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In 2011, Hanahan and Weinberg added “Deregulating Cellular Energetics” and “Avoiding Immune Destruction” to the six previous
hallmarks of cancer. Since this seminal paper, there has been a growing consensus that these new hallmarks are not mutually
exclusive but rather interdependent. The following review summarizes how founding genetic events for tumorigenesis ultimately
increase tumor cell glycolysis, which not only supports the metabolic demands of malignancy but also provides an
immunoprotective niche, promoting malignant cell proliferation, maintenance and progression. The mechanisms by which altered
metabolism contributes to immune impairment are multifactorial: (1) the metabolic demands of proliferating tumor cells and
activated immune cells are similar, thus creating a situation where immune cells may be in competition for key nutrients; (2) the
metabolic byproducts of aerobic glycolysis directly inhibit antitumor immunity while promoting a regulatory immune phenotype;
and (3) the gene programs associated with the upregulation of glycolysis also result in the generation of immunosuppressive
cytokines and metabolites. From this perspective, we shed light on important considerations for the development of new classes of
agents targeting cancer metabolism. These types of therapies can impair tumor growth but also pose a significant risk of stifling

antitumor immunity.
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The fundamental discovery that led to the field of tumor
metabolism was Otto Warburg's description that tumor tissues
utilize glucose and produce lactate in the presence of oxygen [1].
Based on these findings, Warburg proposed a cancer cell-centric
model in which disruption of the mitochondrial electron transport
chain is necessary for tumorigenesis and thus a commonality
among all cancer cells [2]. However, these early studies failed to
recognize the duality of metabolic demands by both tumor cells
themselves and other resident cells in the tumor microenviron-
ment (TME). Importantly, more recent established literature
implicates reprogramming of cell metabolism as essential for
immune cell fates. In the context of a tumor, metabolic networks
are crucial for immune cell-mediated tumor elimination [3].

It is now clear that dividing cells upregulate glucose metabolism
to meet the biosynthetic demands of proliferation [4]. Even
though glycolysis produces limited ATP, this metabolic program
supports the necessary pathways for de novo lipid, nucleotide,
and amino acid synthesis with great efficiency. This applies to
both proliferating tumor cells with a deregulated cell cycle and
immune cells being activated, which undergo rapid transitions
from quiescent to proliferative when confronted with appropriate
stimuli. Furthermore, the field of immunometabolism has demon-
strated that different immune cell subsets implement and require
distinctive metabolic programs to accomplish their diverse
effector functions, indicating that the metabolism of proliferating

cells shares some but not all features [5]. Because both tumors and
immune cells implement generally similar metabolic programs,
this review will evaluate possible synergistic interactions between
cancer metabolism-targeting therapies and cancer-modulating
immunotherapies. Inhibitors developed to target cancer metabo-
lism may therefore, counterproductively, hinder immunothera-
peutic efficacy.

COMMON SIGNALING AND MUTATIONAL EVENTS THAT
REGULATE GLYCOLYSIS

The structure of metabolic signaling is shared among most
mammalian cells. Critically, the phosphoinositide 3 kinase (PI3K)/
Akt/mechanistic target of rapamycin complex 1 (mTORC1) path-
way plays a key role in inducing anabolic metabolism for cell
growth [6-8]. Ultimately, mTORC1 is the key regulator of
metabolic signaling events integrating metabolite availability
and growth factor signaling. The roles of these pathways have
been reviewed extensively in many cell types [7, 9], and mTORC1
promotes anabolic metabolism by stimulating glycolytic flux via
glucose transporter mobilization, hexokinase activation, and
glucose-dependent synthesis of nucleotides and lipids via
phosphorylation of p7056 kinase (pS6K) and 4EBP1, which lead
to increased protein translation [7] and activation of a variety of
metabolic transcription factors. Some of the key downstream
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The unique metabolic features of T cell subsets. A T cell activation via the TCR results in massive glycolytic reprogramming and a

significant increase in mitochondrial metabolism. Recent tracing experiments have demonstrated that glucose is metabolized into both
lactate and Krebs cycle intermediates in vivo. These metabolic changes are dictated by the oncogenic transcription factors HIF and myc.
B Protumor T,4s are more oxidative than their antitumor counterparts. These tumor-promoting cells are able to metabolize lactate, convert it
into pyruvate via LDH and use this substrate as mitochondrial fuel. The T, g-identifying marker FOXP3 drives these substantial increases in
mitochondrial biogenesis and function, while mitochondrial complex 3 has recently been shown to be crucial for maximal T4 suppressive

function.

transcriptional effectors of mTORC1 signaling are the transcrip-
tional regulator of lipid metabolism sterol regulatory element
binding protein (SREBP) and the essential glycolytic transcription
factors hypoxia inducible factors (HIF1a/HIF2a) and c-Myc. To
ensure proliferation in the presence of sufficient metabolic
substrates, mTORC1 induces this anabolic program only when
adequate intracellular levels of essential amino acids are sensed at
its position on the surface of a lysosome [10].

The transcription factors HIF1a, HIF2a, and c-Myc play crucial
roles in promoting glycolysis at the transcriptional level. HIF1a and
HIF2a are oxygen-dependent transcription factors that bind to HIF
response elements throughout the genome to induce a glycolytic
gene expression program. HIF1q, together with the transcriptional
coactivator p300, promotes the transcription of glycolytic genes,
including Glut1, hexokinase 2 (HK2), aldolase, and lactate
dehydrogenase (LDH), to cause increased cellular uptake and
utilization of glucose. Active HIF1a elevates the vascular endothe-
lial growth factor (VEGF) level, leading to increased cellular
oxygenation and metabolic substrate availability through the
formation of new blood vessels. Myc proteins heterodimerize with
Max and bind to gene promoters containing E boxes to ultimately
drive glycolytic gene transcription. Myc is an unusual transcription
factor as it acts broadly across the genome and can associate with
paused RNA polymerase Il to increase transcript elongation [11].
Therefore, Myc can amplify the expression of a diverse set of
active genes with easily accessible chromatin. Unsurprisingly, the
Myc family of transcription factors can regulate most of the
enzymes related to glycolysis given that these proteins are
expressed basally in a majority of cell types. Among the many
glycolytic genes that Myc regulates, Glut1, PFK, glyceraldehyde 3-
phosphate dehydrogenase, phosphoglycerate kinase, enolase, and
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phosphoglucose isomerase can have their expression levels
increased by Myc accumulation [12]. Additionally, many promo-
ters of glycolytic genes were found to contain Myc-Max-bound E-
boxes via chromatin immunoprecipitation [13]. Active Myc is also
known to promote glutaminolysis, which can maintain mitochon-
drial anaplerosis [14] in addition to increasing ribosomal and
mitochondrial biogenesis [15].

Over 75% of cancers harbor mutations were predicted to result in a
glycolytic phenotype [16] when sequencing data from over 2000
patients were reanalyzed. It comes as no surprise, therefore, that
altered metabolism and increased glucose uptake are intimately
associated with transformation and a central hallmark of cancer
[17, 18]. Nevertheless, most measurements of tumor metabolism are
conducted with cell lines in vitro or bulk chunks of heterogeneous
tumor tissues in vivo. These in vitro and bulk measurements may
simplify or miss key aspects of the metabolism of individual cells due
to the altered nutrients available in vitro and the diversity of cellular
components and spatial heterogeneity in whole tissues. The interplay
among cancer cell, stromal, and immune cell metabolism in vivo,
therefore, has not been well disentangled, and there are challenges
and opportunities in dissecting this interplay to achieve better
treatment of heterogeneous tumors.

WARBURG METABOLISM AS AN ESSENTIAL FEATURE OF
INFILTRATING IMMUNE CELLS

Previous reviews have extensively discussed the steps required to
generate antitumor immunity [19] and the conditions needed for
efficacious immunotherapy [20]. To achieve proper antigen shed-
ding, antigen presentation, immune cell activation, immune effector
function, and ultimately memory generation, the antitumor
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Immunometabolic consequences of checkpoint blockade. A Ligation of CD28, 4-1BB, or OX40 promotes increased mitochondrial

metabolism and augments PI3K signaling. PD-1 and CTLA4 directly suppress mTOR activation through distinct mechanisms. B Using
stimulatory antibodies against 4-1BB and OX40 can improve T cell metabolism and enhance tumor elimination. C Inhibition of T cell
costimulation via blockade of CTLA4 or PD-1 results in increased mTOR signaling. The clinical success of immune checkpoint blockade via PD-
1 or CTLA4 inhibition may be due to the ability of these therapeutics to enhance T cell metabolism in tumors.

compartment of tissue-resident dendritic cells (DCs), M1 macro-
phages, natural killer (NK) cells and T helper 1 (Th1)/cytotoxic T
lymphocytes (CTLs) requires complex metabolic reprogramming. The
field of immunometabolism now provides a framework to under-
stand the necessary metabolic changes that promote an effective T
cell response to cancer and how cancer cells and immune cells may
interact in the TME. These studies illustrate the similarities and
differences among these diverse cell types and how nutrient
limitations and molecular cues in the TME promote immune cell
dysfunction and regulatory immune cell subsets and provide a niche
for tumor maintenance and proliferation. The same set of principles
can be applied to myeloid cell maturation, phagocytosis, NK cell
licensing, and DC antigen presentation, in which ultimate immune
cell fate and function are inextricably linked to unique metabolic
programs that produce targetable vulnerabilities.

METABOLIC DIVERSITY UNDERLIES DIVERGENT T CELL
PHENOTYPES AND FUNCTIONS

Consistent with the understanding of aerobic glycolysis as a
program for proliferative metabolism, activated antitumor cells,
like transformed tumor cells, employ aerobic glycolysis to perform
their functions [3]. T cells must express the master regulator of
glycolysis, HIF1a, in addition to the main glucose transporter,
Glut1 [21], to perform their antitumor functions. In T cells, the
HIF1a and c-Myc protein abundances increase with activation.
T cells are unable to proliferate in response to activation with loss
of c-Myc but can proliferate with loss of HIF1a [22] (Fig. 1A).
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However, HIF1a is not dispensable for sustained effector function,
as this transcription factor is essential for antitumor immune
responses in adoptive cell transfer (ACT) models and immune
checkpoint blockade (ICB) [23, 24]. In line with these observations,
T cells genetically modified with constitutive HIF activation via loss
of the hydroxylation proteins (PHD1/2/3) have an increased
glycolytic rate and an increased ability to eliminate lung
metastases in a model of metastatic melanoma [25].

Glycolysis is essential in T cell proliferation and activation, and T
cell subsets employ different metabolic programs to gain
differential effector functions [26]. Th1 and CD8 cytotoxic T cells,
for example, are dependent on the uptake of glucose and
glutamine through Glut1 and ASCT2 but may be independent of
the glutamine-metabolizing enzyme glutaminase (GLS); in contrast,
Th17 cells rely on both glutamine uptake and GLS [27]. Conversely,
regulatory T cells (Tregs) may be enhanced when glutamine uptake
is suppressed. It is important, therefore, to consider how the
metabolic constraints of the TME may promote one T cell or
myeloid subset over others (Fig. 1B). Additionally, forced expres-
sion of the canonical T.q transcription factor FoxP3 decreases
active AKT and GLUT1 cell-surface mobilization, illustrating that
lineage and metabolic function are intricately linked [28]. Recent
data indicate that oxidative metabolism is necessary for Toq
function in the TME. Strikingly, mice with T.g-specific mitochon-
drial complex three deficiency have potent antitumor immunity
due to loss of the functionality of these suppressive cells [29]
(Fig. 1B). This oxidative program includes the uptake of lactate in
the TME to sustain suppressive Treg function [30].
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CORECEPTOR ENGAGEMENT ALTERS METABOLISM IN THE
TME

An often overlooked observation is that the two most clinically
relevant checkpoints are negative regulators of T cell glycolysis
(Fig. 2). Engagement of the T cell costimulatory receptor CD28 by
the ligand B7.1 or B7.2 leads to mobilization of Glut1l and
reprogramming for anabolic metabolism via PI3K-AKT and
mTORC1. Conversely, CTLA4 both competes for binding with
B7.1 and B7.2 and directly recruits the phosphatase SHP2 to inhibit
CD28 and TCR signaling and restrict Glut1 translocation, glucose
uptake, and T cell activation [31]. Thus, blockade of CTLA4 by ICB
removes an inhibitory brake, which results in increased CD28 and
TCR signaling and greater levels of T cell aerobic glycolysis. Recent
work from Zappasodi et al. demonstrated that CTLA4 inhibition on
TME-resident Tregs alters their oxidative program to promote a
more glycolytic phenotype. With this shift in metabolism towards
increased glucose utilization, Tregs become functionally impaired
and thus create a more proinflammatory, antitumor microenvir-
onment [32]. Similar phenotypes have been observed when Tregs
are exposed to pathogen-associated molecular patterns, with
engagement by immunogenic substrates resulting in increased
Treg glycolysis and compromised suppressive activity [33]. This
shift is consistent with enhanced PI3K-Akt-mTORC1 signaling, as
genetic deletion of the lipid phosphatase PTEN leads to enhanced
Akt-mTORC1 signaling that destabilizes Tregs and results in
inflammatory autoimmunity [34, 35].

PD-1, another critical T cell immune checkpoint molecule that has
been successfully targeted in the clinic, also negatively regulates T
cell glycolysis and mitochondrial metabolism [36]. The interaction of
PD-1 with PD-1 ligand (PD-L1) blocks glycolysis through inhibition of
the PI3K/PKB/mTOR pathway and downregulation of Glut1 [37].
However, PD-1 ligation can also activate AMPK, which triggers fatty
acid B-oxidation (FAO) while restraining utilization of branched-
chain amino acids [36, 38]. T cell differentiation into effectors
requires glycolysis, as described above, in CD287 cells, so PD-1 may
block terminal differentiation by inhibiting glycolysis. In contrast,
CTLA-4 inhibits glycolysis but not FAO [36]. PD-1 blockade restores T
cell glycolysis and IFNy production in T cells [39]. These two negative
regulatory pathways do differ in their mechanism of mTORC
suppression (Fig. 2A). PD-1 decreases upstream PI3K activity,
whereas CTLA4 increases protein phosphatase 2a and SHP activity
to inactive AKT [40]. While the metabolic implications of CTLA4 and
PD-1 blockade remain under study, the direct roles related to
suppressing anabolic Akt-mTORC1-directed signaling suggests that
inhibition is a primary mechanism of action (Fig. 2C).

Unsurprisingly, other T cell inhibitory checkpoints also impact the
metabolic fate of tumor-infiltrating T cells (Fig. 2A, B). In line with
the suppressive roles of PD-1 and CTLA4 in T cell metabolism,
inhibitory coreceptors are now known to decrease the metabolic
rate of activated T cells. Lymphocyte activation gene (LAG)-3-
deficient naive CD4 + T cells exhibit increased oxygen consumption
and enhanced glycolysis via activated STAT5 signaling [41]. The
interaction of TIGIT on T cells with CD155 on stomach cancer cells
dampens glucose uptake and decreases T cell glycolysis and
expression of Glutl and HK2 [42]. Additionally, TIM3 engagement
downregulates glucose uptake and consumption by downregulat-
ing Glutl expression [43]. Stimulation of GITR, a coinhibitory
receptor, augments metabolic activities in T cells [44]. Thus, each
coreceptor has a distinct function in T cell metabolism.

Activating T cell coreceptors, conversely, can improve the
metabolic fitness of activated T cells. 4-1BB agonism activates the
liver kinase B1 (LKB1)-AMP-activated protein kinase (AMPK)-acetyl-
CoA carboxylase (ACC) signaling pathway, which is important for
the metabolism of glucose and fatty acids [45]. Although 4-1BB
cosignaling contributes to glycolysis, it induces higher mitochon-
drial oxidative phosphorylation, leading to the generation of
memory T cells rather than the differentiation into effector cells by
CD28. 4-1BB signaling also enhances the mitochondrial capacity
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even in exhausted T cells via p38-MAPK activation [46]. Recent
studies have demonstrated that the 4-1BB intracellular signaling
domain in chimeric antigen receptor T cells promotes mitochon-
drial biogenesis and improves oxidative metabolism [47, 48]. In
line with the metabolic reprogramming described above, 4-1BB
ligation induces Glutl expression [45]. Stimulation of ICOS,
another immunoglobulin superfamily member, enhances glyco-
lysis via activation of mMTORC1 and mTORC2 and Glut1 induction
[49]. Another TNF receptor superfamily member, OX40, is highly
expressed with Glutl in metabolically active CD4 + T cells [50].
OX40 regulates glycolysis and lipid metabolism in Tregs and
promotes T cell expansion and memory T cell differentiation [51].
CD27, normally expressed in resting T cells, provides strong
costimulation. CD27 agonism induces the expression of genes
involved in glycolysis, glutaminolysis, and fatty acid synthesis [52].
The increased expression of Pim-1 induced by CD27 cosignaling
may play a role in glycolysis [53, 54].

Ligands in these T cell checkpoints have metabolic implications on
the TME. PD-L1 (also known as B7-H1) has been considered a ligand
[55, 56], but it can receive signals as a receptor [57, 58] to impact
cancer cell biology independent of the immune system. PD-L1
expression on tumor cells may activate the AKT-mTOR pathway and
glycolysis in cancer cells to increase glucose uptake [59]. Interestingly,
this type of metabolic reprogramming and resultant microenviron-
mental acidosis established by lactate secretion combined with
hypoxia can upregulate PD-L1 expression via HIF1a and directly lead
to inhibition of T cell-mediated cytotoxicity [60, 61]. PD-L1 blockade
restores glucose levels in the TME, supporting T cell glycolysis and
adequate activation [62]. Among coinhibitory ligands other than PD-
L1, B7-H3, also known as CD276, remains to be studied to elucidate its
immunological function. B7-H3 interacts with conflicting costimula-
tory and coinhibitory molecules depending on the context [63]. The
nonimmunological roles of B7-H3 include activities in cancer invasion,
metastasis, and drug resistance in different cancers [64-68].
Additionally, B7-H3 intrinsically regulates cancer cell metabolism. B7-
H3 expression positively regulates HIF1q, leading to glycolysis, lactate
production, and tumor growth [69]. B7-H3 also activates the AKT/
mTOR pathway, which enhances glycolysis in breast cancers [70], and
the STAT3 pathway, which promotes HK2 in colorectal cancers [71].
These findings raise the possibility that coinhibitory ligands such as
B7-H3 enhance glucose metabolism in cancer cells, ultimately
converting the TME into an overall more suppressive immune
environment. Another B7 family member, B7-H4, is a coinhibitory
ligand, although its binding partner has not been fully established
[72]. B7-H4 on donor or host immune cells prevents graft-versus-host
disease (GVHD) lethality in MHC-mismatched bone marrow trans-
plantation models [73]. Genetic deletion of B7-H4 in donor T cells or
recipient immune cells enhances mitochondrial activity, superoxide
production, Glut1 expression, glucose uptake and metabolism. FAO
and fatty acid uptake are also increased in B7-H4”" T cells in murine
GVHD models [73] Whether B7-H4 suppresses glycolysis as well as
FAO, unlike PD-1, or inhibits glycolysis rather than FAO remains to be
further investigated.

The work above supports a model in which glycolytic metabolism
is a component of antitumor T cells and oxidative metabolism is
crucial to the T4 suppressive capacity. Adaptation of T cells to the
TME, however, can lead to shifts in metabolism and defects in both
glycolysis and the mitochondria that directly contribute to impaired
immune function. T cells from clear cell renal cell carcinoma (ccRCC)
samples were found to have reduced glucose uptake and fragmented
and inefficient mitochondria that could be rescued through
supplementation with pyruvate or antioxidants or potent costimula-
tion through CD28 [74, 75]. Similarly, T cells from mouse tumors were
found to rapidly develop mitochondrial and functional defects, and
antitumor immunity could be restored by enhancing mitochondrial
biogenesis or promoting lipid uptake to support more efficient
mitochondrial metabolism [76]. These data suggest that T cells may
adopt multiple metabolic states in the TME and that enhanced rates

SPRINGER NATURE

49



B.I. Reinfeld et al.

50

M1 Phenotype

Phagocytosis
Antigen

Presentation

Cross

CTLA-4
Dendritic cell
CD8+ T Cell

Lag3
TiM3 o0 PD-1

Proliferation

rre(s:%n;ation o AT
+
Priming

IFNg release
lPerforin/Granzyme

Generation Cancer
Recruitment Cell
) Suppressive Capacity
00
o //
[ \
[ |
o ,‘
o .
()
CD73
f

NK Cell

Fig.3 A hostile immunosuppressive tumor microenvironment occurs secondary to tumorigenic mutations. High levels of nuclear myc and
HIF increase tumor cell glycolysis, resulting in a TME rich in immunosuppressive molecules. Lactate is produced as a byproduct of oncogene
activation. This transcriptional program also decreases the intratumor pH, increases the secretion of suppressive cytokines such as VEGF, recruits
suppressive myeloid cells via G-CSF and promotes the extracellular degradation of ATP into adenosine. The combination of these metabolic
perturbations and microenvironmental changes decreases the ability of the antitumor immune compartment to perform is requisite functions
(seen as fewer cytokines and granzymes in antitumor CD8 + T cells and NK cells). This oxidative microenvironment creates a niche where Tregs,
lipid-filled tolerogenic DCs, and suppressive myeloid cells thrive, thus promoting immune evasion and tumor progression.

of aerobic glycolysis may be only one path towards antitumor
immunity, with enhanced mitochondrial function being another. The
mechanism through which multiple signaling checkpoint ligands are
integrated and ultimately alter the metabolic capacity of these crucial
cells has yet to be fully elucidated. However, each pathway endows
unique signaling and metabolic programs that can impact therapeutic
efficacy and patient outcomes. With current technologies, fully
dissociating these models remains challenging, as glucose uptake
may play roles in supporting both glycolysis and mitochondrial
metabolism through pyruvate oxidation. The key distinction yet to be
established may be not if T cells utilize glucose metabolism but
instead if pyruvate is converted to lactate or provides mitochondrial
fuel. Future therapeutic success will be predicated on understanding
how tumor-infiltrating lymphocytes (TILs) use metabolic substrates to
support their differentiation and antitumor function.

TUMOR CELLS SUBVERT ANTITUMOR IMMUNITY VIA THE
PRODUCTION OF INHIBITORY METABOLITES AND DEPLETION
OF ESSENTIAL METABOLITES IN THE MICROENVIRONMENT
Lactic acid and pH as immunosuppressants

For aerobic glycolysis to proceed at elevated rates, both tumor
cells and immune cells must dispose of intracellular lactate to
maintain the cytosolic redox balance and glycolytic flux.
Unsurprisingly, the main lactate transporters, MCT1 [77] and
MCT4 [78], are transcriptional targets of HIF1a (Fig. 3). With the
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hypoxic induction of the lactate-generating enzyme LDH [79], the
TME is rich in extracellular lactate acid-derived protons. These H
ions are exported into the extracellular space by MCT1, MCT3,
MCT4, and the Na*/H" symporter NHE1, which is also a HIF1a
target [80]. The CO, produced during pyruvate oxidation
becomes hydrated extracellularly and transformed into carbonic
acid and a free proton via another HIF-responsive gene, carbonic
anhydrase IX (CAIX) [81, 82]. Therefore, the TME can be rich in
extracellular lactate [74, 83], have a pH as low as 6.0 and be
depleted of oxygen. Multiplex immunohistochemistry has con-
firmed that hypoxic areas in tumors are high in Glut1, LDH, CAIX,
and MCT4, demonstrating that these lactate-rich, low-pH
environments are truly present in the TME [84]. There is now
evidence that these harsh metabolic environments actively evade
the immune system. The depletion of oxygen in tumors can have
negative consequences for T cell fitness. Hypoxia-experienced
CD8 + T cells have compromised mitochondrial metabolism and
reactive oxygen species (ROS) tolerance, which prevent tumor
clearance [85]. Cancer cell expression of HIF-responsive CAIX can
recruit suppressive myeloid cells via expression of G-CSF [86],
while melanoma patients who have a high bulk glycolysis
transcriptomic signature have relatively poor progression-free
survival on PD-1 blockade therapy [87] or adoptive cell therapy
[88]. Tumors resistant to combined ICB demonstrate hypermeta-
bolic phenotypes, producing much more lactate in vivo than the
corresponding sensitive parental line [89].

Cellular & Molecular Immunology (2022) 19:46 - 58



Lactic acid is also now recognized as a molecule directly
immunosuppressive to all antitumor immune cell types. Human
and mouse effector T cells divide less, produce fewer cytokines and
are less able to kill cancer cells upon physiologically relevant lactic
acid exposure [61, 90, 91]. This inhibition of effector activity is
mediated through decreased NFAT translocation into the nucleus
secondary to high lactate concentrations [91], a decrease in the
intracellular pH [61] and less active p38 and c-JNK/c-JUN [90]. High
levels of lactate also promote increased accumulation of Tregs
[30, 92], whose presence in the TME promotes tumor progression
and metastasis across many tumor types [93]. These tumor-
promoting CD4 + T,y appear to use lactate for their oxidative
metabolic program, endowing them with a survival benefit in the
TME rich in lactate [74, 91, 92, 94]. Loss of the lactate importer MCT1
in a Treg-specific manner was found to result in improved antitumor
function, illustrating that this metabolite acts as fuel for these
suppressive cells [30]. High levels of lactate are also able to polarize
macrophages into a more immunosuppressive M2-like phenotype
[95], as demonstrated by expression of Arg1, VEGF, Fizz1, Mgl1 and
Mgl2. The mechanism underlying the immunosuppressive action of
lactate in myeloid cells is unclear, as the immunomodulatory effects
of lactate do not appear to be governed by macrophage expression
of GPR81, a G protein-coupled receptor (GPCR) that binds lactate
[96]. Lactic acid has been shown to inhibit cytokine production by
professional antigen-presenting DCs in organoid coculture models
[97]. Similar to other lymphoid-derived immune cells, NK cells
cultured in physiologically relevant lactate concentrations show
compromised cytokine release [91]. To increase NK cell activity in the
TME, tumor-specific knockdown of tumor LDHa has been studied
and found to correlate with increased NK cell tumor infiltration and
IFNy + NK cell accumulation. The inhibitory nature of lactate in
multiple classes of immune cells may be reminiscent of both PD-1
ligation and CTLA4 ligation in T cells. Lactate may directly decrease
the rate of immune cell glycolysis. One study demonstrated that a
high extracellular lactate level decreased immune cell glycolysis and
limited cellular production of TNFa in macrophages [98]. High levels
of extracellular lactate may prevent lactate efflux from infiltrating
immune cells to suppress continued flux through the glycolytic
program requisite for antitumor function.

Tumor acidity may also be an important modulator of the
immune response given that a low intra-lymph node pH regulates
T cell proliferation and activation [99]. Ex vivo studies in acidic
media have shown that low pH directly inhibits the proliferation of
melanoma TILs, limits activation markers such as intracellular p-
STAT5 and p-ERK, and restricts the production of IL2, TNFq, and
IFNy. Treatment with proton pump inhibitors led to an increase in
the intratumoral pH from 6.5 to 7 and increased the efficacy of
ACT [100]. Furthermore, mice drinking bicarbonate ad libitum
were found to have a decreased tumor volume with an observed
increase in the CD8+T cell infiltrate. Bicarbonate ultimately
improved the efficacy of ACT and ICB in mouse models of
melanoma [101]. Modifying the TME pH via inhibition of CAIX also
increases response rates to ICB [102]. Given the metabolic
complexity of the TME, mouse lymphomas overexpressing the
glycolytic/glutaminolytic transcription factor Myc were shown to
generate fewer tumor-resident IFNy+ NK cells. Providing MYCM
mice with exogenous bicarbonate reversed the acidic TME pH and
increased NK cell infiltration, NK cell phosphorylation of JNK, and
the number of IFNy-expressing NK cells. In concordance with the
increased NK cell activity, mouse survival was increased with
excess bicarbonate [103]. These studies suggest that mitigating
the acidic environment of tumors, which is induced secondary to
increased cellular glycolysis, may improve antitumor immune cell
functionality and activity.

Competition for nutrients

While intratumoral glucose levels may be maintained in some
settings [74, 83, 94], metabolic competition for glucose among
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cells in the TME may contribute to TIL dysfunction in other
contexts [59]. Supporting a model in which the increased
aerobic glycolysis of cancer cells can restrain TILs, overexpres-
sion of PDK1, HK2, Glut1, or c-Myc allowed tumors that were
normally rejected to instead grow into palpable masses [59].
T cells purified from those glycolytic tumors had a reduced
ability to take up glucose, as assessed with the fluorescent dye
2NBDG [104], and exhibited increased expression of inflamma-
tory cytokines compared with T cells from less glycolytic tumors.
Similarly, the nuclear translocation of NFAT, a crucial T cell
activation transcription factor, is dependent on the glycolytic
intermediate phosphoenolpyruvate (PEP) [105]. In a glucose-
limited TME, this necessary event may not occur. Conversely,
overexpressing the gluconeogenic enzyme PEPCK1 increases
the T cell intracellular PEP level and promotes increased T cell
activation and tumor clearance. These findings support a model
in which increasing T cell glucose availability may improve
tumor eradication and limiting glucose may act as an
immunosuppressive mechanism in tumors. It is unclear, how-
ever, whether the T cell dysfunction observed in these cases is
due to direct metabolic limitations and poor access to nutrients
or due to alterations in the immune infiltrate that occur
secondarily to a change in cancer cell physiology. It thus is
not fully established whether changes to cancer cell metabolism
directly alter cancer cell fitness that can then indirectly influence
T cell function independent of glucose competition.

Recent work has demonstrated that glucose is present in
appreciable concentrations in many mouse models of cancer, as
well as human RCC, which supports a model in which glucose is
generally not a limiting feature of tumor biology [106]. Using
radiolabeled positron emission tomography (PET) tracers, we
found that myeloid cells surprisingly consume more glucose per
cell than either cancer cells or T cells. Importantly, inhibition of
glutamine uptake could further increase glucose uptake, indicat-
ing that glucose uptake in the TME is limited by cell-intrinsic
metabolic pathways rather than decreasing access to glucose.
While microenvironmental glucose limitations may occur, this
work questions the widespread nature of glucose limitation and
competition in the TME. When nutrients are limiting and
competition does occur, this competition may be multifactorial
in that there are many diverse cell types attempting to attain and
consume metabolic substrates. To overcome such a potential
resource barrier when it occurs, immunotherapy may improve T
cell competitiveness for glucose uptake or promote alternative
pathways, and approaches to increase T cell mitochondrial
metabolism have been shown to enhance tumor clearance
[74, 75]. However, the glucose availability across tumors may be
heterogeneous, and the degree to which glucose competition
restricts TILs as a whole remains uncertain, as bulk measurements
of glucose in tumor interstitial fluids have found that glucose can
be readily available in diverse settings in both mouse tumors and
human tumors [74, 75, 83, 94, 106].

While the evidence for glucose competition is mixed, the
availability of some nutrients may become limiting for antitumor
immune cells in TMEs. There is evidence, for example, that tumors
and T cells may compete for the amino acid methionine. For
proper T cell activation and cytokine production, methionine must
be present [107]. This essential amino acid is crucial for T cell
generation of SAM/SAH, which are the key methyl donors in
mammalian cells. With decreased methionine uptake, T cells
demonstrate an exhausted gene signature and reduced p-STAT5
signaling. This leads to an increase in TME-resident T cell
apoptosis, and T cell exhaustion in the TME, which is dependent
on tumor cell expression of the methionine transporter, SLC43a2.
Intriguingly, in a small trial of human cancer patients, exogenous
methionine supplementation significantly improved T cell cyto-
kine production and activation, supporting this model in which
antitumor T cells require this amino acid to function [108].
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GLYCOLYTIC TUMOR CELLS INFLUENCE ANTITUMOR
IMMUNITY VIA INHIBITORY GENE NETWORKS

HIF-driven VEGF stimulates the suppressive TME

HIF1a and HIF2a promote not only the expression of glycolytic
genes that can lead to lactate accumulation, a reduced pH, and
glucose restriction in the TME but also the expression of soluble
immunosuppressive factors in the TME. VEGF is considered a
canonical HIF target (Fig. 3) [109]. Its induction is thought to
promote oxygenation and delivery of vital nutrients to hypoxic
tissues via the generation of new blood vessels. However,
physiological VEGF concentrations prevent DC-induced T cell
activation and promote increased differentiation of suppressive
Gr-14+ myeloid-derived suppressor cells (MDSCs) in tumors [110].
VEGF signaling through T cell VEGFR2 restricts T cell proliferation,
viability and cytotoxicity [111]. Elevated VEGF expression also
promotes high levels of the negative checkpoint molecules PD-1,
TIM3, and CTLA4 on tumor-infiltrating T lymphocytes [112].
Myeloid cell VEGF suppresses NK cell activity in the TME [113].
As expected, treating RCC patients with the VEGF receptor
inhibitor sunitinib decreases MDSC numbers, promotes the
accumulation of IFNy™ T cells and depletes FoxP3* Tregs [114].
Given these study results, it is unsurprising that clinical trials
combining VEGF inhibitors and ICB are demonstrating an
increased response rate compared with those evaluating either
therapy alone in multiple disease types [115, 116]. Intriguingly,
patients with high T cell and myeloid gene signatures appear to
benefit the most from this combination therapy, illustrating that
pre-existing immunosuppression may be a predictive biomarker of
successful immunotherapy [117].

Inhibiting Glutamine
Utilization

Immunosuppressive adenosine generation in the TME is
secondary to HIF stabilization

Throughout tumorigenesis, constant cell turnover should be recog-
nized as not merely a process of consumption but also an event that
creates a milieu replete with additional metabolites, including ATP
and adenosine. Immunostimulatory ATP is released by dying and
necrotic cells and can be hydrolyzed to immunosuppressive
adenosine by CD39 and CD73 (Fig. 3), which are both ectonucleases
and targets of HIF1a [118, 119]. Highly glycolytic tumors convert a
majority of the extracellular ATP from apoptotic and necrotic cells into
adenosine. This conversion of ATP into extracellular adenosine has
several negative consequences for antitumor immunity. ATP itself is a
damage-associated molecular pattern (DAMP) that can activate the
P2RX7 receptor on tissue-resident CD103+T cells to promote
inflammation and survival of this key cell population via mitochondrial
fusion [120]. Engagement of ATP purinergic receptors on DCs
increases the vaccination response and cell-surface expression of
the costimulatory molecules CD80 and CD86 [121]. Conversely,
engagement of the adenosine receptor A2AR is anti-inflammatory
and compromises T cell proliferation [122, 123] and T cell cytokine
release and increases inhibitory checkpoint molecule (CTLA4 and PD-
1) expression [124]. A2AR activation has similar negative effects on NK
cell proliferation and activation [125, 126]. Genetic depletion of the
receptor A2AR specifically in NK cells was found to increase NK cell
proliferation and tissue invasion and ultimately improve tumor
elimination in multiple models [125]. In RCC, single-agent A2AR
blockade may be successful [127] in part due to HIF stabilization,
which is necessary for tumorigenesis in this tumor, thus creating a
TME rich in adenosine [128]. Activation of the alternate

Inhibiting Glucose

Uptake
Immunogenic
Cell Death?
or Impaired memory?
Metabolic OR

Reprogramming?

Increased effector
function in the
TME?

Restrict Anti Presentation?
or
Improved immune system
priming?

Restriction of
Prolifertaion in TME?
OR
Increased
Suppressive Capacity

Foxp3

Fig.4 Targeting metabolic pathways may hamper antitumor immunity. Inhibition of glutamine pathways with antagonists, such as DON, or
GLS with CB839 promotes antitumor immunity. The TME becomes enriched with glutamine, glucose and tryptophan secondary to these
pharmacologic interventions. T cell metabolic reprogramming with glutamine perturbations results in increased expression of antitumor
molecules, such as granzyme B and perforin, as well as improvements in mitochondrial function and increased glucose utilization. Glutamine
starvation promotes tumor cell death and decreases the functions of MDSCs and Tregs. Antitumor M1-like macrophages increase antigen
presentation machinery and inflammatory cytokine production in response to alterations in glutamine metabolism. It is currently unknown
how blocking glucose uptake alters immune and tumor cell functions in malignancy. It is possible that this therapeutic targeting of glucose
metabolism may restrict antitumor immunity while inducing increased tumor growth. Alternatively, T cell metabolic function may be
improved by limiting the metabolic stress these cells experience in the TME. Glucose metabolism is important for macrophage phagocytosis
and antigen presentation, and it is currently unknown how restricting glucose aids or inhibits antitumor function.
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Isoform targeting as a strategy to hamper suppressive immune cell metabolism while enhancing antitumor immunity. PI3ky is a

crucial component in inflammatory myeloid cell recruitment into tumors, MDSC suppressor function, and ultimate lineage commitment to the
M2-like macrophage phenotype. HIF2a (in ccRCC and in certain myeloid subsets) is key to sustaining glycolytic function and proliferation.
Specific inhibition of PI3Ky or HIF2a remodels the TME in that there is significant tumor cell death and depletion of CD4 + Tregs and
suppressive myeloid cells with enhanced CTL activation and cytokine release.

immunosuppressive adenosine receptor A2BR can also suppress
antitumor immunity by increasing MDSC infiltration and maintenance
and myeloid VEGF expression [129, 130]. Consistent with an
immunosuppressive role for the intratumoral conversion of ATP into
adenosine, combining CD73 blockade with ICB results in synergistic
inhibition of tumor growth in preclinical models [131].

COMBINING METABOLIC AGENTS WITH IMMUNOTHERAPY
Barriers and opportunities for synergy between metabolism-
based therapies and ICB

ICB has revolutionized the treatment of many metastatic cancers
[132-134]. However, there remains a significant need to enhance
the activity of these treatments to drive durable remissions both in
more patients and across more disease types. The high rates of
resistance to single-agent ICB therapies across all tumor types
have led to the development of many trials combining targeted
therapies, chemotherapies, or other metabolism-based therapies
with ICB in efforts to increase responses [135, 136], yet agents that
target cancer metabolism may also impair antitumor immunity.
Because in vivo metabolism and heterogeneity can confound
in vitro modeling, we propose that using immunocompetent
models of cancer will be critical for identifying metabolism- and
TME-targeting agents to limit tumor proliferation that simulta-
neously retain the capability of the immune system to eliminate
tumors.

Warburg metabolism-targeting agents can limit or augment
the antitumor response

To support the increased glucose demand of TME-resident cells,
glutamine is consumed by both transformed cells and infiltrating
cells [3, 137, 138]. As an anaplerotic source to maintain
mitochondrial metabolism and amino acid pools and to increase
glutathione stores, glutamine metabolism is often coupled to
aerobic glycolysis in proliferative cells. Broad inhibition of glutamine
metabolism or selective inhibition of GLS/glutamine uptake can
result in reduced tumor glycolysis and growth [139-143] (Fig. 4).
Importantly, while some T cell subsets rely on GLS, others, including

Cellular & Molecular Immunology (2022) 19:46 - 58

antitumor CD4 + T,1 and CD8 + cytotoxic T cells, appear to adapt
to glutamine depletion through increased glucose and acetate
metabolism. By blocking glutamine metabolism, these antitumor
cells can increase effector function [27, 139, 141-143], while tumor
cells undergo apoptosis due to overwhelming levels of ROS. It
appears that the tumor cell glutamine demand [106] may itself
restrict T cell activity in the TME. Deletion of GLS in triple-negative
breast cancer was found to result in a marked increase in active
TME-infiltrated T cells that acquired excess glutamine via SLC6a14
[143]. Likewise, inhibition of glutamine metabolism in the TME can
promote inflammatory M1-phenotype macrophages [144, 145] and
impair MDSC infiltration and function via decreased kynurenine
generation [146]. In both T cells and macrophages, the mechanism
of increased differentiation achieved with inhibition of glutamine
appears to be in part mediated through an alteration in the level of
the glutamine-derived metabolite a-ketoglutarate, which is
required for many demethylation reactions that influence chroma-
tin accessibility and gene expression [27, 144]. A potential
drawback, however, may be the induction of terminal differentia-
tion or exhaustion in T cells with inhibition of glutamine
metabolism [27], and GLS inhibition can have anti-inflammatory
effects in a variety of settings [27, 147] that may also impair
antitumor immunity. Combining antagonists of glutamine meta-
bolism with immunotherapeutic agents now has the potential to
hinder cancer cell proliferation while promoting inflammatory
metabolic programs in T cells and macrophages, although further
studies are necessary.

Given that elevated PI3K/mTOR signaling is a commonality
among all tumor types, Glut1 is often overexpressed in cancer, and
the expression of this transporter is correlated with poor patient
outcomes across tumor types [148, 149]. Glut1 inhibition has been
shown to be effective in many preclinical models of cancer
[150, 151]. However, these studies have been conducted in non-
physiological media in in vitro and in xenograft in vivo models that
lack an adaptive immune system. Glut1 deficiency may ultimately
also prevent antitumor immune cell function (Fig. 4). Effector CD4 +
and CD8 + T cells have decreased abilities to proliferate or secrete
effector cytokines and promote inflammation when Glutl is
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genetically deleted. T,oqs, however, can be Glut1 independent and
remain suppressive with Glut1 loss [21]. Additionally, myeloid cell
Glut1 loss results in a decrease in the M1-like enzyme iNOS and an
increase in the expression of the M2 marker CD206 [152]. CD11c +
DCs rely on glucose to differentiate and perform their crucial
functions [153]. Careful preclinical evaluation is needed to test
whether Glut1 inhibitors compromise antitumor immunity and
promote suppressive Tregs and M2-like cells. A therapeutic window
may exist where tumor Glut1 levels are relatively high in the tumor
compartment when compared to those of immune cells. An
appropriate dosing strategy would need to be developed to
evaluate an approach where a Glut1 inhibitor could impair tumor
growth and metabolism without overly impeding type 1 conven-
tional DC (cDC1) and TIL function. Alternatively, Glut1 treatment
may promote long-lived memory T cells with the capacity
to provide prolonged tumor control, similar to the effects of
2-deoxyglucose and AKT inhibition in models of ACT [154, 155].
Therefore, future studies should be rigorously conducted to
properly evaluate whether Glut1 inhibition in vivo limits T cell
glycolysis or instead synergizes with ICB.

Unique isoform usage creates metabolic vulnerabilities in
suppressive immune cells

Whole-genome sequencing of patients with immunodeficiency
has led to the discovery that PI3Ky and PI3K& both play important
roles in immune cell maintenance. Recent advances in medicinal
chemistry now allow specific isoform targeting and thus have
provided new insights into methods to augment antitumor
immunity without impairing antitumor immune cell glycolysis
[156]. The distinct patterns of PI3K isoform usage allows cell-type-
specific targeting: malignant epithelial cells express the PI3K
isoforms a and B, while myeloid cells express the y isoform [157]
(Fig. 5). In evaluating these PI3Ky compounds, it has become clear
that robust antitumor immunity can be induced by inhibiting
glycolytic immature suppressor cells through this unique PI3k
variant usage. Myeloid PI3ky activation is secondary to upstream
activation by receptor tyrosine kinases (RTKs), Toll-like receptors
(TLRs), and IL183 [158, 159]. These ligand-binding events mobilize
the integrin a1B4 and release IL10, allowing MDSC tissue
infiltration and tumor promotion [158]. Genetic deletion or
pharmacological inhibition of PI3Ky increases the host immune
response in both spontaneous tumor models [157, 160] and
inflammatory tumor models [161]. Additionally, PI3ky inhibitors
synergize with ICB [162, 163]. Secondary to myeloid cell PI3Ky loss,
there are robust changes in both the infiltrate and cytokines in the
TME. By perturbing TME PI3Ky, increases in infiltrating CD8 +
T cells and antitumor conventional DC1s are observed upon
depletion of suppressive MDSCs, regulatory B cells and Foxp3+
Tregs [164]. MDSCs in PI3ky-null tumors or inhibitor-treated mice
are less able to suppress T cells and less likely to mature into M2-
like macrophages [165]. T cells in PI3Ky-depleted tumors also
demonstrate a more active phenotype and a larger antitumor TCR
repertoire [162]. Secondary to inhibition of PI3Ky, the TME
becomes enriched with antitumor factors such as IFNy and IL12
and depleted of immunosuppressive VEGF [166].

The preclinical studies referenced above have led to late-stage
clinical trials using PI3Ky inhibitors in solid tumors in combination
with ICB (NCT03961698, NCT03711058, and NCT02637531). How-
ever, it is worth noting that excessive PI3Ky inhibition may
ultimately impair the antitumor response. PI3Ky is known to be
expressed in lymphoid cells, such as T and NK cells, as well as DCs
[157, 167]. Thymocyte development and mature CD4 + T cells are
eliminated in PI3Ky-knockout (KO) mice [168]. T cells are unable to
upregulate the crucial chemokine receptor CXCR3 [169] in the
context of PI3Ky KO [170]. In models of autoimmunity, PI3y-KO
T cells delay graft rejection [171], illustrating that this protein may
be responsible for developing T cell responses. Interestingly, ACT
of PI3ky-KO T cells or PI3ky inhibitor-pretreated T cells generates
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more memory-like T cells and more robust antitumor responses in
multiple cancer models [159, 172]. This work illustrates that
antitumor immunity may not rely on T cell PI3Ky, even though this
isoform seems important for de novo T cell generation. Similar to
T cells, NK cells with genetic PI3Ky deletion exhibited impaired
IFNy release [173] and tissue infiltration [174]. PI3ky loss also
impairs cDC1 generation in models of viral immunity, preventing
effective CD8 + T cell responses. However, current immunothera-
pies do not require de novo thymic T cell generation or peripheral
DC maturation.

Together, these studies support alterations to the traditional
pharmacological approach in oncology. Instead of evaluating
metabolic immuno-oncology agents for maximum tolerable
doses, the focus should be on developing pharmacodynamic
metrics that measure the dose required to achieve the maximal
effective immune response to cancer. A recent publication
supports this notion in that high-dose (50 mg/kg) PI3ky/d
inhibition with clinically approved duvelisib (IPI-145) impairs the
generation and proliferation of antitumor T lymphocytes. This CTL
impairment ultimately counteracts the efficacy of anti-PD-L1
treatment in mouse models of breast cancer. Low-dose treatment
(15 mg/kg) with the same compound synergizes with anti-PD-L1
treatment by inhibiting MDSC infiltration and function while
promoting the activity of tumor-specific T cells in the TME [175].
The efficacy of this combination may come from the anti-myeloid
cell effect of gamma isoform inhibition combined with the anti-
Treg feature of low-dose delta isoform inhibition. It is now
appreciated that Tregs are uniquely inhibited with PI3k& inhibition
compared to other T cells in mouse and human tumors [176, 177].
These therapeutic windows may exist because of the basal
differences in protein isoform usage between immunosuppressive
cells and cytotoxic CD8 + T cells noted above.

The differential regulation of glycolysis between tumor and
immune cells may also offer an opportunity to selectively suppress
tumor glucose metabolism while leaving immune cells intact.
Uniquely in ccRCC, HIF2a is able to fully compensate for HIF1a loss
[178]. This has led to the development of HIF2a-specific inhibitors
for the treatment of ccRCC. Preclinical xenograft models [179, 180]
and early-phase clinical trials [181, 182] have demonstrated the
efficacy of targeting this transcription factor in vivo and in patients.
This is a promising agent for combination with immunotherapy
because HIF2a is dispensable for T cell-mediated antitumor immune
responses in adoptive cell therapy models [23]. Additionally,
myeloid cell-specific deletion of HIF2a decreases tumor infiltration
by tumor-associated macrophages in hepatocellular carcinoma and
results in decreased tumor cell proliferation [183], so any effect on
the immune system may be beneficial. This type of approach would
allow antitumor immune cells to upregulate glycolysis via HIF1a
without significant impairment.

CONCLUSION

In the pursuit of more efficacious cancer therapies, what is
becoming increasingly clear is that immune cells in the TME
implement discrete metabolic programs to promote tumor
elimination or augment tumor progression, offering unique
windows for selective therapeutic interventions. A variety of
metabolic interventions can preferentially and selectively elim-
inate tumor cells or subsets of protumor immune cells, providing
opportunities for metabolic interventions to serve as strategies to
augment checkpoint immunotherapy or, in the future, benefit
cellular therapy products. The majority of the pathways that
support immune function are well-established pathways, such as
the mTOR and PI3k pathways, with increasingly selective agents
available for sophisticated tuning of the immune cells in the TME
to eradicate tumor cells. The differential dependencies on
metabolites, such as glutamine and glucose, are also notable
opportunities. Furthermore, it is clear that these strategies offer a
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sophisticated strategy to harness the immune system, indicating
the need for additional immunocompetent animal models to
support cancer biology studies. Given these tools and insights, we
are poised to make substantive inroads in the treatment of cancer
by understanding metabolite consumption patterns in the diverse
cells that infiltrate tumors.

REFERENCES

1.

20.

21.

22.

23.

24,

25.

26.

27.

Warburg O, Negelein E, Posener K. Versuche an Uberlebendem Carcinomge-
webe. Klinische Wochenschr. 1924;3:1062-1064.

. Warburg O. On the origin of cancer cells. Science. 1956;123:309-14.
. Andrejeva G, Rathmell JC. Similarities and distinctions of cancer and immune

metabolism in inflammation and tumors. Cell Metab. 2017;26:49-70.

. Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg effect:

the metabolic requirements of cell proliferation. Science. 2009;324:1029-33.

. O'Neill LA, Kishton RJ, Rathmell J. A guide to immunometabolism for immu-

nologists. Nat Rev Immunol. 2016;16:553-65.

. Ward PS, Thompson CB. Signaling in control of cell growth and metabolism.

Cold Spring Harb Perspect Biol. 2012;4:a006783.

. Saxton RA, Sabatini DM. mTOR signaling in growth, metabolism, and disease.

Cell. 2017;168:960-76.

. Orozco JM, Krawczyk PA, Scaria SM, Cangelosi AL, Chan SH, Kunchok T, et al.

Dihydroxyacetone phosphate signals glucose availability to mTORC1. Nat
Metab. 2020;2:893-901.

. Waickman AT, Powell JD. mTOR, metabolism, and the regulation of T-cell dif-

ferentiation and function. Immunol Rev. 2012;249:43-58.

. Wolfson RL, Sabatini DM. The dawn of the age of amino acid sensors for the

mTORC1 pathway. Cell Metab. 2017;26:301-309.

. Rahl PB, Lin CY, Seila AC, Flynn RA, McCuine S, Burge CB, et al. c-Myc regulates

transcriptional pause release. Cell. 2010;141:432-45.

. Osthus RC, Shim H, Kim S, Li Q, Reddy R, Mukherjee M, et al. Deregulation of

glucose transporter 1 and glycolytic gene expression by c-Myc. J Biol Chem.
2000;275:21797-800.

. Kim JW, Zeller KI, Wang Y, Jegga AG, Aronow BJ, O'Donnell KA, et al. Evaluation

of myc E-box phylogenetic footprints in glycolytic genes by chromatin immu-
noprecipitation assays. Mol Cell Biol. 2004;24:5923-36.

. Wise DR, DeBerardinis RJ, Mancuso A, Sayed N, Zhang XY, Pfeiffer HK, et al. Myc

regulates a transcriptional program that stimulates mitochondrial glutaminolysis
and leads to glutamine addiction. Proc Natl Acad Sci USA. 2008;105:18782-7.

. Kim J, Lee JH, lyer VR. Global identification of Myc target genes reveals its direct role

in mitochondrial biogenesis and its E-box usage in vivo. PLoS ONE. 2008;3:21798.

. Meric-Bernstam F, Brusco L, Shaw K, Horombe C, Kopetz S, Davies MA, et al.

Feasibility of large-scale genomic testing to facilitate enrollment onto geno-
mically matched clinical trials. J Clin Oncol. 2015;33:2753-62.

. Pavlova NN, Thompson CB. The emerging hallmarks of cancer metabolism. Cell

Metab. 2016;23:27-47.

. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell.

2011;144:646-74.

. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle.

Immunity. 2013;39:1-10.

Galluzzi, L, Chan TA, Kroemer G, Wolchok JD, Lépez-Soto A, The hallmarks of
successful anticancer immunotherapy. Sci Transl Med. 2018;10.

Macintyre AN, Gerriets VA, Nichols AG, Michalek RD, Rudolph MC, Deoliveira D,
et al. The glucose transporter Glut1 is selectively essential for CD4 T cell acti-
vation and effector function. Cell Metab. 2014;20:61-72.

Wang R, Dillon CP, Shi LZ, Milasta S, Carter R, Finkelstein D, et al. The tran-
scription factor Myc controls metabolic reprogramming upon T lymphocyte
activation. Immunity. 2011;35:871-82.

Palazon A, Tyrakis PA, Macias D, Velica P, Rundqvist H, Fitzpatrick S, et al. An HIF-
1alpha/VEGF-A axis in cytotoxic T cells regulates tumor progression. Cancer Cell.
2017;32:669-683 e5.

Doedens AL, Phan AT, Stradner MH, Fujimoto JK, Nguyen JV, Yang E, et al.
Hypoxia-inducible factors enhance the effector responses of CD8(+) T cells to
persistent antigen. Nat. Immunol. 2013;14:1173-82.

Clever D, Roychoudhuri R, Constantinides MG, Askenase MH, Sukumar M, Kle-
banoff CA, et al. Oxygen sensing by T cells establishes an immunologically
tolerant metastatic niche. Cell. 2016;166:1117-1131 e14.

Kaymak I, Williams KS, Cantor JR, Jones RG. Immunometabolic interplay in the
tumor microenvironment. Cancer Cell. 2021;39:28-37.

Johnson MO, Wolf MM, Madden MZ, Andrejeva G, Sugiura A, Contreras DC, et al.
Distinct regulation of Th17 and Th1 cell differentiation by glutaminase-
dependent metabolism. Cell. 2018;175:1780-1795 e19.

Cellular & Molecular Immunology (2022) 19:46 - 58

B.l

Reinfeld et al.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

. Basu S, Hubbard B, Shevach EM. Foxp3-mediated inhibition of Akt inhibits Glut1
(glucose transporter 1) expression in human T regulatory cells. J. Leukoc. Biol.
2015;97:279-83.

Weinberg SE, Singer BD, Steinert EM, Martinez CA, Mehta MM, Martinez-Reyes |,
et al. Mitochondrial complex IIl is essential for suppressive function of regulatory
T cells. Nature. 2019;565:495-499.

Watson MJ, Vignali P, Mullett SJ, Overacre-Delgoffe AE, Peralta RM, Grebinoski S,
et al. Metabolic support of tumour-infiltrating regulatory T cells by lactic acid.
Nature. 2021;591:645-51.

Frauwirth KA, Riley JL, Harris MH, Parry RV, Rathmell JC, Plas DR, et al. The
CD28 signaling pathway regulates glucose metabolism. Immunity. 2002;16:769-77.
Zappasodi R, Serganova |, Cohen IJ, Maeda M, Shindo M, Senbabaoglu Y, et al.
CTLA-4 blockade drives loss of Treg stability in glycolysis-low tumours. Nature.
2021;591:652-658.

Gerriets VA, Kishton RJ, Johnson MO, Cohen S, Siska PJ, Nichols AG, et al. Foxp3
and Toll-like receptor signaling balance Treg cell anabolic metabolism for
suppression. Nat Immunol. 2016;17:1459-66.

Huynh A, DuPage M, Priyadharshini B, Sage PT, Quiros J, Borges CM, et al.
Control of PI(3) kinase in Treg cells maintains homeostasis and lineage stability.
Nat Immunol. 2015;16:188-96.

Shrestha S, Yang K, Guy C, Vogel P, Neale G, Chi H. Treg cells require the
phosphatase PTEN to restrain TH1 and TFH cell responses. Nat Immunol.
2015;16:178-87.

Patsoukis N, Bardhan K, Chatterjee P, Sari D, Liu B, Bell LN, et al. PD-1 alters T-cell
metabolic reprogramming by inhibiting glycolysis and promoting lipolysis and
fatty acid oxidation. Nat Commun. 2015;6:6692.

Boussiotis VA, Chatterjee P, Li L. Biochemical signaling of PD-1 on T cells and its
functional implications. Cancer J. 2014;20:265-71.

Sharpe AH, Pauken KE. The diverse functions of the PD1 inhibitory pathway. Nat
Rev Immunol. 2018;18:153-67.

Staron MM, Gray SM, Marshall HD, Parish IA, Chen JH, Perry CJ, et al. The
transcription factor FoxO1 sustains expression of the inhibitory receptor PD-1
and survival of antiviral CD8(+) T cells during chronic infection. Immunity.
2014;41:802-14.

Parry RV, Chemnitz JM, Frauwirth KA, Lanfranco AR, Braunstein |, Kobayashi SV,
et al. CTLA-4 and PD-1 receptors inhibit T-cell activation by distinct mechanisms.
Mol Cell Biol. 2005;25:9543-53.

Previte DM, Martins CP, O'Connor EC, Marre ML, Coudriet GM, Beck NW, et al.
Lymphocyte activation Gene-3 maintains mitochondrial and metabolic quies-
cence in naive CD4(+) T Cells. Cell Rep. 2019;27:129-141 e4.

He W, Zhang H, Han F, Chen X, Lin R, Wang W, et al. CD155T/TIGIT signaling
regulates CD8(+) T-cell metabolism and promotes tumor progression in human
gastric cancer. Cancer Res. 2017;77:6375-88.

Lee MJ, Yun SJ, Lee B, Jeong E, Yoon G, Kim K, et al. Association of TIM-3
expression with glucose metabolism in Jurkat T cells. BMC Immunol. 2020;21:48.
. Sabharwal SS, Rosen DB, Grein J, Tedesco D, Joyce-Shaikh B, Ueda R, et al. GITR
agonism enhances cellular metabolism to support CD8(+) T-cell proliferation
and effector cytokine production in a mouse tumor model. Cancer Immunol Res.
2018;6:1199-211.

Choi BK, Lee DY, Lee DG, Kim YH, Kim SH, Oh HS, et al. 4-1BB signaling activates
glucose and fatty acid metabolism to enhance CD8(+) T cell proliferation. Cell
Mol Immunol. 2017;14:748-57.

Menk AV, Scharping NE, Rivadeneira DB, Calderon MJ, Watson MJ, Dunstane D,
et al. 4-1BB costimulation induces T cell mitochondrial function and biogenesis
enabling cancer immunotherapeutic responses. J Exp Med. 2018;215:1091-100.
Long AH, Haso WM, Shern JF, Wanhainen KM, Murgai M, Ingaramo M, et al. 4-
1BB costimulation ameliorates T cell exhaustion induced by tonic signaling of
chimeric antigen receptors. Nat Med. 2015;21:581-90.

Kawalekar OU, O'Connor RS, Fraietta JA, Guo L, McGettigan SE, Posey AD Jr, et al.
Distinct signaling of coreceptors regulates specific metabolism pathways and
impacts memory development in CAR T Cells. Immunity. 2016;44:380-90.
Zeng H, Cohen S, Guy C, Shrestha S, Neale G, Brown SA, et al. mTORC1 and
mTORC2 kinase signaling and glucose metabolism drive follicular helper T cell
differentiation. Immunity. 2016;45:540-54.

Palmer CS, Duette GA, Wagner M, Henstridge DC, Saleh S, Pereira C, et al.
Metabolically active CD4+ T cells expressing Glutl and OX40 preferentially
harbor HIV during in vitro infection. FEBS Lett. 2017;591:3319-32.

Pacella I, Procaccini C, Focaccetti C, Miacci S, Timperi E, Faicchia D, et al. Fatty acid
metabolism complements glycolysis in the selective regulatory T cell expansion
during tumor growth. Proc Natl Acad Sci USA. 2018;115:E6546-E6555.

Buchan SL, Fallatah M, Thirdborough SM, Taraban VY, Rogel A, Thomas LJ, et al.
PD-1 Blockade and CD27 stimulation activate distinct transcriptional programs
that synergize for CD8(+) T-cell-driven antitumor immunity. Clin Cancer Res.
2018;24:2383-94.

SPRINGER NATURE

55



B.I. Reinfeld et al.

56

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Beharry Z, Mahajan S, Zemskova M, Lin YW, Tholanikunnel BG, Xia Z, et al. The
Pim protein kinases regulate energy metabolism and cell growth. Proc Natl
Acad Sci USA. 2011;108:528-33.

Peperzak V, Veraar EA, Keller AM, Xiao Y, Borst J. The Pim kinase pathway
contributes to survival signaling in primed CD8+ T cells upon CD27 costimu-
lation. J Immunol. 2010;185:6670-8.

Dong H, Strome SE, Salomao DR, Tamura H, Hirano F, Flies DB, et al. Tumor-
associated B7-H1 promotes T-cell apoptosis: a potential mechanism of immune
evasion. Nat Med. 2002;8:793-800.

Freeman GJ, Long AJ, lwai Y, Bourque K, Chernova T, Nishimura H, et al. Engagement
of the PD-1 immunoinhibitory receptor by a novel B7 family member leads to
negative regulation of lymphocyte activation. J Exp Med. 2000;192:1027-34.

Jalali S, Price-Troska T, Bothun C, Villasboas J, Kim HJ, Yang ZZ, et al. Reverse
signaling via PD-L1 supports malignant cell growth and survival in classical
Hodgkin lymphoma. Blood Cancer J. 2019;9:22.

Azuma T, Yao S, Zhu G, Flies AS, Flies SJ, Chen L. B7-H1 is a ubiquitous anti-
apoptotic receptor on cancer cells. Blood. 2008;111:3635-43.

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.

Barsoum 1B, Smallwood CA, Siemens DR, Graham CH. A mechanism of hypoxia-
mediated escape from adaptive immunity in cancer cells. Cancer Res.
2014;74:665-74.

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.

Huang A, Peng D, Guo H, Ben Y, Zuo X, Wu F, et al. A human programmed
death-ligand 1-expressing mouse tumor model for evaluating the therapeutic
efficacy of anti-human PD-L1 antibodies. Sci. Rep. 2017;7:42687.

Wang L, Kang FB, Shan BE. B7-H3-mediated tumor immunology: friend or foe?
Int J. Cancer. 2014;134:2764-71.

Liu H, Tekle C, Chen YW, Kristian A, Zhao Y, Zhou M, et al. B7-H3 silencing
increases paclitaxel sensitivity by abrogating Jak2/Stat3 phosphorylation. Mol
Cancer Ther. 2011;10:960-71.

Tekle C, Nygren MK, Chen YW, Dybsjord |, Nesland JM, Maelandsmo GM, et al.
B7-H3 contributes to the metastatic capacity of melanoma cells by modulation
of known metastasis-associated genes. Int J Cancer. 2012;130:2282-90.

Zhao X, Li DC, Zhu XG, Gan WJ, Li Z, Xiong F, et al. B7-H3 overexpression in
pancreatic cancer promotes tumor progression. Int J Mol Med. 2013;31:283-91.
Zhao X, Zhang GB, Gan WJ, Xiong F, Li Z, Zhao H, et al. Silencing of B7-H3
increases gemcitabine sensitivity by promoting apoptosis in pancreatic carci-
noma. Oncol Lett. 2013;5:805-12.

Chen YW, Tekle C, Fodstad O. The immunoregulatory protein human B7H3 is a
tumor-associated antigen that regulates tumor cell migration and invasion. Curr
Cancer Drug Targets. 2008;8:404-13.

Lim S, Liu H, Madeira da Silva L, Arora R, Liu Z, Phillips JB, et al. Immunor-
egulatory protein B7-H3 reprograms glucose metabolism in cancer cells by ROS-
mediated stabilization of HIF1alpha. Cancer Res. 2016;76:2231-42.
Nunes-Xavier CE, Karlsen KF, Tekle C, Pedersen C, @yjord T, Hongisto V, et al.
Decreased expression of B7-H3 reduces the glycolytic capacity and sensitizes
breast cancer cells to AKT/mTOR inhibitors. Oncotarget. 2016;7:6891-901.

Shi T, MaY, Cao L, Zhan S, Xu Y, Fu F, et al. B7-H3 promotes aerobic glycolysis
and chemoresistance in colorectal cancer cells by regulating HK2. Cell Death Dis.
2019;10:308.

Sica GL, Choi IH, Zhu G, Tamada K, Wang SD, Tamura H, et al. B7-H4, a molecule of
the B7 family, negatively regulates T cell immunity. Immunity. 2003;18:849-61.
Saha, A, et al, Donor and host B7-H4 expression negatively regulates acute
graft-versus-host disease lethality. JCI Insight. 2019;4.

Siska, PJ, et al., Mitochondrial dysregulation and glycolytic insufficiency function-
ally impair CD8 T cells infiltrating human renal cell carcinoma. JCI Insight. 2017;2.
Beckermann, KE, et al., CD28 costimulation drives tumor-infiltrating T cell gly-
colysis to promote inflammation. JCI Insight. 2020;5.

Zhang Y, Kurupati R, Liu L, Zhou XY, Zhang G, Hudaihed A, et al. Enhancing CD8
(+) T cell fatty acid catabolism within a metabolically challenging tumor
microenvironment increases the efficacy of melanoma immunotherapy. Cancer
Cell. 2017;32:377-391 €9.

Miranda-Gongalves V, Granja S, Martinho O, Honavar M, Pojo M, Costa BM, et al.
Hypoxia-mediated upregulation of MCT1 expression supports the glycolytic
phenotype of glioblastomas. Oncotarget. 2016;7:46335-53.

Ullah MS, Davies AJ, Halestrap AP. The plasma membrane lactate transporter
MCT4, but not MCT1, is up-regulated by hypoxia through a HIF-1alpha-
dependent mechanism. J. Biol. Chem. 2006;281:9030-7.

Firth JD, Ebert BL, Ratcliffe PJ. Hypoxic regulation of lactate dehydrogenase A.
Interaction between hypoxia-inducible factor 1 and cAMP response elements. J
Biol Chem. 1995;270:21021-7.

SPRINGER NATURE

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Shimoda LA, Fallon M, Pisarcik S, Wang J, Semenza GL. HIF-1 regulates hypoxic
induction of NHE1 expression and alkalinization of intracellular pH in pulmonary
arterial myocytes. Am J Physiol Lung Cell Mol Physiol. 2006;291:L941-9.
Mookerjee SA, Goncalves R, Gerencser AA, Nicholls DG, Brand MD. The con-
tributions of respiration and glycolysis to extracellular acid production. Biochim
Biophys Acta. 2015;1847:171-81.

Svastova E, Hulikova A, Rafajova M, Zat'ovicova M, Gibadulinova A, Casini A,
et al. Hypoxia activates the capacity of tumor-associated carbonic anhydrase IX
to acidify extracellular pH. FEBS Lett. 2004;577:439-45.

Sullivan, MR, et al. Quantification of microenvironmental metabolites in murine
cancers reveals determinants of tumor nutrient availability. Elife, 2019;8.
Rademakers SE, Lok J, van der Kogel AJ, Bussink J, Kaanders JH. Metabolic markers
in relation to hypoxia; staining patterns and colocalization of pimonidazole, HIF-
1alpha, CAIX, LDH-5, GLUT-1, MCT1 and MCT4. BMC Cancer. 2011;11:167.
Scharping NE, Rivadeneira DB, Menk AV, Vignali P, Ford BR, Rittenhouse NL, et al.
Mitochondrial stress induced by continuous stimulation under hypoxia rapidly
drives T cell exhaustion. Nat Immunol. 2021;22:205-15.

Chafe SC, Lou Y, Sceneay J, Vallejo M, Hamilton MJ, McDonald PC, et al. Carbonic
anhydrase IX promotes myeloid-derived suppressor cell mobilization and
establishment of a metastatic niche by stimulating G-CSF production. Cancer
Res. 2015;75:996-1008.

Renner K, Bruss C, Schnell A, Koehl G, Becker HM, Fante M, et al. Restricting
glycolysis preserves T cell effector functions and augments checkpoint therapy.
Cell Rep. 2019;29:135-50 e9.

Cascone T, McKenzie JA, Mbofung RM, Punt S, Wang Z, Xu C, et al. Increased
tumor glycolysis characterizes immune resistance to adoptive T cell therapy. Cell
Metab. 2018;27:977-987 e4.

Jaiswal AR, Liu AJ, Pudakalakatti S, Dutta P, Jayaprakash P, Bartkowiak T, et al.
Melanoma evolves complete immunotherapy resistance through the acquisition
of a hypermetabolic phenotype. Cancer Immunol Res. 2020;8:1365-1380.
Mendler AN, Hu B, Prinz PU, Kreutz M, Gottfried E, Noessner E. Tumor lactic
acidosis suppresses CTL function by inhibition of p38 and JNK/c-Jun activation.
Int J Cancer. 2012;131:633-40.

Brand A, Singer K, Koehl GE, Kolitzus M, Schoenhammer G, Thiel A, et al. LDHA-
associated lactic acid production blunts tumor immunosurveillance by T and NK
cells. Cell Metab. 2016;24:657-671.

Angelin A, Gil-de-Gémez L, Dahiya S, Jiao J, Guo L, Levine MH, et al. Foxp3
reprograms T cell metabolism to function in low-glucose, high-lactate envir-
onments. Cell Metab. 2017;25:1282-1293 e7.

Fridman WH, Pagés F, Sautés-Fridman C, Galon J. The immune contexture in
human tumours: impact on clinical outcome. Nat Rev Cancer. 2012;12:298-306.
Cortese N, Capretti G, Barbagallo M, Rigamonti A, Takis PG, Castino GF, et al.
Metabolome of pancreatic juice delineates distinct clinical profiles of pancreatic
cancer and reveals a link between glucose metabolism and PD-1(+) cells.
Cancer Immunol. Res. 2020;8:493-505.

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.

Errea A, Cayet D, Marchetti P, Tang C, Kluza J, Offermanns S, et al. Lactate inhibits
the pro-inflammatory response and metabolic reprogramming in murine mac-
rophages in a GPR81-independent manner. PLoS ONE. 2016;11:0163694.
Gottfried E, Kunz-Schughart LA, Ebner S, MuellerKlieser W, Hoves S, Andreesen
R, et al. Tumor-derived lactic acid modulates dendritic cell activation and anti-
gen expression. Blood. 2006;107:2013-21\

Dietl K, Renner K, Dettmer K, Timischl B, Eberhart K, Dorn C, et al. Lactic acid and
acidification inhibit TNF secretion and glycolysis of human monocytes. J
Immunol. 2010;184:1200-9.

Wu H, Estrella V, Beatty M, Abrahams D, El-Kenawi A, Russell S, et al. T-cells
produce acidic niches in lymph nodes to suppress their own effector functions.
Nat Commun. 2020;11:4113.

Calcinotto A, Filipazzi P, Grioni M, lero M, De Milito A, Ricupito A, et al. Mod-
ulation of microenvironment acidity reverses anergy in human and murine
tumor-infiltrating T lymphocytes. Cancer Res. 2012;72:2746-56.

Pilon-Thomas S, Kodumudi KN, El-Kenawi AE, Russell S, Weber AM, Luddy K,
et al. Neutralization of tumor acidity improves antitumor responses to immu-
notherapy. Cancer Res. 2016;76:1381-90.

Chafe SC, McDonald PC, Saberi S, Nemirovsky O, Venkateswaran G, Burugu S, et al.
Targeting hypoxia-induced carbonic anhydrase IX enhances immune-checkpoint
blockade locally and systemically. Cancer Immunol Res. 2019;7:1064-1078.

Potzl J, Roser D, Bankel L, Homberg N, Geishauser A, Brenner CD, et al. Reversal
of tumor acidosis by systemic buffering reactivates NK cells to express IFN-
gamma and induces NK cell-dependent lymphoma control without other
immunotherapies. Int J Cancer. 2017;140:2125-2133.

Sinclair LV, Barthelemy C, Cantrell DA. Single cell glucose uptake assays: a
cautionary tale. Inmunometabolism. 2020;2:200029.

Cellular & Molecular Immunology (2022) 19:46 - 58



105.

106.

107.

108.

109.

110.

11,

12

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Ho PC, Bihuniak JD, Macintyre AN, Staron M, Liu X, Amezquita R, et al. Phos-
phoenolpyruvate is a metabolic checkpoint of anti-tumor T cell responses. Cell.
2015;162:1217-28.

Reinfeld, BI, et al. Cell-programmed nutrient partitioning in the tumour micro-
environment. Nature.2021.

Sinclair, LV, et al. Antigen receptor control of methionine metabolism in T cells.
Elife. 2019;8.

Bian Y, Li W, Kremer DM, Sajjakulnukit P, Li S, Crespo J, et al. Cancer SLC43A2 alters
T cell methionine metabolism and histone methylation. Nature. 2020;585:277-282.
Mazure NM, Chen EY, Yeh P, Laderoute KR, Giaccia AJ. Oncogenic transforma-
tion and hypoxia synergistically act to modulate vascular endothelial growth
factor expression. Cancer Res. 1996;56:3436-40.

Gabrilovich D, Ishida T, Oyama T, Ran S, Kravtsov V, Nadaf S, et al. Vascular
endothelial growth factor inhibits the development of dendritic cells and dra-
matically affects the differentiation of multiple hematopoietic lineages in vivo.
Blood. 1998;92:4150-66.

Gavalas NG, Tsiatas M, Tsitsilonis O, Politi E, loannou K, Ziogas AC, et al. VEGF
directly suppresses activation of T cells from ascites secondary to ovarian cancer
via VEGF receptor type 2. Br J Cancer. 2012;107:1869-75.

Voron T, Colussi O, Marcheteau E, Pernot S, Nizard M, Pointet AL, et al. VEGF-A
modulates expression of inhibitory checkpoints on CD8+ T cells in tumors. J Exp
Med. 2015;212:139-48.

Klose R, Krzywinska E, Castells M, Gotthardt D, Putz EM, Kantari-Mimoun C, et al.
Targeting VEGF-A in myeloid cells enhances natural killer cell responses to
chemotherapy and ameliorates cachexia. Nat Commun. 2016;7:12528.

Ko JS, Zea AH, Rini BI, Ireland JL, Elson P, Cohen P, et al. Sunitinib mediates
reversal of myeloid-derived suppressor cell accumulation in renal cell carcinoma
patients. Clin Cancer Res. 2009;15:2148-57.

Rini BI, Plimack ER, Stus V, Gafanov R, Hawkins R, Nosov D, et al. Pembrolizumab
plus axitinib versus sunitinib for advanced renal-cell carcinoma. N Engl J Med.
2019;380:1116-1127.

Huang T, Cheng X, Chahoud J, Sarhan A, Tamboli P, Rao P, et al. Effective
combinatorial immunotherapy for penile squamous cell carcinoma. Nat Com-
mun. 2020;11:2124.

McDermott DF, Huseni MA, Atkins MB, Motzer RJ, Rini Bl, Escudier B, et al.
Clinical activity and molecular correlates of response to atezolizumab alone or in
combination with bevacizumab versus sunitinib in renal cell carcinoma. Nat
Med. 2018;24:749-757.

Chiu DK, Tse AP, Xu IM, Di Cui J, Lai RK, Li LL, et al. Hypoxia inducible factor HIF-1
promotes myeloid-derived suppressor cells accumulation through ENTPD2/
CD39L1 in hepatocellular carcinoma. Nat Commun. 2017;8:517.

Synnestvedt K, Furuta GT, Comerford KM, Louis N, Karhausen J, Eltzschig HK; et al.
Ecto-5"-nucleotidase (CD73) regulation by hypoxia-inducible factor-1 mediates
permeability changes in intestinal epithelia. J Clin Invest. 2002;110:993-1002.
Borges da Silva H, Beura LK, Wang H, Hanse EA, Gore R, Scott MC, et al. The
purinergic receptor P2RX7 directs metabolic fitness of long-lived memory CD8
(++) T cells. Nature. 2018;559:264-268.

Granstein RD, Ding W, Huang J, Holzer A, Gallo RL, Di Nardo A, et al. Augmentation
of cutaneous immune responses by ATP gamma S: purinergic agonists define a
novel class of immunologic adjuvants. J Immunol. 2005;174:7725-31.

Ohta A, Gorelik E, Prasad SJ, Ronchese F, Lukashev D, Wong MK, et al. A2A
adenosine receptor protects tumors from antitumor T cells. Proc Natl Acad Sci
USA. 2006;103:13132-7.

Ohta A, Ohta A, Madasu M, Kini R, Subramanian M, Goel N, et al. A2A
adenosine receptor may allow expansion of T cells lacking effector functions
in extracellular adenosine-rich microenvironments. J Immunol. 2009;183:5487-93.
Sevigny CP, Li L, Awad AS, Huang L, McDuffie M, Linden J, et al. Activation of
adenosine 2A receptors attenuates allograft rejection and alloantigen recogni-
tion. J Immunol. 2007;178:4240-9.

Young A, Ngiow SF, Gao Y, Patch AM, Barkauskas DS, Messaoudene M, et al.
A2AR adenosine signaling suppresses natural killer cell maturation in the tumor
microenvironment. Cancer Res. 2018;78:1003-1016.

Lokshin A, Raskovalova T, Huang X, Zacharia LC, Jackson EK, Gorelik E.
Adenosine-mediated inhibition of the cytotoxic activity and cytokine produc-
tion by activated natural killer cells. Cancer Res. 2006;66:7758-65.

Fong L, Hotson A, Powderly JD, Sznol M, Heist RS, Choueiri TK, et al. Adenosine
2A receptor blockade as an immunotherapy for treatment-refractory renal cell.
Cancer Cancer Disco. 2020;10:40-53.

Linehan WM, Schmidt LS, Crooks DR, Wei D, Srinivasan R, Lang M, et al. The
metabolic basis of kidney. Cancer Cancer Disco. 2019;9:1006-1021.

Sorrentino C, Miele L, Porta A, Pinto A, Morello S. Myeloid-derived suppressor
cells contribute to A2B adenosine receptor-induced VEGF production and
angiogenesis in a mouse melanoma model. Oncotarget. 2015;6:27478-89.
lannone R, Miele L, Maiolino P, Pinto A, Morello S. Blockade of A2b adenosine
receptor reduces tumor growth and immune suppression mediated by myeloid-

Cellular & Molecular Immunology (2022) 19:46 - 58

B.l. Reinfeld et al.

131

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145,

146.

147.

148.

149.

150.

151.

152.

153.

154.

derived suppressor cells in a mouse model of melanoma. Neoplasia.
2013;15:1400-9.

Allard B, Pommey S, Smyth MJ, Stagg J. Targeting CD73 enhances the
antitumor activity of anti-PD-1 and anti-CTLA-4 mAbs. Clin Cancer Res.
2013;19:5626-35.

Motzer RJ, Tannir NM, McDermott DF, Arén Frontera O, Melichar B, Choueiri TK,
et al. Nivolumab plus ipilimumab versus sunitinib in advanced renal-cell carci-
noma. N Engl J Med. 2018;378:1277-1290.

Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al. Com-
bined nivolumab and ipilimumab or monotherapy in untreated melanoma. N
Engl J Med. 2015;373:23-34.

Gandbhi L, Rodriguez-Abreu D, Gadgeel S, Esteban E, Felip E, De Angelis F, et al.
Pembrolizumab plus chemotherapy in metastatic non-small-cell lung cancer. N
Engl J Med. 2018;378:2078-2092.

Sharma P, Allison JP. The future of immune checkpoint therapy. Science.
2015;348:56-61.

Xin Yu J, Hodge JP, Oliva C, Neftelinov ST, Hubbard-Lucey VM, Tang J. Trends
in clinical development for PD-1/PD-L1 inhibitors. Nat Rev Drug Disco. 2020;19:
163-164.

Pan M, Reid MA, Lowman XH, Kulkarni RP, Tran TQ, Liu X, et al. Regional glu-
tamine deficiency in tumours promotes dedifferentiation through inhibition of
histone demethylation. Nat Cell Biol. 2016;18:1090-101.

Altman BJ, Stine ZE, Dang CV. From Krebs to clinic: glutamine metabolism to
cancer therapy. Nat Rev Cancer. 2016;16:619-34.

Leone RD, Zhao L, Englert JM, Sun IM, Oh MH, Sun IH, et al. Glutamine blockade
induces divergent metabolic programs to overcome tumor immune evasion.
Science. 2019;366:1013-1021.

Meric-Bernstam F, Lee RJ, Carthon BC, lliopoulos O, Mier JW, Patel MR, et al. CB-
839, a glutaminase inhibitor, in combination with cabozantinib in patients with
clear cell and papillary metastatic renal cell cancer (mRCC): results of a phase |
study. J Clin Oncol. 2019;37:549-549.

Schulte ML, Fu A, Zhao P, Li J, Geng L, Smith ST, et al. Pharmacological blockade
of ASCT2-dependent glutamine transport leads to antitumor efficacy in pre-
clinical models. Nat Med. 2018;24:194-202.

Byun JK, Park M, Lee S, Yun JW, Lee J, Kim JS, et al. Inhibition of glutamine
utilization synergizes with immune checkpoint inhibitor to promote antitumor
immunity. Mol Cell. 2020;80:592-606 e8.

Edwards, DN, et al., Selective glutamine metabolism inhibition in tumor cells
improves antitumor T lymphocyte activity in triple-negative breast cancer. J Clin
Invest. 2021;131.

Liu PS, Wang H, Li X, Chao T, Teav T, Christen S, et al. alpha-ketoglutarate
orchestrates macrophage activation through metabolic and epigenetic repro-
gramming. Nat Immunol. 2017;18:985-994.

Palmieri EM, Menga A, Martin-Pérez R, Quinto A, Riera-Domingo C, De Tullio G,
et al. Pharmacologic or genetic targeting of glutamine synthetase skews mac-
rophages toward an M1-like phenotype and inhibits tumor metastasis. Cell Rep.
2017;20:1654-1666.

Oh MH, Sun IH, Zhao L, Leone RD, Sun IM, Xu W, et al. Targeting glutamine
metabolism enhances tumor-specific immunity by modulating suppressive
myeloid cells. J Clin Invest. 2020;130:3865-3884.

Kono M, Yoshida N, Maeda K, Suarez-Fueyo A, Kyttaris VC, Tsokos GC. Gluta-
minase 1 inhibition reduces glycolysis and ameliorates lupus-like disease in
MRL/Ipr mice and experimental autoimmune Encephalomyelitis. Arthritis
Rheumatol. 2019;71:1869-1878.

Wang J, Ye C, Chen C, Xiong H, Xie B, Zhou J, et al. Glucose transporter GLUT1
expression and clinical outcome in solid tumors: a systematic review and meta-
analysis. Oncotarget. 2017;8:16875-16886.

Yu M, Yongzhi H, Chen S, Luo X, Lin Y, Zhou Y, et al. The prognostic value of
GLUT1 in cancers: a systematic review and meta-analysis. Oncotarget.
2017;8:43356-43367.

Chan DA, Sutphin PD, Nguyen P, Turcotte S, Lai EW, Banh A, et al. Targeting
GLUT1 and the Warburg effect in renal cell carcinoma by chemical synthetic
lethality. Sci Transl Med. 2011;3:94ra70.

Contat C, Ancey PB, Zangger N, Sabatino S, Pascual J, Escrig S, et al. Combined
deletion of Glut1 and Glut3 impairs lung adenocarcinoma growth. Elife. 2020;
9:9.

Freemerman AJ, Zhao L, Pingili AK, Teng B, Cozzo AJ, Fuller AM, et al. Myeloid
Slc2a1-deficient murine model revealed macrophage activation and metabolic
phenotype are fueled by GLUT1. J Immunol. 2019;202:1265-1286.

Du X, Wen J, Wang Y, Karmaus P, Khatamian A, Tan H, et al. Hippo/Mst signalling
couples metabolic state and immune function of CD8alpha(+) dendritic cells.
Nature. 2018;558:141-145.

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.

SPRINGER NATURE

57



B.I. Reinfeld et al.

58

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Crompton JG, Sukumar M, Roychoudhuri R, Clever D, Gros A, Eil RL, et al. Akt
inhibition enhances expansion of potent tumor-specific lymphocytes with
memory cell characteristics. Cancer Res. 2015;75:296-305.

Evans CA, Liu T, Lescarbeau A, Nair SJ, Grenier L, Pradeilles JA, et al. Discovery of
a selective phosphoinositide-3-kinase (PI3K)-gamma Inhibitor (IPI-549) as an
immuno-oncology clinical candidate. ACS Med Chem. Lett. 2016;7:862-7.
Kaneda MM, Cappello P, Nguyen AV, Ralainirina N, Hardamon CR, Foubert P,
et al. Macrophage PI3Kgamma drives pancreatic ductal adenocarcinoma pro-
gression. Cancer Disco. 2016;6:870-85.

Schmid MC, Avraamides CJ, Dippold HC, Franco |, Foubert P, Ellies LG, et al.
Receptor tyrosine kinases and TLR/IL1Rs unexpectedly activate myeloid cell
PI3kgamma, a single convergent point promoting tumor inflammation and
progression. Cancer Cell. 2011;19:715-27.

Foubert P, Kaneda MM, Varner JA. PI3Kgamma activates integrin alpha4 and
promotes immune suppressive myeloid cell polarization during tumor pro-
gression. Cancer Immunol Res. 2017;5:957-968.

Torres C, Mancinelli G, Cordoba-Chacon J, Viswakarma N, Castellanos K, Gri-
maldo S, et al. p110gamma deficiency protects against pancreatic carcinogen-
esis yet predisposes to diet-induced hepatotoxicity. Proc Natl Acad Sci USA.
2019;116:14724-14733.

Gonzalez-Garcia A, Sanchez-Ruiz J, Flores JM, Carrera AC. Phosphatidylinositol 3-
kinase gamma inhibition ameliorates inflammation and tumor growth in a
model of colitis-associated cancer. Gastroenterology. 2010;138:1374-83.

De Henau O, Rausch M, Winkler D, Campesato LF, Liu C, Cymerman DH, et al.
Overcoming resistance to checkpoint blockade therapy by targeting PI3K-
gamma in myeloid cells. Nature. 2016;539:443-447.

Kaneda MM, Messer KS, Ralainirina N, Li H, Leem CJ, Gorjestani S, et al. PI3K-
gamma is a molecular switch that controls immune suppression. Nature.
2016;539:437-442.

Zhang X, Shen L, Liu Q, Hou L, Huang L. Inhibiting PI3 kinase-gamma in both
myeloid and plasma cells remodels the suppressive tumor microenvironment in
desmoplastic tumors. J. Control Release. 2019;309:173-180.

Joshi S, Singh AR, Liu KX, Pham TV, Zulcic M, Skola D, et al. SF2523: Dual PI3K/
BRD4 inhibitor blocks tumor immunosuppression and promotes adaptive
immune responses in cancer. Mol Cancer Ther. 2019;18:1036-1044.

Qin H, Yu H, Sheng J, Zhang D, Shen N, Liu L, et al. PI3Kgamma inhibitor attenuates
immunosuppressive effect of Poly(l-Glutamic Acid)-combretastatin A4 conjugate in
metastatic breast cancer. Adv Sci (Weinh.) 2019;6:1900327.

Gyori, D, et al, Class () Phosphoinositide 3-Kinases in the Tumor Micro-
environment. Cancers (Basel). 2017;9.

Sasaki T, Irie-Sasaki J, Jones RG, Oliveira-dos-Santos AJ, Stanford WL, Bolon B,
et al. Function of PI3Kgamma in thymocyte development, T cell activation, and
neutrophil migration. Science. 2000;287:1040-6.

Chow MT, Ozga AJ, Servis RL, Frederick DT, Lo JA, Fisher DE, et al. Intratumoral
activity of the CXCR3 chemokine system is required for the efficacy of anti-PD-1
therapy. Immunity. 2019;50:1498-1512 e5.

Barbi J, Cummings HE, Lu B, Oghumu S, Riickle T, Rommel C, et al. PI3Kgamma
(PI3Kgamma) is essential for efficient induction of CXCR3 on activated T cells.
Blood. 2008;112:3048-51.

Uehara M, McGrath MM, Ohori S, Solhjou Z, Banouni N, Routray S, et al. Regulation
of T cell alloimmunity by PI3kgamma and PI3Kdelta. Nat Commun. 2017;8:951.
Dwyer CJ, Arhontoulis DC, Rangel Rivera GO, Knochelmann HM, Smith AS, Wyatt
MM, et al. Ex vivo blockade of PI3K gamma or delta signaling enhances the
antitumor potency of adoptively transferred CD8(+) T cells. Eur J Immunol.
2020;50:1386-1399.

Tassi I, Cella M, Gilfillan S, Turnbull I, Diacovo TG, Penninger JM, et al. p110gamma
and p110delta phosphoinositide 3-kinase signaling pathways synergize to control
development and functions of murine NK cells. Immunity. 2007;27:214-27.
Saudemont A, Garcon F, Yadi H, Roche-Molina M, Kim N, Segonds-Pichon A,
et al. p110gamma and p110delta isoforms of phosphoinositide 3-kinase dif-
ferentially regulate natural killer cell migration in health and disease. Proc Natl
Acad Sci USA. 2009;106:5795-800.

Davis RJ, Moore EC, Clavijo PE, Friedman J, Cash H, Chen Z, et al. Anti-PD-L1
efficacy can be enhanced by inhibition of myeloid-derived suppressor cells with
a selective inhibitor of PI3Kdelta/gamma. Cancer Res. 2017;77:2607-2619.

SPRINGER NATURE

176. Abu-Eid R, Samara RN, Ozbun L, Abdalla MY, Berzofsky JA, Friedman KM, et al.
Selective inhibition of regulatory T cells by targeting the PI3K-Akt pathway.
Cancer Immunol. Res. 2014;2:1080-9.

177. Chellappa S, Kushekhar K, Munthe LA, Tjgnnfjord GE, Aandahl EM, Okkenhaug K,
et al. The PI3K p110delta isoform inhibitor idelalisib preferentially inhibits
human regulatory T cell function. J. Immunol. 2019;202:1397-1405.

178. Shen C, Beroukhim R, Schumacher SE, Zhou J, Chang M, Signoretti S, et al.
Genetic and functional studies implicate HIF1alpha as a 14q kidney cancer
suppressor gene. Cancer Disco. 2011;1:222-35.

179. Chen W, Hill H, Christie A, Kim MS, Holloman E, Pavia-Jimenez A, et al. Targeting
renal cell carcinoma with a HIF-2 antagonist. Nature. 2016;539:112-117.

180. Cho H, Du X, Rizzi JP, Liberzon E, Chakraborty AA, Gao W, et al. On-target
efficacy of a HIF-2alpha antagonist in preclinical kidney cancer models. Nature.
2016;539:107-111.

181. Courtney KD, Infante JR, Lam ET, Figlin RA, Rini BI, Brugarolas J, et al. Phase |
dose-escalation trial of PT2385, a first-in-class hypoxia-inducible factor-2alpha
antagonist in patients with previously treated advanced clear cell renal cell
carcinoma. J Clin Oncol. 2018;36:867-874.

182. Choueiri, TK, et al. Inhibition of hypoxia-inducible factor-2alpha in renal cell
carcinoma with belzutifan: a phase 1 trial and biomarker analysis. Nat Med.2021.

183. Imtiyaz HZ, Williams EP, Hickey MM, Patel SA, Durham AC, Yuan LJ, et al.
Hypoxia-inducible factor 2alpha regulates macrophage function in mouse
models of acute and tumor inflammation. J Clin Invest. 2010;120:2699-714.

ACKNOWLEDGEMENTS

We thank members of the J. and W.K. Rathmell laboratories for their input. This work
was supported by R01 CA217987 (JCR), the Vanderbilt-Incyte Research Alliance (JCR),
F30 CA247202 (BIR), the American Association for Cancer Research (BIR and WKR),
and T32 GM007347 42. The figures were made at Biorender.com.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to J.C.R.

Reprints and permission information is available at http://www.nature.com/
reprints

Disclosure statement JCR has held stock equity in Sitryx and, within the past two
years, has received unrelated research support, travel, and honorarium from Sitryx,
Caribou, Kadmon, Calithera, Nirogy, Tempest, Merck, Mitobridge, and Pfizer. Within
the past two years, WKR has received unrelated clinical research support from Bristol-
Meyers Squib, Merck, Pfizer, Peloton, Calithera, and Incyte.

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

Cellular & Molecular Immunology (2022) 19:46 - 58


http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The therapeutic implications of immunosuppressive tumor aerobic glycolysis
	Common signaling and mutational events that regulate glycolysis
	Warburg metabolism as an essential feature of infiltrating immune cells
	Metabolic diversity underlies divergent T cell phenotypes and functions
	Coreceptor engagement alters metabolism in the TME
	Tumor cells subvert antitumor immunity via the production of inhibitory metabolites and depletion of essential metabolites in the microenvironment
	Lactic acid and pH as immunosuppressants
	Competition for nutrients

	Glycolytic tumor cells influence antitumor immunity via inhibitory gene networks
	HIF-driven VEGF stimulates the suppressive TME
	Immunosuppressive adenosine generation in the TME is secondary to HIF stabilization

	Combining metabolic agents with immunotherapy
	Barriers and opportunities for synergy between metabolism-based therapies and ICB
	Warburg metabolism-targeting agents can limit or augment the antitumor response
	Unique isoform usage creates metabolic vulnerabilities in suppressive immune cells

	Conclusion
	Acknowledgements
	Competing interests
	ADDITIONAL INFORMATION




