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Background and Objective: Inmunotherapy has yielded significant improvements in survival for many
cancer types, but its impact on glioblastoma (GBM) has been relatively muted. There is a growing interest
in understanding the role of cancer metabolism and its role in tumor growth and therapeutic response.
Thus, it is equally important to consider the clinical implications of immune cell metabolism on cancer
progression and implications for therapeutic development. Our objective is to present new developments in
immunometabolic research that are relevant to immunotherapy development for high-grade gliomas.
Methods: A literature search and review was conducted, regarding original research articles studying
metabolic pathways of immune cells in high-grade gliomas. Searches were conducted in PubMed and
Embase databases on May 15 and June 13, 2022. English-language original research articles were selected
and prioritized based on their inclusion of findings related to metabolic changes in myeloid and lymphoid
cells in the glioma tumor microenvironment.

Key Content and Findings: There are many metabolic mechanisms by which immune cells in high-
grade gliomas, like GBM, contribute to tumor growth and persistence via immunosuppression and high
therapeutic resistance. There are also several ways that metabolic optimization has already been shown to
improve immunotherapies already in clinical trials or in use, including dendritic cell vaccines and chimeric
antigen receptor T cells.

Conclusions: The implications of immunometabolic research presented here should be taken into
consideration in future research and immunotherapy development of high-grade gliomas for our best

chances at improving patient survival.
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Introduction

Glioblastoma (GBM) is the most common malignant
primary brain tumor and high-grade glioma. While the
incidence of GBM is relatively rare compared to other
cancers, at 3.21 cases per 100,000 people, the prognosis
of GBM is notably poor, with a one-year survival rate of
39.3% and a 5-year survival rate of only 5.5% (1,2). The
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current standard of care consists of surgical resection
followed by adjuvant radiation and chemotherapy. Despite
these interventions, the improvement in median overall
survival is limited to only a few additional months (3).
Immunotherapy is a burgeoning field that has shown
potential for clinical benefit in a variety of cancer types.
While the concept of leveraging the body’s immune system
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Figure 1 Immune cell metabolic processes implicated in HGG growth and resistance to immunotherapy. BACHI1, BTB domain and CNC

homology 1; HMOXI1, heme oxygenase 1; HGG, high-grade glioma.

to attack cancer has existed for decades, the field of cancer
immunotherapy saw a modern resurgence with the successes
of anti-PD1 and anti-CTLA4 immune checkpoint inhibitors
in clinical trials for the treatment of metastatic melanoma
(4-6). In the context of GBM, anti-PD1 has demonstrated
less profound efficacy, as evidenced in the recent results
of the CheckMate trials. The CheckMate 498 phase 111
trial compared the combination of nivolumab (anti-PD1)
and radiotherapy with the standard-of-care combination
of temozolomide and radiotherapy in newly diagnosed,
unmethylated MGMT promoter GBM. The investigators
did not see any improvement in median overall survival
with the anti-PD1 arm (7). Additionally, the CheckMate
548 phase III trial evaluating the combination of nivolumab
with standard-of-care treatment compared to placebo with
standard-of-care in newly diagnosed, methylated MGMT
promoter GBM did not reveal improvements in survival (8).

There remain various knowledge gaps that must be
addressed in order to propel GBM immunotherapy
research. One persistent challenge is the identification
of unique neoantigens in GBM tumors that can dictate
high target specificity for future immunotherapeutic
approaches (9). Another major puzzle is disentangling the
immunosuppressive milieu of cells and factors that comprise
the tumor microenvironment, which has been implicated in
the limited efficacy of adjuvant anti-PD1 therapy for GBM
(10,11). Still other challenges exist with regards to the wide
heterogeneity in genetics and epigenetics both within and
between individual patients’ tumors (12-14).

With the rise of advanced technologies and methods
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for analyzing the metabolome, there is increasing interest
in characterizing the metabolic programs of GBM cells.
These metabolic mechanisms represent critical adaptive
strategies that tumors employ to promote survival, growth,
and proliferation (15). One of the most significant examples
of how a better understanding of GBM metabolism
has impacted clinical care is the discovery of isocitrate
dehydrogenase (IDH) mutations in glioma (16). Mutations
in IDH are hypothesized to reduce the conversion of
isocitrate to alpha-ketoglutarate in the Krebs cycle
and facilitate the production of D-2-hydroxyglutarate
(D-2-HG), a putative oncometabolite in IDH-mutant
tumorigenesis and progression (17,18). Interestingly,
preclinical evidence suggests that increased intracellular
2-HG reduces the secretion of IFN-y-inducible chemokines
like CXCL10 (19). This results in decreased CD8" T cell
recruitment to the tumor microenvironment, which may
abrogate the effects of immunotherapy.

Tumor cells do not exist iz vivo in isolation, however,
and immune cells are a vital component of the tumor
microenvironment. Thus, it is important to consider how
various metabolic pathways in immune cells change in
tumor microenvironments to allow immune cells to assist in
tumor growth and progression. Our purpose for this review
is to present relevant research studies about the effects of
metabolic changes in glioma-associated immune cells and
their implications for development of immunotherapies
for high-grade gliomas. We have summarized all of the
metabolic pathways we discuss in this review article in
Figure 1, with each metabolic pathway and cell type(s)
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Table 1 Metabolic targets in high grade glioma-associated immune cells

Page 3 of 11

Metabolic pathway, protein, or intermediate

Type of cells targeted

Glutamine metabolism
Arginine-ornithine-polyamine axis
BACH1-HMOX1 axis

Tryptophan metabolism
Mitochondrial fatty acid oxidation
Mevalonate metabolism
Transient glucose restriction
Cardiolipin synthesis

Febrile temperature exposure
Sarcosine

NHE1

Cholesterol metabolism

MDSCs
MDSCs
Monocytes, macrophages, and microglia
MDSCs and Tregs
Tregs
voT cells
CD8 T cells
CD8T cells
CD8 T cells
Dendritic cells
Microglia and myeloid cells

CD8 T cells

BACH1, BTB domain and CNC homology 1; HMOX1, heme oxygenase 1; NHE1, Na’/H" exchanger 1; MDSCs, myeloid-derived

suppressor cells; Tregs, T regulatory cells.

affected listed in Table 1. We present the following article
in accordance with the Narrative Review reporting
checklist (available at https://cco.amegroups.com/article/
view/10.21037/cco-22-58/rc).

Methods

Searches were conducted using PubMed and Embase
databases on May 15, 2022 and June 13, 2022, respectively.
MeSH Major topics included macrophage, microglia,
dendritic cell, myeloid cell, B cell, T cell; respiration,
metabolism; glioblastoma, high-grade glioma, astrocytoma,
oligodendroma, and glioma. The search results were limited
to original research articles that reported in the English
language, and the search selection prioritized studies of
metabolic processes in immune cells in high-grade glioma
or GBM in vitro and in vivo models. Research articles
presenting the effects of metabolism of tumor or other cells
on immune cells in the microenvironment were excluded.
The search strategy is summarized in Table 2.

Myeloid cell metabolism

Myeloid cells and their functions have been shown to
be affected by several types of metabolic homeostasis
and their surrounding environments. Lipid metabolic
homeostasis, for example, is crucial for macrophage function
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in general (not just within the high-grade glioma tumor
microenvironment). Triacylglycerol synthesis in lipid
droplet development is necessary for macrophage activation
and inflammatory cytokine release in murine models (20).
However, diacylglyerol Kinase o (DGKa) is involved
in lipid metabolism and T cell checkpoint to support
anergy. Macrophages in DGKoa knockout (KO) mice have
increased metabolic activity and are more responsive to
stimulation, and they also migrate to injury sites at greater
numbers, even in the brain (21). Additionally, in the tumor
microenvironment, extracellular lipid loading has been
shown to enhance GBM-associated angiogenesis and
macrophage recruitment, which are prognostic of poorer
survival outcomes in mouse studies (22). Taken together,
these studies support the notion that lipid metabolism is
tightly regulated in macrophages for optimal functioning
and that any dysregulation within macrophages or in the
local tumor microenvironment could lead to overly active or
inactive macrophages.

Microglia are also metabolically affected by the glioma
tumor microenvironment, as co-culture with glioma cells
is associated with microglial adaptation of lower glucose
consumption, higher lactate production, and decreased ATP
levels intracellularly. While microglial viability has not been
shown to be affected, there was observed mitochondrial
relocation that did not reverse after co-culture (23).

In this Myeloid Cell Metabolism section, we highlight
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Table 2 The search strategy summary
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ltems Specification

Date of search
Databases and other sources searched

Search terms used

May 15, 2022 & June 13, 2022
PubMed; Embase

Macrophage, microglia, dendritic cell, myeloid cell, B cell, T cell; respiration,

metabolism; glioblastoma, high-grade glioma, astrocytoma, oligodendroma, glioma

Timeframe

Inclusion and exclusion criteria

No restrictions

Included studies about the metabolism of tumor-associated myeloid and
lymphocyte cells

Excluded studies about metabolism of tumor, cancer stem, and non-immune cells

Selection process

JY Wu and AL Ren conducted literature searches while JY Wu conducted the

selection independently

several specific metabolic pathways in myeloid cells shown
to affect their functions in high-grade glioma models with
potential to impact immunotherapy development and
patient outcomes.

Glutamine metabolism

It is well known that myeloid-derived suppressor cells
(MDSCs) are involved in mediating immunosuppression
in high-grade gliomas, and this immunosuppression is
predicated on various types of metabolic homeostasis.
Glutamine metabolism has been shown to be a key
modulator of MDSC function, with effects on macrophage
and T cell functions as well. Inhibiting glutamine
metabolism in MDSCs led to cell death (reduced number of
MDSCs) and reprogrammed tumor-associated macrophages
into an inflammatory phenotype, with TLR4, MHCII,
CD86, CD80, and TNFa upregulation. Antagonism in
breast cancer tumor cells and mouse models also contributes
to many other immune-stimulating effects, such as increased
antigen presentation mediated by macrophages to T cells,
CD8 T cell cytotoxic activity, and T cell activation (24).
Because T cell anergy and exhaustion are prevalent in high-
grade gliomas, including GBM, it would be fruitful to
investigate the role of glutamine metabolism in MDSCs in
glioma models.

Arginine-ornithine-polyamine axis

Aside from glutamine metabolism, the arginine-ornithine-
polyamine metabolic axis is also involved in MDSC-
mediated immunosuppression. Upregulation of arginase-1
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and polyamines expression have been previously shown to
affect myeloid-mediated immunosuppression in tumors (25).
Ornithine metabolically has three fates: the urea cycle,
nitric oxide, and polyamine synthesis. In a study of the
effects of arginine-ornithine-polyamine homeostasis in
glioma-associated myeloid cells, downstream enzymes
in the urea cycle like ornithine transcarbamylase (OTC)
and carbamoyl phosphate synthetase 1 (CPS1) were
downregulated in tumor-associated myeloid cells, as was
inducible nitric oxide synthase (iNOS) (26). Enzymes that
catabolize arginine to ornithine, including arginase-1, were
shown to be upregulated in tumor-associated myeloid cells.
Ornithine decarboxylase 1 (ODCI) was also upregulated,
leading to upregulated polyamine synthesis. Polyamines
were shown to help tumor-associated myeloid cells regulate
acidic intracellular pH from the acidic high-grade glioma
microenvironment, and inhibition of polyamine synthesis
induced cell death in acidic pH, which was preventable
with polyamine presence in the cells. Notably, depleting
polyamines in these myeloid cells depleted MDSC count,
decreased the myeloid:T cell ratio, enhanced CD8a
expression in T cells, and increased mouse survival in GBM
models (26). Thus, arginiase-1, ODCI and polyamine
synthesis are correlated with and may contribute to
MDSC-mediated immunosuppression in the GBM tumor
microenvironment. They are potential metabolic targets for
immunotherapy development for high-grade gliomas.

The BACH1-HMOX1 metabolic axis

BTB domain and CNC homology 1 (BACHI) is a
transcription factor involved in regulating the cell cycle,
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reactive oxygen species homeostasis, immunity, and stem
cell self-renewal, as well as tumor metabolism, invasion,
and metastasis (27,28). It also interacts downstream in an
inhibitory manner with heme oxygenase-1 (HMOX1),
which sequesters heme to prevent oxidative damage,
regulated by both metabolic and immune homeostasis (29).
Thus, suppressing BACHI is a developing therapeutic
approach for many cancers and other diseases, including
osteoarthritis (29-34).

BACH1 mRNA expression was found most highly in
tumor-associated macrophages and fourth-most highly in
microglia out of 19 cell types/categories. BACHI protein
expression was also upregulated in GBM tissue compared
to normal brain and low-grade glioma tissues. Expression
was mostly closely correlated with exhaustion markers and
tumor-associated macrophages chemokine release, as well as
genes regulating neutrophil and eosinophil activation, T cell
activation, and TNE, NF-«B, and IL-17 signaling pathways.
Interestingly, BACHI expression was negatively correlated
with many genes involved in metabolic pathways, including
the electron transport chain, oxidative phosphorylation, and
cellular respiration. Additionally, it was clinically associated
with worse prognosis (35).

HMOX1 expression has also been found in a subset
of CD163"HMOX1" myeloid cells of the monocyte/
macrophage lineage in glioma immune microenvironment.
Though HMOXI1 expression is inhibited by BACH1
expression, it was associated with T cell exhaustion and
immune dysfunction, which also contribute to the dismal
GBM prognosis (36,37). HMOX1 is upregulated in cells
undergoing oxidative stress and metabolic dysregulation, helps
prevent intracellular DNA damage and cell death, and activates
STATS3 signaling (38). STAT?3 signaling leads to IL-10 release,
which also has been previously shown to be associated with
an immunosuppressive microenvironment and induce T cells’
transition from activation to exhaustion (39).

These findings indicate that this metabolic dysregulation
within the tumor immune microenvironment contributes to
immunosuppression, but exactly how BACH1 and HMOX1
expression together impact myeloid immunosuppression
is still unclear. These studies on BACHI1 and HMOX1
examined slightly different subsets of myeloid cells
within the tumor microenvironment and examined each
independently. Thus, further investigations into how
the BACHI-HMOX1 metabolic axis in myeloid cells
affects myeloid-induced MDSC, macrophage, and T cell-
mediated immunosuppression, as well as elucidating specific
mechanisms of immunosuppression, are warranted.
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Tiryptophan metabolism

Indoleamine 2,3-dioxygenase 1 (IDO) is a tryptophan
(Trp) metabolic enzyme that not only is involved in Trp
degradation into kynurenine but also increases protein
expression of complement factor H (CFH) isoforms:
CFH and factor H like protein 1 (FHL-1) (40,41). FHL-1
expression has been shown to be associated with increased
infiltration of MDSCs and T regulatory cells, both of which
contribute to immunosuppression (40).

Aryl hydrocarbon receptor (AHR) is activated as a result
of Trp catabolism in myeloid cells of IDH-mutant high-
grade gliomas. Specifically, R-2-HG, a metabolite found
in IDH-mutant gliomas, helps induce Trp degradation
which activates the kynurenine pathway and AHR.
This activity also induces LAT1-CD98 (a tryptophan
transporter) expression, which is a key factor involved in
both myeloid cell differentiation and myeloid-mediated
immunosuppression in the tumor microenvironment (42).
AHR and other Trp metabolism-associated genes are
upregulated in GBM tumor tissue beyond myeloid cells,
including in tumor cells and T cells. Higher AHR activity
levels in patient tissues studied were associated with poorer
patient survival. Interestingly, expression of these genes
was found to be downregulated in GBM patient serum
compared to controls (43).

Taken together, Tryptophan degradation via IDO,
resulting in kynurenine expression and AHR activation,
has been shown to induce myeloid- and T cell-mediated
immunosuppression (41-43). Additionally, low levels of Trp
in GBM patient serum may be a contributing factor for the
low efficacy of checkpoint inhibitor immunotherapies seen
in GBM patients, given the evidence presented in a previous
mouse study on the effects of generalized Trp metabolite
dysregulation (41,43). These are promising takeaways that
will increase our understanding of why checkpoint inhibitor
immunotherapies are not effective for GBM patients and
what we may do to increase efficacy (44).

T cell metabolism

T cells, just like myeloid cells, are metabolically affected
by conditions in the tumor microenvironment. Increased
glycolytic flux in tumor cells contributes to a glucose-
deprived local tumor microenvironment. This contributes
to decreased glycolysis, effector function, and hypo-
responsiveness in tumor-infiltrating T cells, even when the
tumor has high antigenicity. Furthermore, PDL1 has been
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shown to enhance glycolysis in tumor cells, which may be
an additional contributing factor to its tumor-promoting
effects aside from its inhibition of T cells via PD1 signaling.
Supporting this notion is that T cell glycolysis and effector
function are rescued with checkpoint inhibitors anti-
CTLA4, anti-PD1, and anti-PDL1 (45).

Additionally, one mechanism that GBM tumor cells
use to suppress T cell immunity is CD73" tumor-derived
extracellular vesicles (TDEVs) to confer metabolic
dysregulation and inhibit aerobic glycolysis. The presence
of TDEVs alone in the tumor microenvironment inhibits
T cell proliferation, and when CD73", they also alter
aerobic glycolysis metabolism of T cells. CD73 KO GBM
mouse models were shown to have decreased tumor size
through 35 days and markedly improved survival over
CD73 wildtype (WT) mice: 50% of KO mice were alive at
100 days while mice in WT and positive control arms were
all dead by day 72 (46).

As with the Myeloid Cell Metabolism section, in this T
Cell Metabolism section, we highlight several metabolic
pathways in various types of T cells shown to affect their
functions in high-grade glioma models, with potential to
impact immunotherapy development and patient outcomes.

Lipid metabolism and hypoxia

Tregs are immunosuppressive cells that contribute to
immune dysfunction in the tumor microenvironment.
Tregs normally utilize lipids for mitochondrial metabolism
in the GBM tumor microenvironment, so disrupting
lipid uptake or oxidation in Tregs thus suppresses their
ability to suppress CD8 T cell responses (47). The GBM
microenvironment is notorious for being hypoxic, and
hypoxia normally induces upregulation of glycolysis in
cells (48). Hypoxia inducible factor-1 alpha (HIF-1a) has
been shown to inhibit Tregs’ immunosuppressive abilities
under hypoxic conditions, as HIF-1a KO in Tregs suppress
CD8 T cell function better than HIF-1a W'T ‘Tregs (47).
However, Tregs are able to overcome the suppressive effects
of HIF-1a by upregulating lipid metabolism using free
fatty acids abundant in the GBM tumor microenvironment
(47,49,50). This upregulation of lipid metabolism
supplements glycolysis, which helps them suppress CD8 T
cells even under hypoxic conditions (47,51). Miska et 4l. also
reported improved survival mouse models given etomoxir
(fatty acid oxidation inhibitor) treatment; thus, targeting
fatty acid metabolism in high-grade gliomas could prove to
be a therapeutic approach that diminishes Treg-mediated
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immunosuppression in humans as well (47).

Mevalonate metabolism and bypoxia

Mevalonate metabolic pathway is dysregulated in glioma
cells, which can be sensed by YT cells to induce cytotoxic
and inflammatory (cytokine and chemokine release)
antitumor activity (52). More broadly, accumulation of
mevalonate metabolites “alerts” a variant of y8T cells,
the Vy9V32 T cells, and this accumulation of mevalonate
pathway intermediates can be induced by nitrogen-
containing bisphosphonates, drugs traditionally used to
treat bone diseases including osteoporosis, osteosarcoma,
bone metastasis, and multiple myeloma (53-57).
Furthermore, zoledronic acid has been shown to have effects
on tumor-associated immune cells in non-bone cancers,
including on macrophages in breast cancer models and on
yOT cells in GBM models (52,58). Co-culture of human V32
T cells with GBM cell lines induced V382 T cell activation,
which included cytotoxicity-induced tumor cell apoptosis
and necrosis mediated by perforin release via NKG2D
receptors (52). Additionally, zoledronic acid was shown to
enhance the activation (via IFN-y signaling) and apoptotic
activity of V82 T cells on tumor cells (52,59,60).

While endogenous y3T cell counts are low in both
healthy and tumor brain tissues, there is currently a phase
1 clinical trial (NCT04165941) testing dose toxicity and
highest possible safe dose of y3T cells injected into the
surgical resection cavity prior to closure (61). If safe dosages
are determined, we can further expand investigations into
metabolically-optimized y8T cells that can differentiate into
effector and memory T cells once injected into the tumor
microenvironment.

Aside from the mevalonate pathway, oxygen availability
affects the functionality of y8T cells in the GBM tumor
microenvironment. The degree of y8T cell infiltration
is positively correlated with GBM patient survival, but
like CD8 T cells, they generally are immunosuppressed
by the tumor microenvironment. Furthermore, hypoxia
caused by tumor cells is associated with induced apoptosis
of y8T cells. Thus, decreasing hypoxia via metformin, by
decreasing oxygen consumption rates in GL261 cells, led to
smaller tumor growth and elevated y3T (but not CD8 T)
cell counts in mouse models. Additionally, the mechanism
of that metformin effect (rescuing oxygen in the tumor
microenvironment) was increased NKG2D receptor
expression mediated by the cAMP-PKA pathway (62).
Taken together with studies conducted by Cimini ez 4/.,
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these rescued y3T cells could also have higher antitumor
activity and could be utilized to develop more efficacious
immunotherapies for high-grade gliomas (52,62).

Metabolic and functional optimization of CD8 T cells

T cell exhaustion and dysregulation are common in high-
grade gliomas, and the antitumor cytotoxic CD8 T cell
response is often absent (44). Thus, optimizing these
effector cells to withstand the conditions created by the
tumor microenvironment should be addressed in T cell
immunotherapy development.

CD8 T cells can be metabolically primed for enhanced
functionality via transient glucose restriction followed by
glucose re-exposure to enhance anabolic metabolism. Using
this paradigm, molecular markers of activation, including
IFN-y, granzyme B, and CD25, were upregulated in CD8
T cells upon glucose re-exposure as compared to cells
without any conditioning (63).

Additionally, cardiolipin is an inner mitochondrial
membrane lipid whose synthesis is required at threshold
levels for successful memory T cell differentiation, survival,
and cytokine production. Synthesis helps CD8 T cells
to enhance remodeling plasticity of their mitochondria
in times of stress and is associated with CD8 T cells that
have “high-reserve respiratory capacity”. Thus, optimizing
cardiolipin synthesis has the potential to metabolically and
functionally optimize CD8 T cells’ for antitumor activity in
the high-grade glioma microenvironments (64).

Lastly, effector T cells can be optimized by febrile
temperatures (39 °C). In febrile conditions, mitochondrial
genes in T cells were shown to be upregulated, which led to
increased glucose metabolism and cytokine production (65).
Interestingly, increased mitochondrial temperatures may be
an endogenous process, especially in T cells, that leads to
optimal protein functioning for the electron transport chain
in the mitochondria of T cells, allowing them to optimally
operate under febrile conditions like infection (66). Febrile
exposure of CD8 T cells was also associated with increased
mitochondrial mass and activity (a reversal of the normally
diminished mitochondrial mass and activity in tumor-
associated T cells) as well as upregulation of mitochondrial
transcription genes essential for antitumor activity (65,67).
While this optimization has not yet been studied in high-
grade glioma iz vitro or in vivo models, mice treated with
febrile exposure had greater survival in myeloid leukemia
models, suggesting that the effects of febrile exposure on
antitumor efficacy of CD8 T cells are seen iz vivo as well.
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Modulating immunometabolism to enhance
existing (immuno)therapies

While we presented many avenues for further research,
therapy development, and therapeutic optimization,
modulating immune cell metabolism has already shown
promise to improve immunotherapies in high-grade
gliomas. For example, sarcosine metabolites were shown to
improve the migratory ability of dendritic cells. Co-culture
of sarcosine and dendritic cells enhanced CXCR?2 signaling
and was associated with elevations of reactive oxygen species
intracellularly. Ultimately, the efficacy of human dendritic
cell vaccines was improved in murine iz vivo models (68).
This metabolic and functional optimization could help us
improve various dendritic cell vaccines, many of which are
currently under clinical trials.

Additionally, metabolic modulation combined with
chemotherapy has been shown to enhance myeloid-
mediated antitumor immunity (69). A combined therapy
consisting of inhibiting Na”/H" exchanger I (NHEL) with
temozolomide (TMZ) enhanced the expression of oxidative
phosphorylation genes in tumor-infiltrating microglia
and myeloid cells; this combined treatment was associated
with increased glucose uptake and mitochondrial oxidative
phosphorylation, which could potentially indicate rescue
of microglial and myeloid cell functions (23,69). Moreover,
the efficacy of adding NHEI blockade to TMZ and anti-
PD1 combination therapy was also observed in mouse
survival studies with NHE1 KO mice: median survival was
improved over NHEI conserved mice, and almost doubled
from monotherapy arms (69).

Lastly, the efficacy of adoptive T cell transfers (e.g.,
chimeric antigen receptor T cells) has been enhanced
in mouse models by ligating a liposomal formulation of
avasimibe (Ava), a metabolism-modulating drug that inhibits
acetyl-CoA acetyltransferase-1 and increases cholesterol
concentrations in plasma membranes (70). Previous research
has shown that elevating cholesterol concentrations in CD8
T cell plasma membranes enhances their cytotoxicity in
part by increasing CD8 T cell proliferation, T cell receptor
clustering, and efficiency of T cell activation (71). Thus,
Hao et al. engineered a novel treatment (1-Tre/BCN-Lipo-
Ava), which consisted of Ava attached or “clicked” onto T'
cell membranes for adoptive T cell transfer therapies. Their
results were promising: three of five mice in the engineered
therapeutic arm (T-Tre/BCN-Lipo-Ava) had no detectable
tumor after treatment and lived through 100 days, while no
other mice in other arms lived past 70 days. This survival
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was significantly improved over all other arms, including
non-engineered T cells, T cells given with free Ava, and
T cells given with separate BCN-Lipo-Ava (70). However,
this study only included five mice per arm, so further
research is needed to investigate and verify the efficacy and
mechanisms of action of this treatment in larger animal
studies.

Conclusions

We have presented in this narrative review a multitude
of ways that metabolic mechanisms in immune cells
contribute to tumor growth via immunosuppression
and low therapeutic efficacy in high-grade gliomas, like
GBM. Pertinent metabolic pathways in myeloid cells
contributing to myeloid-mediated immunosuppression
include the glutamine, arginine-ornithine-polyamine,
BACHI1-HMOXI1, and tryptophan-kynurenine metabolic
axes. Metabolic factors contributing to T cell anergy,
dysregulation, and exhaustion include various lipid
metabolic pathways and the mevalonate pathway. We also
presented several ways in which metabolic optimization has
already been shown to improve immunotherapy efficacy
in mouse models, including for dendritic cell vaccines and
chimeric antigen receptor T cells, as well as antitumor
immunity effects of traditional therapies like temozolomide.
The implications of immunometabolic research presented
here should be taken into consideration in subsequent
research investigations and therapy development to
optimize immune function in and immunotherapeutic
efficacy for high-grade gliomas, with the ultimate goal of
improving patient survival.
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