claverıá et al. (10) In GBM, MYC transcriptional

activation downstream of EGFR/PI3K/mTOR signalling is frequent

in IDH-wildtype disease; focalMYC gene amplification is present in

approximately 5 to 10% of cases and should be distinguished from

the more prevalent transcriptional upregulation. Myc directly drives

transcription of the glycolytic and glutamine metabolic pro-

grammes, including GLUT1, HK2, LDHA, and GLS1, and this

transcriptional output is the mechanism by which Myc-high cells

achieve competitive superiority over their neighbours (11).

Metabolism is not an analogy for competitive fitness in the GBM

TME: it is the molecular mechanism by which fitness is enacted.

The glucose consumption rate of a GBM cell, its glutamine

catabolism, and the lactate it exports as the obligate byproduct of

aerobic glycolysis determine whether neighbouring cells, including

infiltrating T lymphocytes, can survive, proliferate, and execute

effector programmes within the shared niche. The glucose-gluta-

mine-lactate axis is the molecular substrate of competitive domi-

nance in the GBM immune context, andMyc-driven transcriptional
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activation of glycolytic and glutaminolytic programmes is the

mechanism through which competitive fitness differences between

GBM cells and T lymphocytes are produced.

In this review, metabolic cell competition in the GBM TME is

defined operationally as the differential consumption of limiting

substrates, principally glucose and glutamine, by cells with consti-

tutively active versus regulated metabolic programmes, such that

GBM cells and M2-polarised immunosuppressive myeloid cells

establish dominance over infiltrating T lymphocytes through sub-

strate depletion, lactate-mediated paracrine immunosuppressive

signalling, and amino acid catabolism. This definition preserves

the winner/loser structure of canonical cell competition while

specifying the operative mechanism: competitive fitness is deter-

mined by the rate of substrate acquisition from the shared niche and

the capacity to convert this acquisition into proliferative advantage

and paracrine suppression of neighbouring competitors. Substrate

depletion and inhibitory receptor signalling (PD-1/PD-L1, TIM-3,

LAG-3) are not mutually exclusive mechanisms: metabolic starva-

tion contributes to and potentiates the exhaustion phenotype driven

by inhibitory receptor engagement, as demonstrated by Bengsch

et al., who showed that PD-1 signalling impairs both glycolytic and

mitochondrial metabolic capacity, establishing exhaustion as a

metabolic state sustained by co-occurring substrate scarcity (12).

Among the mechanisms by which GBM establishes competitive

dominance over anti-tumour immune cells, metabolic competition

for glucose and glutamine has emerged as both mechanistically

central and therapeutically tractable. The Warburg effect, aerobic

glycolysis producing lactate regardless of oxygen tension, confers on

GBM cells an enormous capacity for glucose consumption that

depletes the shared TME of this critical substrate (13, 14).

Glutamine, required for nucleotide biosynthesis, TCA cycle

anaplerosis, glutathione synthesis, and hexosamine production, is

similarly consumed at high rates by both GBM cells and immuno-

suppressive myeloid cells, creating competitive substrate scarcity

that impairs cytotoxic T lymphocyte (CTL) biosynthetic and

energetic capacity (15, 16). The obligate byproduct of aerobic

glycolysis, lactate, is not merely a metabolic waste product but a

paracrine immunosuppressive signal that reprogrammes myeloid

cells toward anti-inflammatory phenotypes via GPR81/HIF-1alpha

signalling and directly suppresses T cell effector cytokine produc-

tion through extracellular acidification and monocarboxylate trans-

porter competition (17).

In the GBM TME, the differential capacity of tumour cells,

immunosuppressive myeloid cells, and cytotoxic T cells to sustain

their respective programmes under glucose and glutamine restric-

tion determines competitive outcome. GBM cells and immunosup-

pressive macrophages require glucose and glutamine to sustain

proliferation and immunosuppressive function; cytotoxic memory

T cells, whose effector programmes are energetically but not

biosynthetically demanding, can sustain function through fatty

acid oxidation when glucose and glutamine are restricted.

Targeted disruption of glucose and glutamine availability therefore

selectively disadvantages the tumour-myeloid competitive coalition

while preserving T cell fitness. The central mechanistic model is

summarised in Figure 1. This review is scoped to IDH-wildtype
Frontiers in Oncology 03
GBM; IDH-mutant gliomas engage oncometabolite-driven immune

suppression mechanisms distinct from those reviewed here and

require separate evaluation (18, 19). In this review, we examine the

evidence that metabolic cell competition drives GBM immunosup-

pression, evaluate the pharmacological strategies available to invert

this competitive hierarchy, and identify the key mechanistic and

clinical translation gaps that must be addressed before metabolic

immunotherapy can be evaluated in prospective GBM trials.
2 The GBM tumour
microenvironment: cell types and
competitive identities

2.1 GBM tumour cells: molecular subtypes
and metabolic rewiring

GBM is classified under the 2021 WHO criteria as a diffuse

glioma, IDH-wildtype, with methylation of the TERT promoter,

homozygous deletion of CDKN2A/B, or chromosome 7 gain and

chromosome 10 loss serving as defining molecular features (3).

Single-cell RNA sequencing analyses, most comprehensively dem-

onstrated by Neftel et al., have resolved the intratumoral heteroge-

neity of GBM into four principal cellular meta-states: astrocyte-like

(AC-like), mesenchymal-like (MES-like), neural progenitor cell-like

(NPC-like), and oligodendrocyte progenitor cell-like (OPC-like),

which coexist within individual tumours and interconvert in

response to microenvironmental cues (9). The mesenchymal state,

enriched in hypoxic and necrotic regions, is associated with the

most pronounced immunosuppressive programme and the highest

expression of glycolytic enzymes, while the NPC-like state shows

relatively greater reliance on oxidative phosphorylation. This met-

abolic heterogeneity within the tumour cell compartment itself has

implications for the uniformity of metabolic targeting strategies and

must be accounted for in therapeutic design.

2.2 Glioma stem cells: metabolic
distinctiveness and therapeutic
implications

Glioma stem cells (GSCs), identified by expression of CD133,

SOX2, NESTIN, and OLIG2, represent a self-renewing subpopula-

tion that is disproportionately responsible for treatment resistance

and post-treatment recurrence (9). Quiescent GSCs maintain lower

glycolytic rates and higher mitochondrial activity than differenti-

ated bulk tumour cells, with greater resistance to acute glucose

deprivation (20). However, the transition from quiescent to aggres-

sively proliferating GSC is accompanied by upregulation of glycol-

ysis and glutaminolysis to meet the biosynthetic demands of rapid

division, including nucleotide synthesis via the pentose phosphate

pathway and glutamine-dependent nitrogen donation. The prolif-

erative GSC phenotype responsible for invasion and recurrence is

therefore metabolically dependent on glucose and glutamine in the

same way as bulk tumour cells.
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2.3 Tumour-associated macrophages and
microglia: the dominant suppressive
compartment

The myeloid compartment of the GBM TME comprises two

ontologically distinct populations: resident brain macrophages

(microglia), derived from yolk sac progenitors that populate the

CNS during embryonic development, and bone marrow-derived

macrophages (BMDMs) that infiltrate from the periphery in re-

sponse to tumour-derived chemotactic signals including CCL2,

CSF1, and VEGF (6, 7). Resident microglia are characterised by

expression of TMEM119, P2RY12, CX3CR1, and SALL1, markers

that are progressively lost as microglia adopt tumour-associated

phenotypes (7). BMDMs, which enter the CNS parenchyma by

traversing a tumour-compromised blood-brain barrier, are identi-

fiable by expression of CD49d and CD38 and by the absence of

homeostatic microglial markers (7). Bowman et al. demonstrated

that the BMDM fraction increases substantially following radio-

therapy and temozolomide treatment, indicating that standard-of-

care therapy itself remodels the myeloid composition of the TME in

ways that may paradoxically augment immunosuppression (7).
Frontiers in Oncology 04
Both resident microglia and BMDMs adopt immunosuppressive

phenotypes within the GBM TME, characterised by high expression of

IL-10, TGF-beta, arginase-1, CD206, and PD-L1, and by reduced

capacity for antigen presentation, T cell priming, and pro-inflamma-

tory cytokine secretion (8). However, collapsing these populations into

a single “macrophage” category obscures functionally important dis-

tinctions: microglial responses are shaped by their developmental

origin and CNS-specific sensing machinery, while BMDMs are more

dynamically responsive to systemic metabolic and cytokine cues. The

M1/M2 dichotomy, while conceptually useful, is an oversimplification

of a continuous polarisation spectrum and is increasingly replaced by

single-cell resolution descriptions of macrophage states (5). Both

populations, in their tumour-associated immunosuppressive states,

rely on glycolysis and oxidative glutamine metabolism for their

suppressive programmes (21).

2.4 T cells, NK cells, and the suppressed
effector compartment

CD8+ cytotoxic T lymphocytes and CD4+ helper T cells

infiltrate GBM but are present at substantially lower densities
FIGURE 1

Metabolic cell competition in the glioblastoma tumour microenvironment. The GBM tumour cell and M2-polarised tumour-associated macrophage
(TAM) form a competitive coalition (shaded region) through reciprocal metabolic and paracrine interactions that collectively exclude CD8+ T
lymphocytes from productive anti-tumour function. Glucose is imported into the GBM cell via GLUT1 and GLUT3 transporters and undergoes
aerobic glycolysis (glucose → pyruvate → lactate via LDH). Lactate is exported via MCT4 and binds GPR81 on TAMs, stabilising HIF-1a to drive M2
polarisation; the resultant M2 TAMs secrete IGF-1, TGF-b, and EGF, which feed back to promote GBM tumour cell proliferation (dashed arrow).
Glutamine is imported via ASCT2 and catabolised by glutaminase 1 (GLS1) to glutamate, then to alpha-ketoglutarate (a-KG), the principal anaplerotic
input to the TCA cycle, supporting nucleotide, lipid, and NADPH biosynthesis. M2-polarised TAMs express IL-10, TGF-b, and arginase-1 (ARG1),
mediating direct suppression of T cell effector function. The exhausted CD8+ T cell (right) is deprived of glucose and glutamine by competitive
consumption within the TME, is exposed to extracellular acidosis from lactate accumulation and monocarboxylate transporter competition, and
receives direct suppressive signals from TAM-derived IL-10 and TGF-b. Despite this suppressive environment, CD8+ T cells retain residual effector
capacity through fatty acid oxidation (FAO) mediated by carnitine palmitoyltransferase 1A (CPT1A) and AMPK-driven metabolic reprogramming,
defining the therapeutic asymmetry targeted by metabolic competition interventions. a-KG, alpha-ketoglutarate; AMPK, AMP-activated protein
kinase; ARG1, arginase-1; ASCT2, alanine-serine-cysteine transporter 2; CPT1A, carnitine palmitoyltransferase 1A; EGF, epidermal growth factor; FAO,
fatty acid oxidation; GLS1, glutaminase 1; GLUT1/GLUT3, glucose transporters 1 and 3; GPR81, G protein-coupled receptor 81; HIF-1a, hypoxia-
inducible factor 1-alpha; IGF-1, insulin-like growth factor 1; IL-10, interleukin-10; LDH, lactate dehydrogenase; MCT4, monocarboxylate transporter
4; TAM, tumour-associated macrophage; TCA, tricarboxylic acid; TGF-b, transforming growth factor beta; TME, tumour microenvironment.
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than myeloid cells and are functionally impaired by multiple

overlapping mechanisms (5). Tumour-infiltrating CD8+ T cells in

GBM typically display a phenotype of exhaustion, characterised by

co-expression of PD-1, TIM-3, LAG-3, and TIGIT, reduced IFN-

gamma and perforin secretion, and impaired proliferative capacity

(4). NK cells, which do not require MHC-I-restricted antigen

presentation for tumour recognition and killing, are similarly

impaired by the acidic, lactate-rich, immunosuppressive cytokine

milieu of the GBM TME. The metabolic starvation imposed by

glucose and glutamine depletion in the TME is mechanistically

integrated with this phenotypic exhaustion: T cells deprived of

glucose and glutamine cannot sustain the biosynthetic and energetic

demands of effector cytokine production, clonal expansion, and

cytotoxic granule secretion, as documented in direct competition

experiments by Chang et al. and Ho et al. (22, 23).

2.5 MDSCs, regulatory T cells, neutrophils,
and dendritic cells

MDSCs, comprising both monocytic (M-MDSC) and polymor-

phonuclear (PMN-MDSC) subsets, accumulate in GBM through

CSF1 and IL-6 signalling and suppress T cells through arginase-1-

mediated arginine depletion, reactive oxygen species production,

and expression of immunosuppressive cytokines (24). Regulatory T

cells are expanded in GBM partly through tumour-derived TGF-

beta and through lactate-dependent stabilisation of FOXP3 expres-

sion (25). Plasmacytoid and conventional dendritic cells are present

at low density in GBM and display impaired maturation and

antigen cross-presentation capacity, limiting their ability to prime

naive T cells in tumour-draining lymph nodes. Tumour-associated

neutrophils in GBM, like their myeloid counterparts, adopt a

predominantly tumour-promoting phenotype that supports angio-

genesis and suppresses lymphocyte activity (5).

2.6 Cancer-associated fibroblasts,
pericytes, and the stromal metabolic
contribution

While GBM lacks the prominent desmoplastic stroma of many

extracranial solid tumours, perivascular CAF-like cells and pericytes

contribute to the metabolic TME by secreting lactate and amino

acid-depleting enzymes, establishing hypoxic gradients through

abnormal vasculature, and producing extracellular matrix compo-

nents that limit immune cell infiltration (5). The tumour vascula-

ture in GBM, which is markedly abnormal and characterised by

endothelial proliferation, is a major source of VEGF-driven immu-

nosuppression and represents a site at which lactate export via the

vasculature influences the systemic metabolic milieu. Single-cell and

spatial transcriptomic studies have begun to map the precise

anatomical and functional organisation of these non-immune,

non-tumour cell populations within the GBM ecosystem, revealing

that they occupy discrete metabolic niches at the tumour-brain

interface and around the necrotic core (26, 27).
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3 Metabolic mechanisms of tumour
competitive dominance

3.1 The Warburg effect in GBM: glucose
consumption and competitive exclusion

Aerobic glycolysis, the preferential conversion of glucose to

lactate regardless of oxygen availability, was described in tumour

tissue by Warburg in 1927 and subsequently elaborated as a

fundamental property of proliferating cells by Vander Heiden,

Cantley, and Thompson (13, 14). In GBM, the Warburg effect is

driven by oncogenic activation of PI3K/Akt/mTOR signalling,

upregulation of GLUT1 and GLUT3 glucose transporters, HIF-

1alpha-mediated transcription of glycolytic enzymes, and, in a

subset of cases, amplification of EGFR with downstream metabolic

consequences. The consequence of this glycolytic programme is that

GBM cells consume glucose at rates vastly exceeding the oxidative

capacity of the tissue, generating a glucose-depleted, lactate-rich

extracellular environment. F-FDG-PET imaging of GBM demon-

strates high metabolic activity in viable tumour regions that

typically exceeds that of adjacent normal brain, providing clinical

evidence for this avid glucose consumption. Direct in-patient

confirmation of active substrate flux was provided by Maher

et al., who infused patients with uniformly 13C-labelled glucose

intraoperatively and demonstrated by NMR spectroscopy that GBM

tissue actively converted labelled glucose to lactate, glutamate, and

TCA intermediates in vivo, establishing that the metabolic substrate

competition inferred from cell-line and murine studies operates in

the human tumour (28). Within the tumour milieu, this creates the

first level of metabolic cell competition: tumour cells that have

constitutively activated glycolytic programmes outcompete cells,

including T cells, that depend on regulated glucose uptake for their

metabolic needs. In vivo evidence for this nutrient partitioning

hierarchy has been provided by Reinfeld et al., who used

radiolabelled PET tracer substrates combined with flow-sorted

cell-population analysis across multiple solid tumour models to

demonstrate that myeloid cells are the dominant intratumoral

consumers of glucose — with T cells intermediate and cancer

cells consuming the least glucose — while cancer cells are the

dominant consumers of glutamine; this cell-type-specific substrate

partitioning directly establishes that differential metabolic acquisi-

tion by distinct intratumoral populations operates at the in vivo

level and supports the competitive coalition model in which the

myeloid and cancer cell compartments together deplete the sub-

strates upon which T cells depend (29).

The competitive significance of GBM glucose consumption is

amplified by an equally important and less often emphasised

dependency: the immunosuppressive myeloid compartment re-

quires glucose to sustain its own suppressive programme.

Tumour-associated macrophages in their M2-like immunosuppres-

sive state rely on hexosamine biosynthesis, fuelled by glucose-

derived UDP-GlcNAc, to N-glycosylate immunosuppressive sur-
frontiersin.or
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face proteins including CD206, PD-L1, and CD163, maintaining the

molecular display that prevents T cell activation and blocks antigen

presentation. MDSCs require glucose to sustain the NADPH

oxidase-mediated reactive oxygen species production responsible

for T cell suppression, and to maintain the arginase-1 expression

that depletes arginine from the TME. Both myeloid populations

therefore consume glucose in service of their immunosuppressive

programmes, compounding the tumour cell glucose sink. The result

is a competitive coalition in which two numerically dominant cell

types, GBM cells and immunosuppressive myeloid cells, consume

the shared glucose supply from the same niche, leaving T cells

metabolically marginalised. When glucose is abundant, this coali-

tion is stable and self-reinforcing: the myeloid compartment can

sustain its suppressive transcriptional programme while GBM cells

proliferate. When glucose is depleted, both pillars weaken simulta-

neously: GBM proliferation slows, the myeloid immunosuppressive

programme loses its metabolic substrate, and the competitive

pressure on T cells eases at multiple nodes concurrently.

3.2 Glutamine metabolism: biosynthetic
dominance and competitive depletion

Glutamine is the most abundant circulating amino acid and the

predominant anaplerotic substrate for the TCA cycle in rapidly

proliferating cells. In GBM cells, glutamine catabolism via glutamin-

ase (GLS1/GLS2) to glutamate and subsequently to alpha-

ketoglutarate supports TCA cycle flux, enabling continuedmitochon-

drial ATP production and biosynthetic intermediate generation

under conditions of glucose restriction (15). Beyond energy metab-

olism, glutamine is the nitrogen donor for de novo nucleotide

biosynthesis (purine and pyrimidine rings), the precursor for gluta-

thione synthesis that enables redox homeostasis, and the substrate for

hexosamine biosynthesis supporting glycoprotein production (15,

16). Tardito et al. demonstrated that GBM cells can upregulate

glutamine synthetase to produce endogenous glutamine, enabling

partial independence from exogenous supply and representing an

adaptive resistance mechanism to glutamine restriction (16). The

immunological consequence of high glutamine consumption by both

GBM cells and tumour-associated myeloid cells is competitive

depletion of this substrate from the TME, depriving T cells of the

glutamine required for their own nucleotide biosynthesis, cytokine

production, and effector programme execution.

The myeloid compartment’s glutamine dependency is as fun-

damental as its glucose dependency and deserves explicit attention.

M2-polarised TAMs require glutamine for polyamine biosynthesis

via the arginase-ornithine-ornithine decarboxylase pathway; these

polyamines, including putrescine, spermidine, and spermine, regu-

late chromatin accessibility at M2 loci and are essential for sustain-

ing the M2 transcriptional programme. Glutamine-derived alpha-

ketoglutarate provides the principal anaplerotic input to the TCA

cycle in M2 macrophages that preferentially use OXPHOS, and

disrupting this input collapses mitochondrial metabolism in the

immunosuppressive myeloid cell in the same way that glucose

restriction collapses it in glycolytic GBM cells. MDSCs require

glutamine for their expansion in response to tumour-derived CSF1

and IL-6, and for the sustained suppressive activity that depends on
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arginine depletion and ROS generation. Leone et al.’s demonstra-

t ion that DON-mediated pan-g lutamine antagonism

reprogrammed TAMs from immunosuppressive to pro-inflamma-

tory phenotypes and restored CD8+ T cell infiltration and IFN-

gamma production provides direct experimental evidence that the

myeloid immunosuppressive programme is glutamine-dependent

(30). Glutamine restriction simultaneously deprives GBM cells of

nucleotide and glutathione biosynthetic substrate, collapses the

myeloid immunosuppressive transcriptional programme, and pref-

erentially spares the anti-tumour immune compartment, whose

memory T cell component can compensate through FAO-based

energy production without losing effector function. Mechanistic

evidence for glutamine flux in the intact GBM TME has recently

been extended by Savani et al., who performed 15N2-glutamine

stable isotope tracing in IDH-wildtype GBM tissue explants cul-

tured in human plasma-like medium, demonstrating TME-depen-

dent glutamine metabolic features not captured in monoculture

models, including immunomodulatory purine synthesis from glu-

tamine-derived nitrogen and transcriptional correlates of glutamine

catabolism identified by spatial transcriptomics (31).

3.3 Lactate as the central paracrine
immunosuppressive signal

Lactate, exported from glycolytic GBM cells primarily through

the monocarboxylate transporter MCT4 (SLC16A3), accumulates

in the GBM TME at concentrations of 10 to 30 mM in tumour

tissue compared with 1 to 2 mM in normal brain parenchyma (32).

High lactate concentrations in solid tumours predict adverse clinical

outcomes across multiple cancer types, consistent with its role as a

functional immunosuppressive agent rather than a mere metabolic

waste product (32). Colegio et al. demonstrated that conditioned

medium from glycolytic tumour cells, and purified lactate at

physiologically relevant concentrations, polarised macrophages

toward an immunosuppressive, M2-like phenotype characterised

by high arginase-1 and IL-10 expression (17). The mechanism

involves lactate-mediated stabilisation of HIF-1alpha in macro-

phages via inhibition of prolyl hydroxylase domain enzymes,

driving a transcriptional programme that overlaps with hypoxic

M2 polarisation. More recently, the lactate receptor GPR81

(HCAR1) has been identified on macrophages, providing a recep-

tor-level mechanism by which extracellular lactate can signal

directly to the myeloid compartment independently of intracellular

acidification (17).

Lactate suppresses T cell function through two mechanistically

distinct pathways that compound one another. First, co-secretion of

lactic acid and protons by MCT4 acidifies the extracellular TME

(pH 6.5 to 6.9 in necrotic and pseudopalisading regions), impairing

T cell IFN-gamma production, perforin secretion, and proliferative

capacity in a pH-dependent manner (33, 34). Fischer et al. dem-

onstrated that lactate at concentrations of 12.5 to 25 mM directly

suppressed T cell proliferation and cytokine production through

inhibition of NFAT nuclear translocation, while Dietl et al. showed

that lactic acid, but not equimolar sodium lactate, inhibited TNF

secretion and glycolysis in human monocytes, establishing the

importance of the accompanying acidification (33, 34). Second,
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MCT1 (SLC16A1), expressed on effector T cells for lactate import,

competes with MCT4-mediated tumour cell lactate export (35).

High extracellular lactate loads the MCT1 import gradient in T

cells, impairing their own lactate disposal and consequently their

glycolytic flux, creating a direct metabolic competition for trans-

porter capacity (22).

Lactate therefore occupies a unique and pivotal position within

the glucose-glutamine-lactate competitive triad that defines the GBM

suppressive ecosystem. Unlike glucose and glutamine, which are

substrates whose depletion passively disadvantages competing cells,

lactate is an active competitive signal produced in direct proportion

to GBM glycolytic rate: the higher the glucose consumption by GBM

cells, the more lactate is exported, and the more potently the myeloid

compartment is polarised toward immunosuppressive M2 pheno-

types. The thirdmetabolite of the triad is not a passive consequence of

the first but an amplifying paracrine effector. High glucose availability

fuels GBM aerobic glycolysis, which simultaneously depletes glucose

from T cells and generates the lactate signal that instructs myeloid

cells to further suppress T cell function via GPR81/HIF-1alpha

signalling. Disrupting glucose consumption reduces lactate produc-

tion, withdrawing the M2-polarising paracrine signal, destabilising

the myeloid immunosuppressive transcriptional programme, and

reducing the downstream arginase-1-mediated amino acid depletion

generated by M2-polarised macrophages. Interventions that reduce

lactate production upstream, whether by PDK inhibition with

dichloroacetate or by glucose restriction, therefore have immune

consequences extending beyond direct tumour cell metabolic effects.

3.4 Amino acid depletion: arginase-1 and
IDO1 as competitive immune suppressors

Beyond glucose and glutamine, tumour-associated myeloid cells

and GBM cells deplete specific amino acids that are essential for T

cell and NK cell function. Arginase-1, highly expressed in immu-

nosuppressive MDSCs and M2-polarised macrophages within the

GBM TME, catalyses the hydrolysis of L-arginine to ornithine and

urea, depleting this substrate from the TME (24). T cells require

arginine for TCR zeta-chain expression, proliferation, and effector

cytokine production; arginase-1-mediated arginine depletion by

myeloid cells therefore constitutes a direct competitive suppression

of T cell function (24, 36, 37). Indoleamine 2,3-dioxygenase 1

(IDO1), expressed by GBM cells themselves and by tumour-

associated myeloid cells, catalyses tryptophan catabolism to

kynurenine, depleting tryptophan from the TME and generating

kynurenine metabolites that activate the aryl hydrocarbon receptor

(AhR) in T cells, driving Treg differentiation and suppression of

effector T cell responses (38–40). GBM-specific evidence for IDO1

as a therapeutic target was provided by Wainwright et al., who

demonstrated that combinatorial blockade of IDO, CTLA-4, and

PD-L1 produced durable survival benefit in mice with GL261 brain

tumours, with IDO inhibition required for the combination to reach

full efficacy, establishing IDO1 as a non-redundant immunosup-

pressive mechanism in the GBM TME (41). The combined effect of

arginase-1 and IDO1 in the GBM TME is to create an amino acid-

depleted environment specifically hostile to T cell activation,
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expansion, and effector function while leaving the tumour and

myeloid cells, which produce rather than consume these depleting

enzymes, relatively unaffected.

3.5 Metabolic zonation within the GBM
TME

The GBM TME is not metabolically uniform. Distinct anatom-

ical zones, including the necrotic core, the pseudopalisading region

surrounding necrosis, the enhancing tumour bulk, and the infiltra-

tive margin, are characterised by dramatically different metabolic

environments. The necrotic core and pseudopalisading zones are

profoundly hypoxic, with HIF-1alpha-driven transcription maxi-

mally activated, glucose concentrations depleted, and lactate levels

highest (5). The infiltrative margin, by contrast, is relatively well-

perfused and retains closer proximity to normal brain metabolic

substrate concentrations. Immune cell populations are distributed

non-uniformly across these zones, with most T cell infiltration

occurring at the tumour margin where metabolic conditions are less

hostile, while immunosuppressive myeloid cells are enriched

throughout the tumour core (26, 27). Spatial transcriptomic anal-

yses using technologies such as Visium and MERFISH are begin-

ning to map these metabolic-immune co-distributions at cellular

resolution, revealing that the competitive suppressive programme is

highest in the regions of greatest glycolytic activity and revealing

potential therapeutic access points at the tumour-normal brain

interface (27).

3.6 The competitive hierarchy: substrate
abundance maintains suppression,
substrate deprivation inverts it

In the glucose-and-glutamine-replete TME, GBM cells consume

glucose and glutamine for rapid proliferation and biosynthesis;

immunosuppressive myeloid cells consume the same substrates to

maintain glycosylation-dependent immunosuppressive surface dis-

play, polyamine-dependent M2 transcriptional programmes, and

ROS-generating effector functions; lactate produced by GBM gly-

colysis reinforces myeloid M2 polarisation through the GPR81/

HIF-1alpha axis. T cells entering this environment are simulta-

neously substrate-starved, pH-suppressed, amino acid-depleted,

and transporter-competed.

When the glucose-glutamine supply is disrupted, this coalition

does not merely slow — it structurally disintegrates from multiple

directions simultaneously. GBM cell biosynthetic capacity collapses as

nucleotide synthesis, glutathione replenishment, and lipid production

lose their carbon source. Myeloid immunosuppressive function dete-

riorates as hexosamine biosynthesis, polyamine production, and TCA-

dependent suppressive metabolism are impaired. Lactate production

falls, removing the GPR81/HIF-1alpha-driven M2 polarisation signal

and destabilising the myeloid M2 transcriptional programme. T cells

with retained FAO capacity entering this environment encounter

reduced substrate competition, less extracellular acidification, reduced

lactate-mediated transporter competition, and a myeloid compartment

shifting toward more permissive phenotypes.
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4 Fatty acid oxidation and the T cell
metabolic competitive advantage

4.1 Effector versus memory T cell
metabolism: the life cycle of metabolic
flexibility

T cell activation drives a rapid shift from oxidative phospho-

rylation to aerobic glycolysis, mirroring the metabolic

reprogramming of tumour cells. Activated effector CD8+ T cells

upregulate GLUT1, hexokinase-2, and lactate dehydrogenase-A,

adopting a glycolytic programme that fuels the rapid biosynthesis

and cytokine secretion required for acute anti-tumour activity (42).

However, as the acute effector response resolves and memory T cells

are established, there is a fundamental metabolic shift: memory

CD8+ T cells downregulate glycolytic enzymes, upregulate mito-

chondrial biogenesis, and shift their primary fuel source to fatty acid

oxidation (24, 38). This metabolic flexibility is a critical distinction

that requires precise qualification. The acute cytotoxic function of

CD8+ effector T cells, including rapid perforin and granzyme

secretion and clonal burst expansion, is glycolysis-dependent and

cannot be fully substituted by FAO. FAO supports T cell metabolic

resilience, mitochondrial spare respiratory capacity, long-term

survival, and the sustained effector capacity of memory-phenotype

T cells operating at reduced biosynthetic demand; it does not

substitute for glycolysis in cells undergoing peak acute cytotoxic

responses. The therapeutic relevance of FAO in this framework

therefore lies in the persistence of T cells through a period of

metabolic TME remodelling and their re-engagement with antigen

once the competitive hierarchy has been inverted, rather than in

sustaining maximal glycolytic killing capacity during the suppres-

sive phase.

Pre-existing tumour-infiltrating T cells in an unmodified GBM

TME represent a compromised population. Scharping et al. demon-

strated that the TME directly suppresses T cell mitochondrial

biogenesis, reducing spare respiratory capacity and FAO activity in

tumour-infiltrating CD8+ T cells relative to peripheral T cells from

the same host (43). Bengsch et al. showed that PD-1 signalling

impairs both glycolytic and mitochondrial bioenergetic capacity

simultaneously, establishing exhaustion as a metabolic state, not

solely a transcriptional one (12). FAO-based metabolic fitness there-

fore applies primarily to T cells entering a metabolically

reprogrammed TME: vaccine-primed effectors, adoptively trans-

ferred lymphocytes, or endogenously recruited T cells mobilised

following myeloid repolarisation. The therapeutic sequencing ratio-

nale, in which metabolic TME remodelling precedes immune acti-

vation, is designed to present a metabolically permissive environment

to T cells retaining intact mitochondrial capacity.

4.2 TRAF6/AMPK signalling and
mitochondrial spare respiratory capacity

Pearce et al. demonstrated that TRAF6-deficient mice failed to

form functional memory CD8+ T cells following acute infection

(24). TRAF6-deficient T cells showed reduced mitochondrial fatty

acid oxidation and could not be rescued by exogenous IL-15 alone,
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but were rescued by the Complex I inhibitor metformin, which

inhibits mitochondrial Complex I, reducing OXPHOS efficiency

and activating AMPK signalling that upregulates FAO as a com-

pensatory energy source (24). The TRAF6-AMPK-PGC-1alpha

signalling axis coordinates mitochondrial biogenesis and FAO

enzyme expression during memory T cell differentiation.

Mitochondrial spare respiratory capacity (SRC), defined as the

difference between maximal and basal mitochondrial oxygen con-

sumption, is the parameter most predictive of memory T cell

functional survival (38, 44). Van der Windt et al. demonstrated

that memory CD8+ T cells have substantially greater SRC than

effector T cells, and that this SRC is maintained through FAO and

CPT1A-dependent long-chain fatty acid import into the mitochon-

dria (38). CPT1A expression therefore serves as a functional marker

of metabolically fit T cells capable of sustaining activity in a glucose-

poor, lipid-available environment such as the ketotic GBM TME

created by pharmacological intervention.
4.3 Why FAO cannot sustain aggressive
proliferation: the biosynthetic carbon
problem

The fundamental reason that neither bulk GBM cells nor

aggressively proliferating glioma stem cells can sustain rapid divi-

sion through fatty acid oxidation is not energetic but biosynthetic.

Rapid cell proliferation demands the continuous synthesis of

nucleotides (requiring glucose-derived ribose-5-phosphate from

the pentose phosphate pathway and glutamine as the nitrogen

donor for purine and pyrimidine ring assembly), membrane

lipids (requiring malonyl-CoA from acetyl-CoA and NADPH

from the pentose phosphate pathway for de novo fatty acid

synthesis), non-essential amino acids including serine and glycine

(from 3-phosphoglycerate) and aspartate (from TCA oxaloacetate),

and the bulk biomass required for daughter cell production. FAO

yields acetyl-CoA and reducing equivalents (NADH, FADH2) for

ATP synthesis but does not generate ribose-5-phosphate, does not

provide the glutamine-nitrogen required for nucleotide ring assem-

bly, and does not supply the reductive biosynthesis intermediates

that glucose and glutamine jointly provide (13, 14). A rapidly

dividing cell is therefore metabolically constrained to use glucose

and glutamine as its primary biosynthetic carbon sources regardless

of its FAO capacity. Raising FAO flux cannot substitute for this

biosynthetic requirement; it can only supplement the ATP budget

in a cell whose biosynthetic needs are already being met by glucose

and glutamine.

The same biosynthetic constraint governs glioma stem cells

when they exit quiescence. The transition from quiescent to

aggressively proliferating GSC is accompanied by upregulation of

glycolysis and glutaminolysis: glucose-derived ribose-5-phosphate

and glutamine-nitrogen are required for nucleotide synthesis, and

neither is supplied by FAO. G/Q restriction prevents this transition,

confining GSCs to a slow-cycling state incapable of driving the

growth and infiltration that characterise GBM recurrence. Studies

using etomoxir to probe CPT1 dependence in GBM cells require

methodological caution: Divakaruni et al. established that etomoxir

above 40 micromolar causes CoA sequestration independent of
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CPT1A inhibition (45), and most published GBM etomoxir studies

employ suprathreshold concentrations (46).

Memory T cell effector function, by contrast, is energetically

demanding but biosynthetically modest: sustained cytokine secre-

tion, directed cytotoxicity, and maintenance of spare respiratory

capacity do not require the nucleotide and lipid biosynthetic

throughput of a dividing cell. FAO-fuelled oxidative phosphoryla-

tion supports these programmes, and mitochondrial spare respira-

tory capacity provides the reserve to sustain function under

metabolic stress (24, 38). Glucose and glutamine restriction there-

fore selectively impairs rapidly proliferating cells, which cannot

divide without biosynthetic carbon from these substrates, while

leaving intact the energetic requirements of T cell effector function

that FAO can meet.

4.4 Regulatory T cells and FAO

FOXP3, the master transcription factor of regulatory T cells, was

demonstrated by Angelin et al. to directly repress c-Myc and

upregulate FAO-related gene expression, enabling Tregs to main-

tain their suppressive programme under low-glucose, high-lactate

conditions (25). Michalek et al. and Gerriets et al. established that

Treg suppressive function is preferentially supported by FAO and

oxidative phosphorylation rather than glycolysis (47, 48). Treg

expansion in the GBM TME is driven by tumour-derived TGF-

beta, IL-10, and by lactate-dependent HIF-1alpha stabilisation that

promotes FOXP3 expression (17, 25). Disrupting tumour glycolysis

removes this lactate-dependent polarising signal, reducing the TME

input driving Treg expansion independently of FAO substrate

availability. Angelin et al. demonstrated that Tregs in low-glucose

environments show reduced proliferative capacity, such that glu-

cose restriction limits Treg expansion rather than augmenting

it (25).

4.5 M2 Macrophages, FAO, and the causal
role of lactate

FAO is a feature of the M2 macrophage metabolic state, not the

driver of M2 polarisation. M2 polarisation is instructed by IL-4, IL-

13, and, in the GBM TME, by lactate acting via GPR81/HIF-1alpha;

the FAO phenotype follows from STAT6-mediated upregulation of

PPARgamma/delta and FAO enzyme expression downstream of

cytokine receptor engagement (17). Tannahill et al. established that

succinate is the pro-inflammatory TCA metabolite stabilising HIF-

1alpha and driving IL-1beta in M1 macrophages (49). Itaconate,

produced from cis-aconitate by IRG1/ACOD1 in M1 macrophages,

functions as an anti-inflammatory brake on this programme and

should not be conflated with succinate. Removing the lactate signal

by disrupting tumour glycolysis withdraws the principal M2-

polarising input in GBM regardless of lipid substrate availability.

Leone et al. observed macrophage reprogramming toward inflam-

matory phenotypes following glutamine antagonism in association

with reduced TME lactate, consistent with this mechanism (30).
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4.6 Beta-hydroxybutyrate as T cell fuel,
HDAC inhibitor, and myeloid
reprogramming signal

The principal ketone body produced during pharmacological or

endogenous ketosis, beta-hydroxybutyrate (beta-OHB), has multi-

ple mechanisms of action relevant to the metabolic cell competition

framework. As an oxidisable substrate, beta-OHB can be converted

via SCOT (succinyl-CoA:3-oxoacid CoA transferase) to acetyl-CoA

and used by mitochondria in place of glucose-derived pyruvate,

supporting ATP production in T cells and neurons under condi-

tions of glucose restriction. This provides an alternative metabolic

fuel that may help T cells maintain energetic sufficiency in a

glucose-depleted TME without relying on FAO of stored lipids.

Shimazu et al. demonstrated in a landmark 2013 Science

publication that beta-OHB acts as an endogenous inhibitor of

class I and class IIa histone deacetylases (HDAC1/2/3/8), binding

the active site zinc ion and reducing HDAC activity at physiolog-

ically achievable circulating concentrations of 1 to 2 mM, as occur

during therapeutic ketosis (50). HDAC inhibition by beta-OHB

increases histone H3K9 and H3K14 acetylation at gene loci encod-

ing antioxidant enzymes including FOXO3A and MnSOD, reduc-

ing oxidative stress in cells exposed to nutrient restriction. In T cells,

HDAC inhibition has been associated with enhanced effector gene

expression, improved memory formation, and augmented cytotoxic

activity against tumour cells, adding an epigenetic dimension to the

metabolic advantage conferred by ketosis. Additionally, Youm et al.

demonstrated that beta-OHB blocks NLRP3 inflammasome activa-

tion in macrophages by preventing potassium efflux, reducing IL-

1beta and IL-18 secretion (51). While NLRP3 activation in the GBM

TME is complex and context-dependent, suppression of excessive

inflammasome signalling in tumour-associated myeloid cells may

contribute to the shift from a pro-tumorigenic inflammatory state

toward a more homeostatic phenotype. Collectively, beta-OHB

functions as a multi-target metabolic-epigenetic modulator that

augments the immune benefits of glucose restriction beyond simple

substrate competition.

4.7 Metabolic engineering of T cell
competitive fitness

Engineering T cells intrinsically to favour oxidative metabolism

over glycolysis increases their capacity to function in the nutrient-

restricted, lactate-rich, and acidified GBM microenvironment. T

cells with enhanced mitochondrial biogenesis, greater FAO capac-

ity, and reduced glycolytic dependency are better positioned to

sustain effector function under conditions that disadvantage gly-

colysis-dependent programmes. This applies to chimeric antigen

receptor T cells and to ex vivo expanded tumour-spe-

cific lymphocytes.

The costimulatory domain incorporated into CAR T cell con-

structs exerts a profound and underappreciated influence on the

metabolic programme of the engineered cell. Kawalekar et al.
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demonstrated that CAR T cells incorporating the 4-1BB (CD137)

intracellular signalling domain displayed substantially enhanced

mitochondrial biogenesis, greater oxidative phosphorylation and

fatty acid oxidation activity, and adopted a central memory T cell

phenotype compared with CAR T cells incorporating the CD28

costimulatory domain, which preferentially adopted an effector

memory phenotype sustained by aerobic glycolysis (52). This meta-

bolic divergence translated into superior in vivo persistence and

improved antitumour activity, consistent with the prediction of the

competitive framework: T cells biased toward OXPHOS and FAO

outcompete glycolysis-dependent T cells in nutrient-restricted envi-

ronments. The metabolic profiles conferred by 4-1BB and CD28

signalling domains therefore constitute a design choice with direct

competitive fitness implications for CAR T cells intended to operate

in the GBM TME, and 4-1BB is mechanistically preferable on

metabolic grounds for this application.

Glycolytic restraint during ex vivo T cell expansion is a second

mechanistically grounded engineering strategy. Sukumar et al.

demonstrated that inhibiting glycolysis during CD8+ T cell prim-

ing, using either 2-deoxyglucose or low-dose rapamycin-mediated

mTOR suppression, forced T cells to rely on oxidative metabolism

during the priming phase, resulting in the generation of cells with a

central memory phenotype, higher mitochondrial spare respiratory

capacity, and superior long-lived antitumour activity following

adoptive transfer (53). This finding converges with the established

observation that high mTOR activity during effector T cell differ-

entiation promotes terminal effector fate at the expense of memory

formation (Ref 54, 55), and places glycolytic restraint during ex vivo

expansion as a readily implementable modification to adoptive cell

therapy manufacturing protocols. For GBM-directed cell therapies,

restricting glycolysis during ex vivo expansion would produce T

cells with intrinsically greater FAO capacity and mitochondrial

fitness, metabolically matched to the glucose-restricted environ-

ment created by the therapeutic interventions described in

Section 5.

Pharmacological augmentation of mitochondrial biogenesis

through PGC-1alpha activation represents a third avenue.

Chamoto et al. demonstrated that bezafibrate, a pan-PPAR agonist

that activates PGC-1alpha and mitochondrial biogenesis, synergised

with PD-1 blockade to produce durable antitumour responses in

murine models at doses at which neither agent alone was efficacious

(56). Mitochondrial activation via PGC-1alpha directly amplifies the

FAO-based competitive advantage described in Section 4.2, increas-

ing the SRC that enables T cells to sustain effector function under

metabolic stress. Complementary approaches include CPT1A over-

expression as a gain-of-function strategy to enhance mitochondrial

long-chain fatty acid import capacity, and the expression of FOXO1,

a transcription factor that promotes T cell quiescence, long-term

survival, and memory gene expression while suppressing terminal

effector differentiation, thereby extending the functional lifespan of

adoptively transferred cells in the hostile GBM TME. Neither CPT1A

overexpression nor exogenous FOXO1 expression has been evaluated

in a clinically relevant GBM cell therapy model, and these remain

experimental hypotheses requiring systematic preclinical validation.

Collectively, the convergence of costimulatory domain selection,

glycolytic restraint during manufacturing, and mitochondrial
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activation strategies identifies metabolic engineering as a mechanis-

tically coherent approach to increasing the intrinsic competitive

fitness of therapeutic T cells, complementary to, and conceptually

inseparable from, the TME-directed metabolic reprogramming strat-

egies described in Sections 3 and 5.

Prioritisation of these engineering strategies for GBM clinical

translation requires distinguishing those with direct GBM preclinical

validation from those with only non-GBM mechanistic support.

Among currently described approaches, enforced GLUT1 overexpres-

sion has the most direct GBM-specific evidence: Shi et al. demonstrated

that IL13Ralpha2-BBz CAR-T cells overexpressing GLUT1 prolonged

survival in an orthotopic GBM model and exhibited decreased

exhaustion marker expression relative to unmodified controls, provid-

ing proof-of-concept that augmenting glucose uptake capacity in CAR-

T cells directly counteracts competition from the glucose-avid GBM

TME (57). This approach is distinct inmechanism from 4-1BB domain

selection (which increases FAO and mitochondrial biogenesis) and

from ex vivo glycolytic restraint (which shifts memory/effector bal-

ance), and the three strategies are not mutually exclusive; combining 4-

1BB-based CAR design with GLUT1 co-expression addresses both

competitive glucose acquisition and long-term oxidative fitness simul-

taneously. The most underexplored and potentially highest-yield

opportunity is the combination of metabolic engineering with phar-

macological TME remodelling: DON-mediated glutamine antagonism,

by reprogramming TAMs away from the immunosuppressive pheno-

type and reducing myeloid glutamine competition, creates a more

permissive environment into which GLUT1- or 4-1BB-optimised

CAR-T cells can be delivered. SGLT2 inhibitor-mediated glucose

restriction of GBM cells similarly reduces the competitive glucose

sink against which engineered T cells must contend. The design of trials

combining pharmacological metabolic reprogramming with metabol-

ically engineered adoptive cell therapy represents the logical next step

for GBM immunometabolic medicine and should be incorporated into

window-of-opportunity clinical designs with paired metabolic imag-

ing endpoints.
5 Therapeutic exploitation of
metabolic cell competition

5.1 Pharmacological metabolic
interventions

The competitive metabolic framework described in Sections 3

and 4 identifies several pharmacological strategies through which the

glucose-glutamine-lactate suppressive axis can be disrupted.

Glutamine antagonism with DON and its prodrugs JHU083 and

JHU395 has the strongest mechanistic anchor: Leone et al. demon-

strated in vivo that pan-glutamine antagonism reprogrammed

TAMs from immunosuppressive to inflammatory phenotypes, re-

stored CD8+ T cell infiltration, and produced survival benefit in a

murine GBMmodel, with T cells— but not tumour cells— adapting

metabolically by upregulating FAO (30). Clinical development of

parent DON was historically constrained by dose-dependent gas-

trointestinal toxicity, predominantly nausea and emesis attributable
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to intestinal glutamine antagonism; JHU083 and JHU395 were

designed to preferentially activate within the low-pH, esterase-rich

TME to limit systemic glutamine antagonism (58), though gastro-

intestinal tolerability at immunologically active doses requires pro-

spective evaluation in human GBM trials. Glucose restriction is

achievable through SGLT2 inhibitors (with direct pharmacodynamic

proof of target engagement in human GBM (59–61)), which

additionally promote pharmacological ketosis and elevation of

beta-hydroxybutyrate, an endogenous HDAC inhibitor that aug-

ments T cell effector gene accessibility (50, 51, 62, 63); however, the

assumption that pharmacological ketosis is uniformly detrimental to

GBM requires qualification: OXCT1 (encoding SCOT, the rate-

limiting enzyme of ketone oxidation) is variably expressed across

cancer cell lines, and preclinical evidence indicates that some brain

tumour cells can utilise beta-hydroxybutyrate as a supplementary

oxidative substrate, potentially limiting the selective metabolic

disadvantage conferred by ketosis; patient or tumour stratification

by OXCT1 expression or ketone oxidative capacity may therefore be

necessary to identify tumours in which ketosis is net-suppressive.

Lactate production can be reduced upstream by pyruvate dehydro-

genase kinase inhibition with dichloroacetate, which reactivates the

pyruvate dehydrogenase complex in glycolytic tumour cells and

reduces lactate output at its biosynthetic source (64–66); lactate

export can be targeted downstream by MCT inhibitors, though

MCT1-selective inhibition carries the immunological concern of

impairing T cell lactate disposal and MCT4-selective agents are

preferable (67); GBM-specific immunological data for MCT inhib-

itors are presently absent and represent a critical gap in the

translational evidence base. Pharmacological ascorbate exploits the

GLUT1 overexpression of glycolytic GBM cells to deliver

dehydroascorbate selectively, inactivating GAPDH through oxida-

tive stress while additionally destabilising HIF-1alpha via prolyl

hydroxylase reactivation (68–70). Sodium phenylbutyrate provides

modest glutamine depletion through urinary phenylacetylglutamine

excretion combined with sub-stoichiometric HDAC inhibitory ac-

tivity, though the pharmacokinetics of butyrate exposure at clinically

tolerated doses may be insufficient for robust HDAC inhibition in

vivo (71, 72). Mebendazole demonstrates multi-target anti-tumour

activity via tubulin polymerisation inhibition, VEGFR2/PDGFR

inhibition, and Bcl-2 downregulation, with survival benefit in two

immune-competent GBM preclinical models (73); whether direct

glutamine antagonism contributes to this activity has not been

established in peer-reviewed publications and cannot currently be

incorporated into the metabolic competition framework. None of

these strategies has been evaluated in a randomised GBM trial within

an immune-competent metabolic priming framework, all face the

fundamental confounder of corticosteroid-induced hyperglycaemia

and lymphopenia, and all require biomarker-stratified window-of-

opportunity clinical designs with paired metabolic imaging and

immune profiling. Mechanisms, evidence levels, GBM-specific

data, and principal caveats for each intervention are summarised

in Table 1.
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6 An integrated model of metabolic
cell competition in GBM:
controversies and research gaps

6.1 The metabolic fitness hierarchy: a
synthesised model

The GBM TME is organised around a metabolic fitness hierar-

chy sustained by two interlocking mechanisms. GBM cells and

immunosuppressive myeloid cells consume glucose and glutamine

at high rates, depleting these substrates from the shared niche.

Lactate and amino acid depletion products generated by this

consumption act as paracrine suppressive signals that further

impair infiltrating T cells through GPR81/HIF-1alpha-mediated

myeloid repolarisation, extracellular acidification, and

monocarboxylate transporter competition. Disrupting glucose and

glutamine availability dismantles both mechanisms simultaneously:

GBM biosynthetic capacity falls, myeloid immunosuppressive pro-

grammes lose their metabolic substrate, and lactate-driven M2

polarisation is withdrawn. T cells retaining FAO capacity enter a

metabolically less hostile environment as a consequence.

6.2 Glioma stem cells and substrate
restriction

Aggressive GSC behaviour is coupled to upregulated glycolysis

and glutaminolysis: the biosynthetic demands of rapid proliferation,

including nucleotide synthesis and lipid production, cannot be met

through alternative substrates. G/Q restriction therefore prevents

the phenotypic transition that produces clinical harm. Quiescent

GSCs in this setting are slow-cycling and do not contribute

meaningfully to tumour progression. The operative clinical variable

is whether G/Q restriction can be sustained long enough for

immune-mediated clearance to reduce the viable tumour burden

before GSCs re-enter the proliferative state. Combining metabolic

restriction with effective immune activation addresses both the bulk

tumour compartment and the stem cell reservoir.

6.3 Spatial heterogeneity and the tumour-
brain interface

The metabolic competition framework operates differently

across GBM anatomical zones. The necrotic core and

pseudopalisading zone, characterised by extreme hypoxia and

maximal glycolytic activity, represent the environment in which

metabolic competition is most intense and in which T cell exclusion

is most complete (5). The infiltrative margin, where tumour cells

invade relatively well-perfused normal brain parenchyma, is met-

abolically distinct and represents both the site of greatest T cell

access and the primary source of tumour recurrence. Spatial

metabolomic and transcriptomic approaches, including the multi-

omic spatial atlas of GBM published by Ravi et al., have begun to
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reveal that the tumour-host interface is characterised by distinctive

bidirectional metabolic exchanges not captured by bulk tumour

analysis (27). Therapeutic strategies must account for this spatial

heterogeneity: a systemic metabolic intervention may adequately

modulate the metabolic environment at the tumour margin while

having limited access to the deeply hypoxic core. Drug delivery

strategies combining metabolic agents with methods to improve

tumour penetration, such as focused ultrasound-mediated blood-

brain barrier opening, may be required to achieve adequate

intratumoral drug concentrations.
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6.4 Cytomegalovirus as metabolic amplifier
of the competitive coalition

Human cytomegalovirus (HCMV) is detected in a substantial

proportion of IDH-wildtype GBMs and provides a second, virally

driven mechanism through which the metabolic competitive hier-

archy is amplified (74). The viral immediate-early proteins IE1 and

IE2 are promiscuous transcriptional transactivators that directly

transactivate the c-Myc promoter via basal promoter elements

within hours of infection (75). Elevated c-Myc drives both arms
TABLE 1 Summary of pharmacological metabolic interventions targeting the GBM tumour microenvironment metabolic competition axis.

Agent /
intervention

Primary
mechanism

Target pathway
Evidence
level

GBM-specific data and gaps

DON / JHU083 /
JHU395

Pan-glutamine
amidotransferase
antagonism; prodrugs
activated in TME

Glutamine competition; myeloid
repolarisation; T cell metabolic
rescue

Preclinical
(strong); Phase I
ongoing

Leone 2019 (Science): GL261 model, TME
reprogramming. CNS penetration of prodrugs requires
validation. No randomised GBM trial.

Sodium
phenylbutyrate

Glutamine depletion via
phenylacetylglutamine
excretion; HDAC I/IIa
inhibition

Glutamine competition; epigenetic T
cell augmentation; tumour
differentiation

Preclinical; Phase
I/II (other cancers)

Dose-dependent glutamine depletion unvalidated at
oncology doses in GBM. No randomised
immunotherapy combination trial.

SGLT2 inhibitors

Renal glucose reabsorption
blockade; indirect
ketogenesis promotion;
direct Complex I inhibition
(canagliflozin)

Glucose competition; insulin/IGF-1
reduction; beta-OHB elevation

Mechanistic; Phase
I
pharmacodynamic
(human GBM;
n=5)

Wright 2018: SGLT2 protein confirmed in GBM cells
and tumour neovasculature by immunocytochemistry;
Me4FDG PET demonstrates SGLT-mediated uptake
14-fold above normal brain. Wright 2024: single-dose
empagliflozin reduces GBM Me4FDG uptake in 5/5
patients; in vivo target engagement confirmed.
Dexamethasone confounds glucose restriction.

Mebendazole

Tubulin polymerisation
inhibition; VEGFR2/PDGFR
inhibition; Bcl-2
downregulation

Anti-proliferative; anti-angiogenic;
indirect TME remodelling

Preclinical (GBM);
Phase II feasibility

Bai 2011 (Neuro Oncol): survival benefit in GL261
and PDGF-driven GBM models. Direct glutamine
antagonism activity not established in peer-reviewed
literature. Metabolic competition mechanism requires
dedicated in vivo investigation.

MCT1/MCT4
inhibitors
(AZD3965,
syrosingopine)

Blockade of lactate export
from glycolytic tumour
cells; reduction of
extracellular lactate

Lactate-mediated M2 polarisation
reversal; T cell pH restoration

Preclinical;
AZD3965 Phase I
(non-CNS)

CNS penetration and GBM-specific immunological
data lacking. Rational mechanistic target; clinical
translation pending.

Dichloroacetate
(DCA)

PDK1/2 inhibition;
reactivates PDC; diverts
pyruvate to TCA; reduces
lactate production; increases
mitochondrial ROS; inhibits
HIF-1alpha

Upstream lactate reduction
(complementary to MCT inhibitors);
HIF-1alpha suppression; apoptosis
via mitochondrial depolarisation;
engages GSC compartment

Preclinical; Phase
I/II (GBM, n=5)

Michelakis 2010 (Sci Transl Med): Warburg reversal in
biopsies; apoptosis in CD133+/nestin+ GSCs; PDK2
overexpressed in all GBM tested. Dose-limiting
toxicity: peripheral neuropathy.

IV
Pharmacological
Ascorbate

DHA/GLUT1 uptake
depletes GSH; ROS
inactivate GAPDH; PHD
reactivation destabilises
HIF-1alpha; extracellular
H2O2 pro-oxidant; TET
cofactor for T cell
epigenetic reprogramming

GLUT1-selective glycolytic
vulnerability; HIF-1alpha
suppression; direct cytotoxicity; T
cell effector gene demethylation

Preclinical; Phase I
(GBM)

Allen 2019 (Clin Cancer Res): Phase I, n=11, no DLT,
median OS 18 months. G6PD deficiency: absolute
contraindication. Dexamethasone-GLUT competition
pharmacology unstudied.

Valganciclovir

HCMV UL54 (DNA
polymerase) inhibition;
suppresses IE1/IE2-
mediated c-Myc
transactivation; reduces
cmvIL-10-driven M2
polarisation; reduces US28-
mediated chemokine
scavenging

HCMV-amplified glycolysis (c-Myc/
GLUT1/LDHA/PKM2) and
glutaminolysis (c-Myc/GLS1/
ASCT2); increased lactate-driven M2
polarisation; myeloid M2
reinforcement via cmvIL-10; T cell
chemotactic exclusion via CCL5/
CX3CL1 scavenging

Preclinical
mechanistic
(HCMV infection
models); Phase II
retrospective and
add-on trial

Stragliotto 2013: retrospective OS benefit in HCMV-
positive GBM. Söderström 2020 (Clin Cancer Res):
add-on trial survival signal. Randomised double-blind
trial (n=220, primary endpoint OS) ongoing. HCMV
prevalence in IDH-wildtype GBM varies by detection
methodology; stratification by viral antigen burden
required.
Evidence levels reflect current status as of 2026. AED, anti-epileptic drug; beta-OHB, beta-hydroxybutyrate; CNS, central nervous system; DON, 6-diazo-5-oxo-L-norleucine; GBM, glioblastoma;
HDAC, histone deacetylase; IGF-1, insulin-like growth factor 1; MCT, monocarboxylate transporter; NLRP3, NOD-like receptor family pyrin domain-containing 3; SGLT2, sodium-glucose
cotransporter 2; TME, tumour microenvironment; VEGFR2, vascular endothelial growth factor receptor 2.
frontiersin.org

https://doi.org/10.3389/fonc.2026.1849888
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Omene 10.3389/fonc.2026.1849888
of the glucose-glutamine competitive axis simultaneously. On the

glycolytic arm, c-Myc directly upregulates GLUT1, LDHA, and

PKM2, increasing glucose uptake, glycolytic flux, and lactate pro-

duction — amplifying the paracrine GPR81/HIF-1alpha M2

polarisation signal. On the glutamine arm, c-Myc suppresses miR-

23a and miR-23b, releasing post-transcriptional inhibition of mi-

tochondrial glutaminase (GLS1), and directly upregulates ASCT2

(SLC1A5) via E-box elements in its promoter, increasing glutamine

import capacity (76). HCMV infection therefore amplifies the entire

metabolic competitive axis through a single viral transcriptional

effector, simultaneously increasing glucose consumption, lactate

output, and glutamine demand in the host tumour cell (77).

At the myeloid level, HCMV independently reinforces immuno-

suppression through mechanisms that operate in parallel with the

lactate-GPR81/HIF-1alpha axis. The viral cytokine cmvIL-10 (en-

coded by UL111A) directly drives M2 macrophage polarisation in

infected monocyte-lineage cells. The virally encoded chemokine

receptor US28, constitutively expressed in infected cells and secreted

on exosomes into the TME, scavenges CCL5 and CX3CL1 at high

affinity, preventing T cell recruitment and retention independent of

metabolic substrate availability. The competitive coalition is therefore

reinforced at two levels simultaneously by CMV: tumour cell meta-

bolic competitive capacity is increased, and the myeloid immuno-

suppressive compartment is polarised through a mechanism

orthogonal to lactate signalling.

Valganciclovir, a prodrug of ganciclovir that inhibits HCMV

DNA polymerase (UL54), addresses all three arms by suppressing

viral replication: IE1/IE2 expression is reduced, c-Myc

transactivation falls, GLS1 and ASCT2 upregulation is withdrawn,

cmvIL-10 secretion declines, and US28 exosomal release is reduced.

Retrospective and add-on trial data support a survival signal with

valganciclovir in HCMV-positive GBM (78). A randomised double-

blind trial (n=220, primary endpoint overall survival) initiated in

2019 has not yet reported final results. The prevalence of HCMV in

IDH-wildtype GBM varies across studies depending on detection

methodology and contamination controls; CMV seroprevalence

and intratumoral viral antigen burden should be incorporated as

stratification variables in metabolic immunotherapy trial design.

6.5 Corticosteroids and patient
stratification

This review is scoped to IDH-wildtype GBM, which under the

2021 WHO classification constitutes the defining entity of the

disease. IDH-mutant grade 4 astrocytoma is a biologically and

metabolically distinct entity whose oncometabolite-driven

immune suppression mechanisms — including 2-HG-mediated

inhibition of alpha-ketoglutarate-dependent dioxygenases and con-

sequent T cell trafficking impairment — are not the subject of this

review and require separate evaluation. Within IDH-wildtype GBM,

patient stratification in metabolic immunotherapy trials must

incorporate MGMT promoter methylation status, corticosteroid

dose and durat ion , and base l ine immune profi l ing .

Dexamethasone confounds glucose metabolism, lymphocyte traf-

ficking, and T cell compartment size in ways that directly under-

mine the metabolic competition interventions reviewed here;
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prospective steroid-minimisation protocols are therefore a neces-

sary element of trial design.

6.6 The T cell source requirement

Realising the metabolic competitive advantage of T cells in a

reprogrammed TME requires a source of metabolically competent T

cells. Three candidate sources are relevant: endogenously expanded

tumour-reactive T cells primed by therapeutic vaccination; adoptively

transferred tumour-specific lymphocytes expanded ex vivo; and periph-

eral T cells recruited followingmyeloid repolarisation. Each faces distinct

constraints. Therapeutic vaccination in GBM has produced inconsistent

results related to antigen heterogeneity and TME immunosuppression.

Adoptive cellular therapy has encountered poor engraftment and

limited trafficking across the blood-brain barrier. Endogenous T cell

recruitment depends on successful myeloid repolarisation clearing the

physical and metabolic barriers at the tumour margin.

Existing preclinical metabolic competition studies have largely

evaluated metabolic interventions in immunologically intact syn-

geneic hosts rather than in models that characterise the T cell source

requirements separately. Key unanswered questions include

whether metabolic TME remodelling through glutamine antago-

nism, glucose restriction, or MCT inhibition is sufficient to restore T

cell trafficking into previously excluded tumour regions, and

whether T cells entering a metabolically reprogrammed GBM

TME maintain sufficient functional competence for anti-tumour

cytotoxicity. These questions are directly relevant to the metabolic

engineering strategies described in Section 4.7, which are designed

to maximise the intrinsic fitness of the T cell source used.

6.7 Technology gaps and clinical trial
design priorities

Several technologies are required to evaluate metabolic competi-

tion interventions in human GBM. In vivo metabolic flux measure-

ment using hyperpolarised 13C MR spectroscopy of labelled pyruvate

or glutamine would enable non-invasive assessment of glycolytic

activity and glutamine flux in the TME, and their response to

intervention. Spatial metabolomics applied to GBM surgical speci-

mens, using DESI-MS, MALDI-MS, or inferred metabolic state from

spatial transcriptomics, would characterise zonal metabolic hetero-

geneity at cellular resolution. Multi-parametric peripheral immune

monitoring, including mass cytometry of circulating T cell and

myeloid compartments and plasma metabolite profiling, provides

pharmacodynamic biomarkers accessible without tumour re-biopsy.

Clinical trials should incorporate biomarker-stratified window-of-

opportunity designs with mandatory pre- and post-treatment tissue

collection and paired metabolic imaging, permitting mechanism-

based patient selection rather than empirical dose escalation.
7 Conclusion

GBM has resisted decades of therapeutic innovation in large

part because treatment strategies have addressed individual
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molecular targets without engaging the ecosystem-level metabolic

competition that sustains immune evasion. The central argument of

this review is that GBM cells and immunosuppressive myeloid cells

form a substrate-dependent competitive coalition: both require

glucose and glutamine to maintain their respective proliferative

and immunosuppressive programmes, and the lactate produced by

GBM glycolysis directly reinforces myeloid M2 polarisation

through GPR81/HIF-1alpha signalling, creating a paracrine loop

in which tumour metabolism actively maintains the immunosup-

pressive microenvironment. T cells are excluded from this environ-

ment not merely by single-receptor suppression but by the

combined weight of substrate starvation, pH toxicity, and lactate-

driven myeloid programming. When the glucose-glutamine supply

is disrupted, the coalition disintegrates at multiple nodes simulta-

neously, and the metabolic conditions for T cell function improve

without any immune-directed intervention. The differential ability

of memory T cells to sustain effector function through fatty acid

oxidation, which does not require the biosynthetic carbon supply

that rapid proliferation demands, defines the therapeutic asymme-

try on which the entire framework rests.

Practical translational challenges remain substantial.

Dexamethasone confounds glucose metabolism and T cell function

in a manner directly antagonistic to metabolic immunotherapy, and

prospective steroid-minimisation is a necessary trial design element.

The requirement for metabolically competent T cells to exploit a

reprogrammed TME is not addressed in existing preclinical litera-

ture, and the engineering strategies described in Section 4.7 repre-

sent candidate solutions requiring validation in GBM-relevant

models. G/Q restriction confines GSCs to a slow-cycling, clinically

indolent state by blocking the biosynthetic substrate required for

aggressive proliferation; durability of that restriction is the clinical

variable to be optimised. None of the pharmacological strategies in

Table 1 has been tested in a randomised, immune-competent,

metabolically monitored GBM trial. Biomarker-stratified window-

of-opportunity designs with metabolic imaging and paired pre- and

post-treatment immune profiling are the study designs required to

evaluate these interventions.
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10. Claverıá C, Giovinazzo G, Sierra R, Torres M. Myc-driven endogenous cell
competition in the early mammalian embryo. Nature. (2013) 500:39–44.
doi: 10.1038/nature12389

11. Stine ZE, Walton ZE, Altman BJ, Hsieh AL, Dang CV. MYC, metabolism, and
cancer. Cancer Discov. (2015) 5:1024–39. doi: 10.1158/2159-8290.cd-15-0507

12. Bengsch B, Johnson AL, Kurachi M, Odorizzi PM, Pauken KE, Attanasio J, et al.
Bioenergetic insufficiencies due to metabolic alterations regulated by the inhibitory
receptor PD-1 are an early driver of CD8+ T cell exhaustion. Immunity. (2016) 45:358–
73. doi: 10.1016/j.immuni.2016.07.008

13. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg
effect: the metabolic requirements of cell proliferation. Science. (2009) 324:1029–33.
doi: 10.1126/science.1160809

14. Warburg O. On the origin of cancer cells. Science. (1956) 123:309–14. doi: 10.1126/
science.123.3191.309

15. DeBerardinis RJ, Cheng T. Q's next: the diverse functions of glutamine in
metabolism, cell biology and cancer. Oncogene. (2010) 29:313–24. doi: 10.1038/
onc.2009.358

16. Tardito S, Oudin A, Ahmed SU, Fack F, Keunen O, Zheng L, et al. Glutamine
synthetase activity fuels nucleotide biosynthesis and supports growth of glutamine-
restricted glioblastoma. Nat Cell Biol. (2015) 17:1556–68. doi: 10.1038/ncb3272

17. Colegio OR, Chu NQ, Szabo AL, Chu T, Rhebergen AM, Jairam V, et al. Functional
polarization of tumour-associated macrophages by tumour-derived lactic acid. Nature.
(2014) 513:559–63. doi: 10.1038/nature13490

18. Bunse L, Pusch S, Bunse T, Sahm F, Sanghvi K, Friedrich M, et al. Suppression of
antitumor T cell immunity by the oncometabolite (R)-2-hydroxyglutarate. Nat Med.
(2018) 24:1192–203. doi: 10.1038/s41591-018-0095-6

19. Amankulor NM, Kim Y, Arora S, Kargl J, Szulzewsky F, Hanke M, et al. Mutant
IDH1 regulates the tumor-associated immune system in gliomas. Genes Dev. (2017)
31:774–86. doi: 10.1101/gad.294991.116

20. Vlashi E, Lagadec C, Vergnes L, Matsutani T, Masui K, Poulou M, et al. Metabolic
state of glioma stem cells and nontumorigenic cells. Proc Natl Acad Sci USA. (2011)
108:16062–7. doi: 10.1073/pnas.1106704108

21. Vats D, Mukundan L, Odegaard JI, Zhang L, Smith KL, Morel CR, et al. Oxidative
metabolism and PGC-1beta attenuate macrophage-mediated inflammation. Cell
Metab. (2006) 4:13–24. doi: 10.1016/j.cmet.2006.05.011

22. Chang CH, Qiu J, O'Sullivan D, Buck MD, Noguchi T, Curtis JD, et al. Metabolic
competition in the tumor microenvironment is a driver of cancer progression. Cell.
(2015) 162:1229–41. doi: 10.1016/j.cell.2015.08.016

23. Ho PC, Bihuniak JD, Macintyre AN, Staron M, Liu X, Amezquita R, et al.
Phosphoenolpyruvate is a metabolic checkpoint of anti-tumor T cell responses. Cell.
(2015) 162:1217–28. doi: 10.1016/j.cell.2015.08.012

24. Pearce EL, Walsh MC, Cejas PJ, Harms GM, Shen H, Wang LS, et al. Enhancing
CD8 T-cell memory by modulating fatty acid metabolism. Nature. (2009) 460:103–7.
doi: 10.1038/nature08097

25. Angelin A, Gil-de-Gomez L, Dahiya S, Jiao J, Guo L, Levine MH, et al. Foxp3
reprograms T cell metabolism to function in low-glucose, high-lactate environments.
Cell Metab. (2017) 25:1282–93. doi: 10.1016/j.cmet.2016.12.018

26. Darmanis S, Sloan SA, Croote D, Mignardi M, Chernikova S, Samghababi P, et al.
Single-cell RNA-seq analysis of infiltrating neoplastic cells at the migrating front of
human glioblastoma. Cell Rep. (2017) 21:1399–410. doi: 10.1016/j.celrep.2017.10.030

27. Ravi VM, Will P, Kueckelhaus J, et al. Spatially resolved multi-omics deciphers
bidirectional tumor-host interdependence in glioblastoma. Cancer Cell. (2022) 40:639–
55. doi: 10.2139/ssrn.3865275

28. Maher EA, Marin-Valencia I, Bachoo RM, Mashimo T, Raisanen J, Hatanpaa KJ,
et al. Metabolism of [U-13C]glucose in human brain tumors in vivo. NMR BioMed.
(2012) 25:1234–44. doi: 10.1038/nature08097

29. Reinfeld BI, Madden MZ, Wolf MM, Chytil A, Bader JE, Patterson AR, et al. Cell-
programmed nutrient partitioning in the tumour microenvironment. Nature. (2021)
593:282–8. doi: 10.1038/s41586-021-03442-1

30. Leone RD, Zhao L, Englert JM, et al. Glutamine blockade induces divergent
metabolic programs to overcome tumor immune evasion. Science. (2019) 366:1013–21.
doi: 10.1126/science.aav2588

31. Savani MR, El Shami M, Miki K, Gattie LC, Smith BC, Hicks WH, et al. Stable
isotope tracing in human plasma-like medium reveals metabolic and immune mod-
ulation of the glioblastoma microenvironment. Neuro Oncol. (2026) 28:415–29.
doi: 10.1101/2023.05.29.542774

32. Walenta S, Schroeder T, Mueller-Klieser W. Lactate in solid Malignant tumors:
potential basis of a metabolic classification in clinical oncology. Curr Med Chem. (2004)
11:2195–204. doi: 10.2174/0929867043364711
Frontiers in Oncology 15
33. Dietl K, Renner K, Dettmer K, et al. Lactic acid and acidification inhibit TNF
secretion and glycolysis of human monocytes. J Immunol. (2010) 184:1200–9.
doi: 10.4049/jimmunol.0902584

34. Fischer K, Hoffmann P, Voelkl S, Meidenbauer N, Ammer J, Edinger M, et al.
Inhibitory effect of tumor cell-derived lactic acid on human T cells. Blood. (2007)
109:3812–9. doi: 10.1182/blood-2006-07-035972

35. Perez-Escuredo J, Van Hee VF, Sboarina M, Falces J, Payen VL, Pellerin L, et al.
Monocarboxylate transporters in the brain and in cancer. Biochim Biophys Acta. (2016)
1863:2481–97. doi: 10.1016/j.bbamcr.2016.03.013

36. Gabrilovich DI, Nagaraj S. Myeloid-derived suppressor cells as regulators of the
immune system. Nat Rev Immunol. (2009) 9:162–74. doi: 10.1038/nri2506

37. Rodriguez PC, Ochoa AC. Arginine regulation by myeloid derived suppressor cells
and tolerance in cancer: mechanisms and therapeutic perspectives. Immunol Rev.
(2008) 222:180–91. doi: 10.1007/s10637-013-0047-4

38. Van der Windt GJ, Everts B, Chang CH, Curtis JD, Freitas TC, Amiel E, et al.
Mitochondrial respiratory capacity is a critical regulator of CD8+ T cell memory
development. Immunity. (2012) 36:68–78. doi: 10.1016/j.immuni.2011.12.007

39. Munn DH, Mellor AL. IDO in the tumor microenvironment: inflammation,
counter-regulation, and tolerance. Trends Immunol. (2016) 37:193–207. doi: 10.1016/
j.it.2016.01.002

40. Abikenari M, Nageeb G, Ha JH, et al. Nexus of IDO1/kynurenine pathway to T-cell
exhaustion: hypoxia-induced tryptophan metabolism in glioblastoma. Metabolites.
(2026) 16:185. doi: 10.3390/metabo16030185

41. Wainwright DA, Chang AL, Dey M, et al. Durable therapeutic efficacy utilizing
combinatorial blockade against IDO, CTLA-4, and PD-L1 in mice with brain tumors.
Clin Cancer Res. (2014) 20:5290–301. doi: 10.1158/1078-0432.ccr-14-0514

42. Buck MD, O'Sullivan D, Pearce EL. T cell metabolism drives immunity. J Exp Med.
(2015) 212:1345–60. doi: 10.1084/jem.20151159

43. Scharping NE, Menk AV, Moreci RS, Whetstone RD, Dadey RE, Watkins SC, et al.
The tumor microenvironment represses T cell mitochondrial biogenesis to drive
intratumoral T cell metabolic insufficiency and dysfunction. Immunity. (2016)
45:374–88. doi: 10.1016/j.immuni.2016.07.009

44. Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation and quies-
cence. Immunity. (2013) 38:633–44. doi: 10.1016/j.immuni.2013.04.005

45. Divakaruni AS, Hsieh WY, Minarrieta L, Duong TN, Kim KKO, Desousa BR, et al.
Etomoxir inhibits macrophage polarization by disrupting CoA homeostasis. Cell
Metab. (2018) 28:490–503. doi: 10.1016/j.cmet.2018.06.001

46. Pike LS, Smift AL, Croteau NJ, Ferrick DA, Wu M. Inhibition of fatty acid
oxidation by etomoxir impairs NADPH production and increases reactive oxygen
species resulting in ATP depletion and cell death in human glioblastoma cells. Biochim
Biophys Acta. (2011) 1807:726–34. doi: 10.1016/j.bbabio.2010.10.022

47. Michalek RD, Gerriets VA, Jacobs SR, et al. Cutting edge: distinct glycolytic and
lipid oxidative metabolic programs are essential for effector and regulatory CD4+ T cell
subsets. J Immunol. (2011) 186:3299–303. doi: 10.4049/jimmunol.1003613

48. Gerriets VA, Kishton RJ, Nichols AG, Macintyre AN, Inoue M, Ilkayeva O, et al.
Metabolic programming and PDHK1 control CD4+ T cell subsets and inflammation. J
Clin Invest. (2015) 125:194–207. doi: 10.1172/jci76012

49. Tannahill GM, Curtis AM, Adamik J, Palsson-McDermott EM, McGettrick AF,
Goel G, et al. Succinate is an inflammatory signal that induces IL-1beta through HIF-
1alpha. Nature. (2013) 496:238–42. doi: 10.1038/nature11986

50. Shimazu T, Hirschey MD, Newman J, He W, Shirakawa K, Le Moan N, et al.
Suppression of oxidative stress by beta-hydroxybutyrate, an endogenous histone
deacetylase inhibitor. Science. (2013) 339:211–4. doi: 10.1126/science.1227166

51. Youm YH, Nguyen KY, Grant RW, Goldberg EL, Bodogai M, Kim D, et al. The
ketone metabolite beta-hydroxybutyrate blocks NLRP3 inflammasome-mediated in-
flammatory disease. Nat Med. (2015) 21:263–71. doi: 10.1126/scitranslmed.3003293

52. Kawalekar OU, O'Connor RS, Fraietta JA, Guo L, McGettigan SE, Posey AD, et al.
Distinct signaling of coreceptors regulates specific metabolism pathways and impacts
memory development in CAR T cells. Immunity. (2016) 44:380–90. doi: 10.1016/
j.immuni.2016.01.021

53. Sukumar M, Liu J, Ji Y, Subramanian M, Crompton JG, Yu Z, et al. Inhibiting
glycolytic metabolism enhances CD8+ T cell memory and antitumor function. J Clin
Invest. (2013) 123:4479–88. doi: 10.1172/jci69589

54. O'Neill LAJ, Pearce EJ. Immunometabolism governs dendritic cell and macrophage
function. J Exp Med. (2016) 213:15–23. doi: 10.1016/j.ccell.2022.05.009

55. Araki K, Turner AP, Shaffer VO, Gangappa S, Keller SA, Bachmann MF, et al.
mTOR regulates memory CD8 T-cell differentiation. Nature. (2009) 460:108–14.
doi: 10.1038/nature08155

56. Chamoto K, Chowdhury PS, Kumar A, Sonomura K, Matsuda F, Fagarasan S, et al.
Mitochondrial activation chemicals synergize with surface receptor PD-1 blockade for
T cell-dependent antitumor activity. Proc Natl Acad Sci USA. (2017) 114:E761–70.
doi: 10.1073/pnas.1620433114
frontiersin.org

https://doi.org/10.1016/j.cell.2019.06.024
https://doi.org/10.1016/j.cell.2019.06.024
https://doi.org/10.1038/nature12389
https://doi.org/10.1158/2159-8290.cd-15-0507
https://doi.org/10.1016/j.immuni.2016.07.008
https://doi.org/10.1126/science.1160809
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1126/science.123.3191.309
https://doi.org/10.1038/onc.2009.358
https://doi.org/10.1038/onc.2009.358
https://doi.org/10.1038/ncb3272
https://doi.org/10.1038/nature13490
https://doi.org/10.1038/s41591-018-0095-6
https://doi.org/10.1101/gad.294991.116
https://doi.org/10.1073/pnas.1106704108
https://doi.org/10.1016/j.cmet.2006.05.011
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1016/j.cell.2015.08.012
https://doi.org/10.1038/nature08097
https://doi.org/10.1016/j.cmet.2016.12.018
https://doi.org/10.1016/j.celrep.2017.10.030
https://doi.org/10.2139/ssrn.3865275
https://doi.org/10.1038/nature08097
https://doi.org/10.1038/s41586-021-03442-1
https://doi.org/10.1126/science.aav2588
https://doi.org/10.1101/2023.05.29.542774
https://doi.org/10.2174/0929867043364711
https://doi.org/10.4049/jimmunol.0902584
https://doi.org/10.1182/blood-2006-07-035972
https://doi.org/10.1016/j.bbamcr.2016.03.013
https://doi.org/10.1038/nri2506
https://doi.org/10.1007/s10637-013-0047-4
https://doi.org/10.1016/j.immuni.2011.12.007
https://doi.org/10.1016/j.it.2016.01.002
https://doi.org/10.1016/j.it.2016.01.002
https://doi.org/10.3390/metabo16030185
https://doi.org/10.1158/1078-0432.ccr-14-0514
https://doi.org/10.1084/jem.20151159
https://doi.org/10.1016/j.immuni.2016.07.009
https://doi.org/10.1016/j.immuni.2013.04.005
https://doi.org/10.1016/j.cmet.2018.06.001
https://doi.org/10.1016/j.bbabio.2010.10.022
https://doi.org/10.4049/jimmunol.1003613
https://doi.org/10.1172/jci76012
https://doi.org/10.1038/nature11986
https://doi.org/10.1126/science.1227166
https://doi.org/10.1126/scitranslmed.3003293
https://doi.org/10.1016/j.immuni.2016.01.021
https://doi.org/10.1016/j.immuni.2016.01.021
https://doi.org/10.1172/jci69589
https://doi.org/10.1016/j.ccell.2022.05.009
https://doi.org/10.1038/nature08155
https://doi.org/10.1073/pnas.1620433114
https://doi.org/10.3389/fonc.2026.1849888
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Omene 10.3389/fonc.2026.1849888
57. Shi Y, Kotchetkov IS, Dobrin A, Hanina SA, Rajasekhar VK, Healey JH, et al.
GLUT1 overexpression enhances CAR T cell metabolic fitness and anti-tumor efficacy.
Mol Ther. (2024) 32:2393–405. doi: 10.1016/j.ymthe.2024.05.006

58. Rais R, Jancarik A, Tenora L, Nedelcovych M, Alt J, Englert J, et al. Discovery of 6-
diazo-5-oxo-l-norleucine (DON) prodrugs with enhanced CSF delivery in monkeys: a
potential treatment for glioblastoma. J Med Chem. (2016) 59:8621–33. doi: 10.1021/
acs.jmedchem.6b01069

59. Kepe V, Scafoglio C, Liu J, et al. Positron emission tomography of sodium glucose
cotransport activity in high grade astrocytomas. J Neuro-Oncol. (2018) 138:557–69.
doi: 10.1007/s11060-018-2823-7

60. Ghezzi C, Ellingson BM, Lai A, et al. Effect of Jardiance on glucose uptake into
astrocytomas. J Neuro-Oncol. (2024) 169:437–44. doi: 10.1007/s11060-024-04746-8

61. Villani LA, Smith BK, Marcinko K, Ford RJ, Broadfield LA, Green AE, et al. The
diabetes medication canagliflozin reduces cancer cell proliferation by inhibiting
mitochondrial complex-I supported respiration. Mol Metab. (2016) 5:1048–56.
doi: 10.1016/j.molmet.2016.08.014

62. Safdie FM, Dorff T, Quinn D, Fontana L, Wei M, Lee C, et al. Fasting and cancer
treatment in humans: a case series report. Aging. (2009) 1:988–1007. doi: 10.18632/
aging.100114

63. Lee C, Raffaghello L, Brandhorst S, Safdie FM, Bianchi G, Martin-Montalvo A, et al.
Fasting cycles retard growth of tumors and sensitize a range of cancer cell types to
chemotherapy. Sci Transl Med. (2012) 4:124ra27. doi: 10.1126/scitranslmed.3003293

64. Michelakis ED, Sutendra G, Dromparis P, Webster L, Haromy A, Niven E, et al.
Metabolic modulation of glioblastoma with dichloroacetate. Sci Transl Med. (2010)
2:31ra34. doi: 10.1126/scitranslmed.3000677

65. Dunbar EM, Coats BS, Shroads AL, Langaee T, Lew A, Forder JR, et al. Phase 1 trial
of dichloroacetate (DCA) in adults with recurrent Malignant brain tumors. Invest New
Drugs. (2014) 32:452–64. doi: 10.1038/s41586-021-03442-1

66. Bonnet S, Archer SL, Allalunis-Turner J, Haromy A, Beaulieu C, Thompson R,
et al. A mitochondria-K+ channel axis is suppressed in cancer and its normalization
promotes apoptosis and inhibits cancer growth. Cancer Cell. (2007) 11:37–51.
doi: 10.1016/j.ccr.2006.10.020

67. Polanski R, Hodgkinson CL, Fusi A, Nonaka D, Priest L, Kelly P, et al. Activity of
the monocarboxylate transporter 1 inhibitor AZD3965 in small cell lung cancer. Clin
Cancer Res. (2014) 20:926–37. doi: 10.1038/s41586-021-03442-1
Frontiers in Oncology 16
68. Yun J, Mullarky E, Lu C, Bosch KN, Kavalier A, Rivera K, et al. Vitamin C
selectively kills KRAS and BRAF mutant colorectal cancer cells by targeting GAPDH.
Science. (2015) 350:1391–6. doi: 10.1126/science.aaa5004

69. Allen BG, Bodeker KL, Smith MC, Monga V, Sandhu S, Hohl R, et al. First-in-
human phase I clinical trial of pharmacologic ascorbate combined with radiation and
temozolomide for newly diagnosed glioblastoma. Clin Cancer Res. (2019) 25:6590–7.
doi: 10.1158/1078-0432.ccr-19-0594

70. Knowles HJ, Raval RR, Harris AL, Ratcliffe PJ. Effect of ascorbate on the activity of
hypoxia-inducible factor in cancer cells. Cancer Res. (2003) 63:1764–8.

71. Samid D, Shack S, Sherman LT. Phenylacetate: a novel nontoxic inducer of
tumor cell differentiation. Cancer Res. (1992) 52:1988–92. doi: 10.1016/
j.molmet.2016.08.014

72. Thibault A, Cooper MR, Figg WD, Venzon DJ, Sartor AO, Tompkins AC, et al. A
phase I and pharmacokinetic study of intravenous phenylacetate in patients with
cancer. Cancer Res. (1994) 54:1690–4. doi: 10.1073/pnas.1620433114

73. Bai RY, Staedtke V, Aprhys CM, Gallia GL, Riggins GJ. Antiparasitic mebendazole
shows survival benefit in 2 preclinical models of glioblastoma multiforme. Neuro Oncol.
(2011) 13:974–82. doi: 10.1093/neuonc/nor077

74. Cobbs CS, Harkins L, Samanta M, Gillespie GY, Bharara S, King PH, et al. Human
cytomegalovirus infection and expression in human Malignant glioma. Cancer Res.
(2002) 62:3347–50.

75. Hagemeier C, Walker SM, Sissons PJG, Sinclair JH. The 72K IE1 and 80K IE2
proteins of human cytomegalovirus independently trans-activate the c-fos, c-myc and
hsp70 promoters via basal promoter elements. J Gen Virol. (1992) 73:2385–91.
doi: 10.1099/0022-1317-73-9-2385

76. Gao P, Tchernyshyov I, Chang TC, Lee YS, Kita K, Ochi T, et al. c-Myc suppression
of miR-23a/b enhances mitochondrial glutaminase expression and glutamine metab-
olism. Nature. (2009) 458:762–5. doi: 10.1038/nature07823

77. Chambers JW, Maguire TG, Alwine JC. Glutamine metabolism is essential for
human cytomegalovirus infection. J Virol. (2010) 84:1867–73. doi: 10.1128/
jvi.02123-09

78. Stragliotto G, Rahbar A, Solberg NW, Lilja A, Taher C, Orrego A, et al. Effects of
valganciclovir as an add-on therapy in patients with cytomegalovirus-positive glio-
blastoma: a randomized, double-blind, hypothesis-generating study. Int J Cancer.
(2013) 133:1204–13. doi: 10.1002/ijc.28111
frontiersin.org

https://doi.org/10.1016/j.ymthe.2024.05.006
https://doi.org/10.1021/acs.jmedchem.6b01069
https://doi.org/10.1021/acs.jmedchem.6b01069
https://doi.org/10.1007/s11060-018-2823-7
https://doi.org/10.1007/s11060-024-04746-8
https://doi.org/10.1016/j.molmet.2016.08.014
https://doi.org/10.18632/aging.100114
https://doi.org/10.18632/aging.100114
https://doi.org/10.1126/scitranslmed.3003293
https://doi.org/10.1126/scitranslmed.3000677
https://doi.org/10.1038/s41586-021-03442-1
https://doi.org/10.1016/j.ccr.2006.10.020
https://doi.org/10.1038/s41586-021-03442-1
https://doi.org/10.1126/science.aaa5004
https://doi.org/10.1158/1078-0432.ccr-19-0594
https://doi.org/10.1016/j.molmet.2016.08.014
https://doi.org/10.1016/j.molmet.2016.08.014
https://doi.org/10.1073/pnas.1620433114
https://doi.org/10.1093/neuonc/nor077
https://doi.org/10.1099/0022-1317-73-9-2385
https://doi.org/10.1038/nature07823
https://doi.org/10.1128/jvi.02123-09
https://doi.org/10.1128/jvi.02123-09
https://doi.org/10.1002/ijc.28111
https://doi.org/10.3389/fonc.2026.1849888
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Metabolic cell competition in the glioblastoma tumour microenvironment: glucose, glutamine, and lactate as determinants of immune exclusion and targets for pharmacological reprogramming
	1 Introduction
	2 The GBM tumour microenvironment: cell types and competitive identities
	2.1 GBM tumour cells: molecular subtypes and metabolic rewiring
	2.2 Glioma stem cells: metabolic distinctiveness and therapeutic implications
	2.3 Tumour-associated macrophages and microglia: the dominant suppressive compartment
	2.4 T cells, NK cells, and the suppressed effector compartment
	2.5 MDSCs, regulatory T cells, neutrophils, and dendritic cells
	2.6 Cancer-associated fibroblasts, pericytes, and the stromal metabolic contribution

	3 Metabolic mechanisms of tumour competitive dominance
	3.1 The Warburg effect in GBM: glucose consumption and competitive exclusion
	3.2 Glutamine metabolism: biosynthetic dominance and competitive depletion
	3.3 Lactate as the central paracrine immunosuppressive signal
	3.4 Amino acid depletion: arginase-1 and IDO1 as competitive immune suppressors
	3.5 Metabolic zonation within the GBM TME
	3.6 The competitive hierarchy: substrate abundance maintains suppression, substrate deprivation inverts it

	4 Fatty acid oxidation and the T cell metabolic competitive advantage
	4.1 Effector versus memory T cell metabolism: the life cycle of metabolic flexibility
	4.2 TRAF6/AMPK signalling and mitochondrial spare respiratory capacity
	4.3 Why FAO cannot sustain aggressive proliferation: the biosynthetic carbon problem
	4.4 Regulatory T cells and FAO
	4.5 M2 Macrophages, FAO, and the causal role of lactate
	4.6 Beta-hydroxybutyrate as T cell fuel, HDAC inhibitor, and myeloid reprogramming signal
	4.7 Metabolic engineering of T cell competitive fitness

	5 Therapeutic exploitation of metabolic cell competition
	5.1 Pharmacological metabolic interventions

	6 An integrated model of metabolic cell competition in GBM: controversies and research gaps
	6.1 The metabolic fitness hierarchy: a synthesised model
	6.2 Glioma stem cells and substrate restriction
	6.3 Spatial heterogeneity and the tumour-brain interface
	6.4 Cytomegalovirus as metabolic amplifier of the competitive coalition
	6.5 Corticosteroids and patient stratification
	6.6 The T cell source requirement
	6.7 Technology gaps and clinical trial design priorities

	7 Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


