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Abstract

Brain tumors result in significant morbidity and mortality in both children and adults. Recent
data indicates that immunotherapies may offer a survival benefit after standard of care has

failed for malignant brain tumors. Modest results from several late phase clinical trials, however,
underscore the need for more refined, comprehensive strategies that incorporate new mechanistic
and pharmacologic knowledge. Recently, oncometabolism has emerged as an adjunct modality
for combinatorial treatment approaches necessitated by the aggressive, refractory nature of high-
grade glioma and other progressive malignant brain tumors. Manipulation of metabolic processes
in cancer and immune cells that comprise the tumor microenvironment through controlled
targeting of oncogenic pathways may be utilized to maximize the efficacy of immunotherapy
and improve patient outcomes. Herein, we summarize preclinical and early phase clinical trial
research of oncometabolism-based therapeutics that may augment immunotherapy by exploiting
the biochemical and genetic underpinnings of brain tumors. We also examine metabolic pathways
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related to immune cells that target tumor cells, termed ‘tumor immunometabolism’. Specifically,
we focus on glycolysis and altered glucose metabolism, including glucose transporters,
hexokinase, pyruvate dehydrogenase, and lactate dehydrogenase, glutamine, and we discuss
targeting arginase, adenosine, and indoleamine 2,3-dioxygenase (IDO), and toll-like receptors.
Lastly, we summarize future directions targeting metabolism in combination with emerging
therapies such as oncolytic virotherapy, vaccines, and chimeric antigen receptor T cells.
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Introduction

Primary central nervous system (CNS) tumors are the most common solid malignancy in
children and have an average annual age-adjusted incidence rate of 23.4 and 6.1 per 100,000
adults and children, respectively [1]. Gliomas, the most common primary CNS tumor across
all ages, are categorized by the World Health Organization (WHO) as grade 1 and 2 gliomas
(generally regarded as low-grade gliomas, LGGs) and grade 3 and 4 (regarded as high-grade
gliomas, HGGsS) [2, 3]. Glioblastoma (GBM, grade 4) is the most aggressive subtype,

and carries a uniformly fatal prognosis despite an intensive multimodal treatment regimen
comprised of surgical resection, chemotherapy, and radiation. Median overall survival of
GBM patients is approximately 18 months, and the 5-year survival rate has remained below
10% for the past several decades [4—6]. Therefore, there is a pressing need for novel,
mechanistically targeted therapies to improve outcomes of patients with HGGs.

Recent advances have renewed interest in immunotherapies (a broad spectrum of modalities
including checkpoint inhibitors, vaccines, cellular therapy and oncolytic virotherapy) for the
treatment of brain tumors. However, major barriers still exist to the development of safe,
effective immunotherapies for brain tumors. These include the immunologically exclusive
(“‘cold’) or immunosuppressive tumor microenvironment, the immune privilege afforded by
the blood brain barrier, the low somatic mutational burden that limits the likelihood of
neoantigen presentation (commonly seen with pediatric brain tumors), and the metabolism
of the tumor (i.e., oncometabolism).

Oncometabolism, defined as the metabolic reprogramming that accompanies oncogenesis,
tumor progression, and central aspects of malignant transformation, is a critical modulator
of response to immunotherapy [7]. Altered tumor metabolism is a biological hallmark of
gliomas, where biochemical pathways are often disrupted by mutations in genes encoding
metabolic enzymes. Metabolic intermediates, known as oncometabolites, can accumulate
abnormally either upstream (e.g. L-2-hydroxyglutarate [2-HG], succinate, fumarate) or
downstream (e.g., D-2-HG) of these enzymatic perturbations and can also be excreted
from the cancer cell into the local environment [8, 9]. Cancer-associated alterations in
several key metabolic pathways, including glycolysis, the tricarboxylic acid (TCA) cycle,
glutaminolysis, and fatty acid oxidation [10] often cause constitutive upregulation of
metabolic pathways. This range of integrated pathways served as the molecular basis of
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the metabolic plasticity exhibited by cancer cells in response to treatment and which can
lead to resistance phenotypes. Together these pathways ensure effective production of
ATP and other metabolites required for the generation of biomass for tumor growth as
well as inhibition of the antitumor immune response [11, 12]. Tumor cells and activated
immune cells both require a continuous supply of nutrients, including glucose and amino
acids such as arginine, glutamine, and tryptophan to carry out anabolic macromolecule
synthesis. Alterations in tumor cell metabolism that favor tumor growth may also dampen
antitumor immune responses either directly or by contributing to an immunosuppressive
tumor microenvironment via metabolic competition and signaling.

In this review, we examine the major pathways involved in oncometabolism and in

the metabolic pathways related to immune cells that target tumor cells (i.e., tumor
immunometabolism) focusing on GBM as an example. By doing so, we discuss novel
metabolic oriented therapies currently in preclinical studies and early phase clinical trials,
which can be exploited to augment the efficacy of immunotherapies in HGGs.

Oncometabolism and tumor immunometabolism

Nearly a century ago, Otto Warburg first reported that rapidly-growing cancer cells exhibit
an enhanced metabolic plasticity to meet their substantial energy and growth requirements.
Specifically, this is accomplished by significantly engaging glycolysis in conjunction with
mitochondrial oxidative phosphorylation in the absence of underlying hypoxia, a phenomena
termed “aerobic glycolysis” [13]. Since these initial discoveries, it has now become apparent
that metabolic switching to aerobic glycolysis is a widespread adaptation to changing
cellular phenotype, particularly in cells in the immune system (discussed below) [14].
Beyond aerobic glycolysis, other metabolic pathways such as amino acid metabolism,

lipid synthesis, and nucleotide synthesis are also altered in HGGs [15-17]. Many of these
modulations are the consequence of aberrant gene expression, epigenetic remodeling, or
dysregulation of upstream growth signaling pathways. In the past decades, the identification
of specific oncogenic mutations in metabolic enzymes has garnered much excitement as
drug targets, and a number of genomic studies are underway investigating critical events

in metabolic reprogramming and disease initiation of HGGs [18]. Most importantly, recent
advances in the field of immunometabolism have uncovered pathways specific to immune
function and signaling that are key for the host anti-tumorigenic response (Figure 1). This
has led to novel therapies being tested in clinical trials targeting oncometabolism and tumor
immunometabolism (Table 1 and Figure 2).

Targeting tumor preference for glycolysis

Considerable work has been dedicated to investigating differences in glycolysis that may
exist between tumor cells and immune cells in order to create metabolically-targeted
antitumor therapies. Chief among them is the different metabolic regulation of T cells vs
cancer cells. Effective T cell activation requires a transition to a state of rapid growth and
differentiation into effector subtypes (T helper 1 [Th1], Th2, and Th17) that is marked by
increased energetic and biosynthetic demands [19]. These demands are met with increased
nutrient uptake and increased metabolism, resulting in a significant upregulation of glucose
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and amino acid transporters [20, 21]. However, many tumors, particularly HGGs, also
exhibit aerobic glycolysis, which creates a competition for nutrients between tumor cells and
T cells in the tumor microenvironment (TME) [22, 23]. A recent study suggests intrinsic

cell programming, not nutrient competition, dictates immune cell metabolism in the TME
[24]. Therefore, differences in glycolytic oncometabolism and tumor immunometabolism
may be important for future development of effective immunotherapies, such as those seen
with specific glucose transporters (Figures 1 and 2).

GBM increases glucose metabolism via aerobic glycolysis and increased expression of
glucose transporters 1 and 3 (GLUT1 and GLUTS3) for energy production and tumor
growth [25]. While GLUT1 is also known to be essential for T cell activation, preferential
expression of GLUT3 has been shown to be critical to tumorigenesis and cancer stem

cell maintenance, and correlates with poor survival in GBM patients [26, 27]. As such,
GLUT3-specific inhibitors that obstruct glucose uptake, decrease glycolytic capacity, and
inhibit the growth of patient-derived GBM xenografts have been successfully tested in vitro
[28]. Antiangiogenic therapies such as vascular endothelial growth factor (VEGF) inhibitors
(e.g., bevacizumab) work by binding circulating VEGF and preventing its interaction with
cell surface receptors leading to a reduction in tumoral blood vessel growth and blood
supply. Glioma cells overexpressing GLUT3 exhibit features of bevacizumab resistance,
such as increased glycolysis, impaired oxidative phosphorylation, and rapid proliferation
even in low glucose environments [29]. Importantly, subsets of proneural and classical
types of GBM rely on GLUT3 expression, which is aberrantly signaled by integrin a3
via the activation of PAK4-YAP/TAZ [30]. Hence, a3 antagonists may represent another
promising therapeutic option to selectively target these chemotherapy and radioresistant
populations (Figure 2).

An increase of proteins related to glucose metabolism, such as hexokinase 2 (HK2) and
pyruvate dehydrogenase kinase (PDK), has also been observed in HGGs. HK?2 catalyzes
the phosphorylation of glucose to glucose-6-phosphate and is highly expressed in GBM.
Knockdown of HK2 strongly inhibits GBM growth, indicating that HK2 is essential for
GBM growth [31]. Conversely, T cells can still function when HK?2 is knocked down,
highlighting the possibility of selectively targeting this biochemical weakness in tumor
cells [32]. Inhibition of HK2 (e.g., via 3-brompyruvate) also enhances the efficacy of
temozolomide (TMZ), a cytotoxic alkylating agent that is part of the current standard of
care for HGGs (Figure 2) [4, 5, 33]. HK2 inhibition likely has a dual function of sensitizing
glioma cells to TMZ and downregulating p-Akt, a protein that contributes to overexpression
of GLUT3 and Mcl-1, an anti-apoptotic Bcl-2 family protein that further contributes to TMZ
resistance [34, 35].

In hypoxic conditions, GBM highly expresses PDK, an inhibitor of pyruvate dehydrogenase,
which regulates the entry of pyruvate into the TCA cycle. In this way, energy production is
shifted away from oxidative phosphorylation in favor of glycolysis [36]. Intracranial delivery
of the PDK inhibitor dichloroacetate (DCA) effectively reversed the Warburg effect in TMZ
resistant cells and significantly improved survival in animals with HGG (Figure 1) [33].
Furthermore, oral administration of DCA in GBM patients results in serum concentrations
sufficient to inhibit PDK, thus making this approach highly translatable. However, no firm
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conclusions regarding DCA as a treatment for GBM in humans can be made, as only a small
number of patients have been treated (NCT00540176) [37]. Agents that inhibit glucose
metabolism, including the PDK inhibitor DCA, are also being explored as a potential avenue
to combat glycolysis-mediated radiation resistance in HGGs. DCA works by inducing cell-
cycle arrest, reducing mitochondrial reserve capacity, and increasing oxidative stress and
DNA damage. The combination of DCA and radiotherapy in an orthotopic GBM mouse
model significantly prolonged median survival [38], underscoring the potential utility of
glucose metabolism inhibitors in overcoming TMZ/radiotherapy resistance (Figure 2).

Finally, an Achilles’ heel inherent in the continuous aerobic glycolytic cycling is the
requisite downstream regeneration of NAD*, which is primarily accomplished by the
conversion of pyruvate to lactate via the enzyme lactate dehydrogenase (LDH). LDH
expression is high in HGGs where aerobic glycolysis produces substantial amounts of
lactate, which is then secreted by cancer cells (as well as myeloid-derived suppressor

cells, MDSCs) into the TME. Once secreted, lactate acts extracellularly as a potent
immunosuppressive agent through acidification of the TME and intracellularly as an
activator of anti-inflammatory signaling cascades in immune cells [39]. Lactate has a
pan-immune suppressive effect, facilitating an anti-inflammatory phenotype in macrophages
[40], NK cells [41, 42], and CD8* T cells [42, 43], while promoting the function of
pro-tumorigenic T-regulatory cells (Tregs) [43, 44]. Lactate, as well as other small molecules
released by glioma cells (e.g., succinate) [45, 46], act as key oncometabolites capable

of inducing an anti-inflammatory phenotype in surrounding immune cells (Figure 1).
Inhibition of LDH activity may promote immune effector cell function and synergize with
immunotherapies [44, 47]. It has been shown that LDH inhibition combined with IL-21
augmented the antitumor response of CD8* stem cell memory T cells in murine models

of melanoma [47]. When combined with anti-CTLA-4 therapy, LDH inhibition also forced
Tregs to adopt a pro-inflammatory antitumor phenotype in murine models of mammary
carcinoma [44]. Moreover, pharmacologic inhibition of LDH has been shown to prevent
cancer stem cell formation and to induce differentiation and apoptosis of cancer stem cells in
vitro [48]. The antitumor effects of LDH inhibition can also be augmented by inhibition of
the mitochondrial Complex I, which oxidizes NADH, in the mitochondrial electron transport
chain, effectively disrupting the NAD+/NADH redox couple in cancer cells [49]. Recent
development of highly potent inhibitors of LDH provides an opportunity to assess LDH’s
effect on tumor proliferation and immune cell recruitment and activation in animal models
[50]. Further work using hyperpolarized MRI demonstrates a rapid metabolic rewiring and a
prolonged median overall survival in patient-derived murine xenografts of pancreatic cancer
after administration of one of these LDH inhibitors (NCI-006) [49]. Altogether, each of
these selective vulnerabilities in tumor glycolytic metabolism has the potential to enhance
the response to immunotherapy.

Targeting altered glutamine metabolism in IDH-mutant gliomas

Mutations in isocitrate dehydrogenase 1 (/DHI), a driver of early oncogenesis in many
hematologic and solid malignancies, are defining genetic alteration present in ~12% of
adult GBMs and nearly all secondary GBMs that progress from lower grade astrocytomas
[51]. IDH normally catalyzes the conversion of isocitrate into a-ketoglutarate and NADPH.
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However, /DH1 mutations in cancer cells further lead to the conversion of a-ketoglutarate
into 2-HG. 2-HG is an oncometabolite that dysregulates oxygen-sensing machinery through
accumulation of HIF-1a and induces a hypermethylation phenotype in proneural GBM cells
that promotes tumorigenesis [52, 53]. Ivosidenib (AG-120), a small molecular inhibitor

of IDH1 approved by the FDA for treatment of /DHI-mutated acute myeloid leukemia,
induces 2-HG suppression and is currently in clinical trials in patients with advanced

solid tumors (NCT02073994) (Figure 2). [54]. In a recent case report, one patient with
IDHI-mutant GBM enrolled in the study exhibited radiographically stable disease for 4
years on ivosidenib [55]. Ivosidenib is also being studied in combination with PD-1 inhibitor
nivolumab (NCT04044209). Lastly, vorasidenib (AG-881), a dual IDH1/IDH2 inhibitor
designed for enhanced BBB penetration is currently being trialed in patients with /DH1-
mutant gliomas (NCT03343197) (Figure 2).

Of note, elevated levels of 2-HG in /DH-mutant gliomas also inhibit branched chain amino
acid production, and force tumors to become increasingly dependent on glutamine as a
catabolic substrate [56]. Metabolic reprogramming and upregulation of oncogenic pathways
substantially increase glutamine metabolism within cancer cells. This is necessary, at least in
part, for downstream production of the glutamate needed for the antioxidant glutathione,
which enables cancer cells to cope with oxidative stress. Additionally, extracellular
glutamine is a requirement for cellular survival and T cell signaling and function /n vitro,
making the inhibition of glutaminolysis in cancer cells an attractive therapeutic target

[57]. Clinical attempts to target glutamine metabolism have largely focused on inhibiting
glutaminase (Figure 1). CB-839, a small molecule glutaminase inhibitor, robustly depletes
intracellular glutamate and glutathione in /DH-mutant glioma cell lines [56]. CB-839 is
currently being tested in combination with TMZ and radiation in /DHI-mutated gliomas
(NCT03528642) and CB-839 in combination with nivolumab (NCT02771626) (Figure 2).

Interestingly, recent research indicated that /OHZ-mutant gliomas have reduced expression
of both cytotoxic T lymphocyte associated genes and chemokines such as CXCL10 that
recruit immune effector cells [58, 59]. Investigation of the molecular underpinnings of this
observation revealed that 2-HG suppresses production of STAT1, a regulator of CXCL10
[58]. Further work indicated that 2-HG also interferes with nuclear factor of activated T
cells (NFAT) transcriptional activity, T cell receptor signaling, and polyamine biosynthesis,
providing additional evidence that 2-HG plays a role in antitumor immunity [60]. These
studies suggest that IDH inhibitors may be used to synergize with other immunotherapy
agents (Figure 1).

Targeting arginase in immune cells

Arginase catalyzes the hydrolysis of arginine to urea and ornithine. Two isoforms, arginase
1 (ARGL1) and arginase 2 (ARG2), have been characterized and are encoded by separate
but functionally equivalent genes [40, 61]. Arginase expression is regulated in immune
cells, where it may act intracellularly (cytoplasmic ARG1 and mitochondrial ARG2) and
extracellularly (secreted ARG1) leading to the local depletion of L-arginine in the TME
[62].
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The antitumor function of T cells is closely linked to arginine metabolism [63]. Elevated
extracellular arginine levels lead to a global metabolic reprogramming in T cells that
initiates an orchestrated switch from glycolysis to oxidative phosphorylation and promotes a
central memory-like phenotype with enhanced T cell survival [64]. On the other hand, low
arginine levels due to increased arginase activity (such as that seen in MDSCs) have been
associated with inhibition of anti-tumor T cell immune responses. Indeed, higher arginase
activity in MDSCs has been observed in several cancer patient populations, including

GBM [63, 65], and the chemical inhibition of arginase in MDSCs has been shown to
improve T cell function [65]. Thus, the use of arginase inhibitors may help overcome

the immunosuppressive tumor microenvironment and achieve more robust antitumor
control, particularly when used in combination with other immunotherapeutic agents and/or
radiotherapy.

CB-1158, a potent oral ARG inhibitor, blocks myeloid cell-mediated suppression of

T cell proliferation /n vitro and reduced tumor growth in murine models of breast,

lung, colon and skin cancers (Figure 1). CB-1158 further augments antitumor efficacy
when administered in combination with other immunotherapeutic and chemotherapeutic
agents [66]. CB-1158 is currently being studied in Phase I/l clinical trials alone and in
combination with chemotherapeutic agents or nivolumab in patients with solid metastatic
tumors (NCT0203914, NCT03314935) (Figure 2) [67].

Targeting IDO in GBM

Indoleamine 2,3-dioxygenase (IDO) is a heme-containing enzyme that converts tryptophan
to kynurenine derivatives. The immunomodulatory effects of IDO are related to the

increase in kynurenine and the depletion of extracellular tryptophan. Kynurenine is an
endogenous agonist of the aryl hydrocarbon receptor (AhR) in both T cells and dendritic
cells (DCs), where it has been shown to hinder antitumor immunity. Activation of AhR
leads to conversion of T effector cells into Tregs and amplifies immunosuppressive activity
of Tregs by upregulating IDO expression in DCs [68]. IDO expression also facilitates

an immunosuppressive tumor microenvironment by promoting MDSCs, suppressing the
function of antigen presenting cells, and decreasing cytotoxicity of CD8* T cells [69, 70].
Further confounding the issue, IDO expression has more recently been found to increase

in normal brain tissue as a consequence of aging. While still incompletely understood, data
suggest that increased IDO expression in advanced age (such as in the case of typical GBM
with mean age at diagnosis of 65 years old) has a negative impact on immunotherapeutic
efficacy[71]. Overexpression of IDO by tumor cells leads to reduced levels of tryptophan in
the microenvironment, leading to activation of the kinase general control nonderepressible 2
(GCNZ2) and inhibition of mMTOR. Low extracellular tryptophan, coupled with the toxicity of
tryptophan catabolites, inhibits tumor infiltrating lymphocytes (TILs) proliferation [72, 73].

Recent studies have investigated the clinical relevance of IDO and attempted to inhibit its
expression in GBM (Figure 2). GBM have higher IDO expression compared to LGG, and
there is a clear association between IDO expression in GBM and decreased overall survival
[74]. Oral administration of indoximod, or 1-methyl-L-tryptophan (1-MT), an IDO inhibitor,
significantly suppressed subcutaneous tumor growth in murine GL261 glioma models and
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synergistically enhanced antitumor efficacy when administered concomitantly with TMZ
(Figure 1). However, no significant benefit was observed in intracranial GL261 glioma
models treated with 1-MT and TMZ when compared to mice treated with TMZ alone.
Intracranial delivery of ShRNA-mediated IDO knockdown in GL261 cells significantly
prolonged survival, though no significant difference in survival was observed in human
U87 orthotopic xenograft models [75]. Indoximod was tested in a phase I trial in children
with recurrent malignant brain tumors (NCT02502708) and a phase I/11 clinical trial in
adults with recurrent TMZ-resistant HGG (NCT02052648), and results are forthcoming.
Currently, a phase 1l trial of indoximod with chemotherapy and/or radiation in progressive
HGG, medulloblastoma, ependymoma, or newly-diagnosed diffuse intrinsic pontine glioma
(NCT04049669) is ongoing.

Epacadostat (INCB024360) is another selective small-molecule inhibitor of IDO that is
being evaluated in phase I/11 clinical trials with recurrent GBM (NCT03532295) and other
solid malignancies (NCT02327078 and NCT02178722) (Figure 1). Of note, in patients
with unresectable or metastatic melanoma (NCT02752074), epacadostat failed to improve
progression-free survival or overall survival when administered with pembrolizumab or
as a monotherapy despite potent biological activity and selectivity [76]. Yet, results of

a Phase I/11 trial of epacadostat and nivolumab in glioma patients demonstrated that

the combination is generally well-tolerated and resulted in a disease control rate of

70% (NCT02327078) [77]. Additional trials are testing epacadostat in combination with
radiation and bevacizumab (NCT03532295). These results highlight the need for additional
pre-clinical investigations and clinical trials to define the optimal use of IDO inhibitors.

Targeting adenosine metabolism in immune cells and non-immune cells

The TME contains elevated levels of extracellular adenosine, which upregulates anti-
inflammatory molecules and immunoregulatory cells, collectively establishing a durable
immunosuppressive environment [78, 79]. Mechanistically, tumor hypoxia, arising from
disorganized tumor vasculature and the high oxygen demand required to sustain rapid
cellular proliferation, increases extracellular adenosine production via induction of the
CD39-CD73 axis [80]. CD39 is expressed by various immune cells and non-immune cells
(such as endothelial cells and cancer cells). CD73 is an extracellular adenosine-generating
enzyme that is involved in cell growth, maturation and differentiation and can be co-opted
by tumor cells to facilitate cell adhesion, proliferation, invasion, and angiogenesis [81,
82]. Both CD39 and CD73 are also overexpressed on Tregs, and the adenosine formed

by their catalysis engages A2A receptors on T cells. Experimentally, activation of A2A
suppresses T cell proliferation [83]. Within the TME, accumulated extracellular ATP can
either stimulate cell inflammation activity via type 2 purinergic receptors (P2XRs and
P2YRs) or be degraded to immunosuppressive adenosine by the sequential action of the
ectonucleotidases CD39 and CD73 [79].

Adenosine transmits an immunosuppressive signal through four G protein-coupled
adenosine receptors (A1, Ao, Aog, and Agz) that work in concert to exert tumorigenic
effects [78, 84]. The adenosine A2A receptor (A>aR) is upregulated in TILs and CD11b*
tumor-infiltrating monocytes/macrophages in patient-derived GBM models [85]. Purinergic
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signaling and the CD73/A2BR axis play multifaceted roles in gliomagenesis and tumor
progression and is therefore under investigation as a novel target for GBM therapy [86,

87]. Interestingly, Yan and colleagues established a GBM mouse model in which CD73 was
spatially expressed only on endothelial cells in CD73 knockout mice (CD73-FLK). While
CD737/~ mice had decreased tumor size, tumor vessel density, and tumor invasiveness as
compared to wild-type mice, CD73-FLK tumors were more invasive, resulting in complete
distortion of brain morphology, and showed a 20-fold upregulation of A,gAR relative to
controls [82]. Treatment of glioma cells with a CD73 inhibitor, APCP (a,B-methylene
ADP), reduced glioma cell proliferation by 30% [81]. Though A,aR inhibitors have not yet
been studied in glioma patients, there are a number of ongoing clinical trials investigating
its use in combination with anti-PD-1/PD-L1 therapy or in the setting of anti-PD-1/PD-L1
treatment resistance (Figure 2).

Targeting Toll-like Receptors in innate immune cells

Toll-like receptors (TLRs) are type I transmembrane proteins that belong to the pattern
recognition receptor family and mediate pro-inflammatory responses in innate immune cells.
TLRs also play a complex role in tumorigenesis and cancer progression via the modulation
of inflammation in the TME [88]. TLR-mediated reprogramming of macrophages and DCs
orchestrates a metabolic switch from oxidative phosphorylation to glycolysis, allowing for
cancer cell biosynthesis and shunting of glucose away from TILs to maintain a suppressive
pro-tumor microenvironment [89]. Critically, TLRs can also promote an anti-tumor response
by priming the immune system against malignant cells.

Therefore, TLR-based cancer immunotherapy is under active development. Treatment of
patient-derived GBM cell lines with TLR3 agonist polyinosine-polycytidylic acid (poly
[1:C]) stimulates expression of PD-L1 and PD-L2 and a pro-inflammatory secretome
comprising TNF-a and various chemokines [90]. Poly (I:C) treatment strengthened the
response of immune checkpoint inhibitors and increased attraction of CD8" T cells, and to a
lesser extent CD4* T cells, via a CXCR3- and CCR5-mediated mechanism [91]. Poly-ICLC
(poly [I:C]) stabilized by lysine and carboxymethylcellulose), a synthetic double-stranded
RNA viral mimic that binds TLR3, MDAS and other pathogen receptors, has been tested

in a phase I clinical trial (NCT00262730) (Figure 2) [92]. In combination with radiation
and TMZ in adults with newly diagnosed GBM, poly-ICLC did not produce any significant
toxicities. The combination also resulted in a median overall survival of 18.3 months,

which compares favorably to the 14.6 months reported by the phase 3 EORTC trial with
radiotherapy and TMZ [4], suggesting that poly-ICLC may improve the efficacy of chemo-
radiation [93].

In addition, MEDI19197, a dual TLR7/8 agonist, is in a phase | trial as part of a combination
therapy regimen for other metastatic or locally advanced solid malignancies (Figure 2)
(NCT02556463). Preliminary results have shown that the agent is well-tolerated, though
survival data has not yet been published [94]. Quantitative image analysis and RNAseq
analysis of paired tumor biopsies showed an enrichment in CD8* T cells, CD40* myeloid
and B cells (CD40), and CD56+ NK cells, as well as an increase in tumoral PD-1 and PD-L1
gene expression following treatment [95].
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Combination therapy and future directions

Clinical benefit from monotherapy with immune and antimetabolic agents, while promising,
is still limited and combination approaches will likely be required to provide greater
efficacy. For example, immune checkpoint inhibitors such as pembrolizumab (monoclonal
antibody against the PD-1 receptor) have been studied in GBM. It has failed to show
efficacy in randomized phase I trials for unselected cases of recurrent GBM either alone

or with concomitant bevacizumab therapy [96]. Similarly, results from the CheckMate
randomized phase 11 trial demonstrate that treatment with nivolumab (monoclonal antibody
against the PD-1 receptor) does not lead to improved survival compared with bevacizumab
therapy in recurrent GBM [97]. Vaccine therapies have had similarly disappointing results.
For example, the ACT IV multicenter randomized phase 111 trial evaluated rindopepimut
(EGFRUVIII peptide vaccine) with standard dose TMZ versus control failed to show benefit to
overall survival at interim analysis [98].

Combinatorial approaches that are being explored include combination with other
immunotherapies including oncolytic virotherapy, vaccines, and chimeric antigen

receptor (CAR) T cell therapy. Oncolytic virotherapy has been shown to upregulate
immunosuppressive metabolites and ligands in the tumor stroma [99, 100], stimulating

a durable innate and adaptive immune response [101]. Adjuvant therapies targeting
oncometabolism and the immunosuppressive microenvironment have potential to enhance
both the direct killing effect of oncolytic viruses and the immune response following
virotherapy-induced oncolysis [100]. A variety of cancer vaccine technologies are also
being developed and tested in adults and children including dendritic cells, peptides, nucleic
acids, and viral vectors [102]. One approach being studied to enhance peptide vaccines

is combining the vaccine with a potent TLR immunostimulant such as poly-ICLC or

using a peptide-TLR-7/8 agonist conjugate vaccine. Poly-ICLC has also been used as

an adjuvant agent for HLA-A2* children with recurrent low-grade glioma or high-grade
glioma receiving vaccination with peptide epitopes derived from glioma-associated antigens,
EphA2, IL-13 receptor alpha2, and survivin [103, 104]. Immunoreactivity to at least one of
the antigens was seen in most patients. Finally, recent evidence suggests signaling of specific
co-receptor domains on CAR T cells can alter T cell metabolism and promote CD8" central
memory T cells with enhanced respiratory capacity and increased fatty acid oxidation [105].
Together, these data suggest that immunotherapies may be enhanced through combinatorial
approaches designed to target metabolism of tumor cells, immune cells, or both.

Conclusions

Major advances in the understanding of tumor biology, molecular biochemistry, and genetics
have led to therapeutic breakthroughs in cancer treatment. The advent of immunotherapy

is poised to further transform patient outcomes in the coming decades. The successful
application of immunotherapeutic and immuno-metabolic strategies in adult and pediatric
malignant brain tumors like HGG, however, faces significant challenges given the
immunologically ‘cold’ and frequently immunosuppressive microenvironment of tumors
and the immune privileged location. Opportunities are being explored both preclinically

and clinically to specifically target metabolic processes in tumor cells and immune cells in
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the TME to improve the efficacy of immunotherapy. Combinational treatment approaches
that exploit the interaction between heterogeneous tumors and their microenvironments have
shown great clinical promise. Barriers to successful implementation of such combinatorial
approaches rest on the genetic heterogeneity of all tumors, methods of drug delivery

to achieve penetration into the tumor, optimal timing of adjuvant therapy with respect

to delivery of immunotherapy that will promote the subsequent immune response, and

the challenge of precisely targeting metabolism of tumor cells in the TME. As such,

future research should focus on overcoming these barriers as well as on identifying
synergies between metabolism and immunotherapy to maximize the antitumor potential of
personalized treatment strategies.
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Figurel.
Metabolic interaction between glioma cells, T cells, and myeloid-derived suppressor cells

(MDSCs). Glioma cells uptake nutrients from the extracellular space, which include glucose,
glutamine, amino acids, acetate, and fatty acids (FAs) and use these nutrients to compensate
for increased energy demands (e.g., high glycolytic rate). This leads to a metabolic
competition with other cell types within the microenvironment (e.g., T cells), which

become significantly affected by the lack of key nutrients (e.g., glucose and glutamine).
Glioma cells metabolize tryptophan to the immunosuppressive molecule kynurenine via
(Indoleamine 2,3-Dioxygenase 1 (IDO1). Furthermore, the increased release of lactate and
succinate from the glioma, leads to both T cell suppression and MDSC polarization towards
an anti-inflammatory phenotype. Polarized MDSCs reduce the extracellular levels of L-
arginine, release nitric oxide (NO), and express the programmed death-ligand 1 (PD-L1),
further inhibiting T cell anti-tumor responses. Other abbreviations: a-KG (a -ketoglutarate),
programmed cell death protein 1 (PD-1), Nicotinamide adenine dinucleotide + (NAD+),
lactate dehydrogenase (LDH), alanine, serine, cysteine transporter 2 (ASCT2), succinate
receptor 1 (SUCNR1), arginase 1 (ARG1), monocarboxylate transporter (MCT), glucose
transporter (GLUT) and fatty acid oxidation (FAO).
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Figure 2.
Targeting tumor metabolism in gliomas with biologics and small molecule inhibitors. Cell

metabolism and the availability of metabolic substrates in the glioma microenvironment

is dependent on the activity of multiple cell types, including myeloid-derived suppressor
cells (MDSCs), tumor associate macrophages (TAMS), glioma cells, and T cells. Inhibitors
(in red) and agonists (in green) aimed at interfering with specific targets (blue) of this
complex metabolic network have been developed and are under clinical testing. These
include (i) inhibitors that act on altered glucose and lactate metabolism in gliomas [such

as 3-brompyruvate (3-BrPA), dichloroacetate (DCA) and AZD3965]; (ii) inhibitors of

other metabolic enzymes in glioma [such as isocitrate dehydrogenases (IDH) 1-2 via
ivosidenib (AG-120) and vorasidenib (AG-881), glutaminase (GLS1) via CB-839, fatty acid
synthase (FASN) via TVB-2640, and indoleamine 2,3-dioxygenase (IDO)1 via indoximod
(1-MT) and epacadostat (INCB024360)]; (iii) inhibitors of arginase (ARG) 1 in TAM via
molecules such as CB-1158; and (iv) modulators of membrane bound proteins [such as

the 5"-nucleotidase CD73 via a, B-methylene ADP (APCP), and the toll like receptors
(TLRs) 3-7/8 via the agonists poly (I:C) stabilized by lysine (poly-ICLC) and MEDI9197].
Oval inserts/bubbles show how current and/or future combination of immunotherapies and
chemotherapies can be used to overcome certain metabolic alterations of the glioma. These
include the use of a3 antagonists to target glioma cells overexpressing GLUT3, LDH
inhibitors (e.g., NCI-006) to target the overexpression of lactate dehydrogenase (LDH),
bevacizumab (VEGF inhibitor) in combination with epacadostat (IDO inhibitor), PD-1
inhibitors that are used in synergy with APCP, AB-881, and CB-1158 treatments, and finally
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the combination of temozolomide (TMZ) with TLR inhibitors and HK2 inhibitors (the latter
being able to significantly enhance the efficacy of TMZ treatment).

Other abbreviations: FA (fatty acids), a-KG (a -ketoglutarate), 2-HG (2-hydroxyglutarate),
GSH (glutathione), adenosine monophosphate (AMP), Programmed cell death protein 1
(PD-1) and programmed death-ligand 1 (PD-L1).
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Table 1.

Summary of ongoing and completed clinical trials targeting metabolism

Tar get Drug name Phase Cancer type NCT& Number
Tumor metabolism
b Ivosidenib . . . .
IDH1 (AG-120) | Advanced solid tumors including Glioma NCT02073994
IDH2 Enasidenib Approved Acute myeloid leukemia

(AG-221)

IDH1/2 Vorasidenib I Low grade glioma NCT03343197
(AG-881)

FASN® TVB-2640 | Solid tumors NCT02223247

GLSld CB-839 | IDH-Mutated Diffuse Astrocytoma NCT03528642

McT1é AZD3965 | Solid tumors NCT01791595

pDKf Dichloroacetate 1l Malignant gliomas NCT00540176

Immuno-metabolism
Arginase CB-1158 Im Solid tumor NCT03314935
Indoximod . .

1D01Y (1-MT) | Malignant Brain Tumors NCT02502708

1 Pediatric brain Tumors NCT04049669

1 Malignant Brain Tumors NCT02052648

Epacadostat 1 Recurrent Glioblastoma NCT03532295

Im Multiple solid malignancies NCTO02178722, NCT02327078

Adenosine TTX-030 NCT03884556

IPH5201 1 Solid tumors NCT04261075

SRF-617 NCT04336098

TLRSh Poly-ICLC | Glioblastoma NCT00262730

TLR7/8 MEDI9197 | Solid tumor NCT02556463

aNationaI Clinical Trial,
b .

Isocitrate dehydrogenase 1,
c .

Fatty acid synthase,
dGIutaminase,
EMonocarboxyIate transporter 1,
f. .
Pyruvate dehydrogenase kinase,
glndoleamine 2, 3-dioxygenase 1,

hToII-Iike receptor 3
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