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Abstract

Metabolic reprogramming of cancer cells and the tumor microenvironment are emerging as key
factors governing tumor growth, metastasis, and response to therapies including immune
checkpoint inhibitors. It has been recognized that rapidly proliferating cancer cells, tumor-
infiltrating lymphocytes (TIL), and vascular endothelial cells (EC) compete for oxygen and
nutrients. Tumor cells and other cell types in the microenvironment not only compete for nutrients,
but they also simultaneously produce immunosuppressive metabolites, leading to immune escape.
In addition, commensal microbial metabolites can influence regulatory T cells and inflammation
in the intestine, thus playing an essential role in cancer prevention or cancer promotion. In this
review, we summarize recent advances on metabolic interactions among various cell types in the
tumor microenvironment with a focus on how these interactions affect tumor immunity. We also
discuss the potential role of blood vessel metabolism in regulating immune cell trafficking and
activation.
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Introduction

The success of anti-cancer immunotherapy reveals the power of unleashing the host immune
system to kill cancer cells. However, many patients are not responsive to such therapy and
significant numbers of responding patients eventually relapse. Mechanisms of innate and
acquired resistance are poorly understood, but existing evidence points to low
immunogenicity of cancer cells and immune suppressive tumor microenvironment. Recent
work reveals that immune cells compete with cancer cells and other proliferating cells in the
microenvironment for nutrients. Metabolites in the tumor microenvironment, in turn, also
influence immune cell differentiation and effector function. This review will cover the most
recent literature on metabolic competition between cancer and infiltrating immune cells and
how this competition contributes to cancer immune evasion. We will also discuss how
metabolites from microbiota influence regulatory T cells and intestinal inflammation, as
well as outlining the potential effects of blood vessel metabolism in anti-tumor immunity.

Metabolic competition for nutrients between tumor cells and infiltrating lymphocytes

Tumor infiltrating lymphocytes (TILs) have been linked with good prognosis and
responsiveness to therapy (1, 2). Like cancer cells, TILs require nutrients found within the
tumor microenvironment (TME) to support proliferation and differentiation (Figure 1A).
While naive T cells rely on oxidative phosphorylation, activated T cells require aerobic
glycolysis for their activation and effector function (3), as glucose deprivation inhibits
calcium signaling, IFN-y production, and cytotoxicity in T cells (4-7). Aerobic glycolysis is
also augmented in cancer cells (8) and vascular endothelial cells (9), raising the possibility
of competition among these cell types for glucose consumption in the TME. Several recent
studies demonstrated that the glycolytic activities of cancer cells may restrict glucose
consumption by tumor infiltrating T cells (TILs) (5, 10, 11), thereby inducing T cell
exhaustion and immune escape. Glucose deprivation metabolically restricts T cells, leading
to their diminished mTOR activity, glycolytic capacity, and IFN-y production, resulting in
tumor progression (5). Overexpression of the glycolytic enzyme phosphoenolpyruvate
carboxykinase 1 (PCK1) in T cells increases glycolysis even when cultured in glucose-poor
conditions thereby restoring the T-cell anti-tumor responses (10). Zhao et al demonstrated
that ovarian tumors mediate effector T cell dysfunction via glucose restriction to suppress
EZH2 methyltransferase expression to epigenetically reduce T cell cytokine production and
survival (11). T cells isolated from malignant ascites fluid of ovarian cancer patients
activated the IRE1a-XBP1 endoplasmic reticulum (ER) stress response to decrease glucose
uptake and suppress mictochondrial activity (12), suggesting an oxidative and glucose-
deprived TME microenvironment can contribute to lymphocyte dysfunction in human
tumors. Collectively, these studies suggest that tumor cells can outcompete neighboring cells
for glucose to sustain their proliferative programs while simultaneously suppressing anti-
tumor immune responses.

Similar to effector lymphocytes, immunosuppressive cells, such as T regulatory (Tregs) and
myeloid-derived suppressor cells (MDSCs), are also impacted by glucose deprivation
conditions present within the TME. Within murine breast tumors, reduced glucose inhibits
expression of granulocyte colony-stimulating factor (G-CSF) and granulocyte macrophage
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colony-stimulating factor (GM-CSF), critical cytokines involved in MDSC development, an
effect that was abrogated by genetically targeting tumor cell-specific lactate dehydrogenase
A (LDHA) (13). Similar to tumor cells, human naturally occurring Tregs and tumor-
associated Tregs utilize glycolysis to a greater degree than other effector T cell populations,
leading to cell senescence in responder T cells via glucose competition (14). Toll-like
receptor 8 (TLR8) signaling blocks glycolysis to reverse the immunosuppressive nature of
Tregs (14), suggesting this pathway may be targeted to enhance anti-tumor immunity.
However, Tregs are less sensitive to glucose deprivation than oxidative stress, triggering
apoptosis and ATP release (15). Live and apoptotic Tregs readily convert ATP to adenosine
via CD39 and CD79, leading to activation of Ay signaling and immunosuppression of
effector T cells (15).

Apart from glucose, both tumor cells and T lymphocytes utilize glutamine for their
proliferative programs. Glutaminolysis in tumor cells is critical to replenish metabolites
through anaplerotic reactions and for synthesis of nucleotides, amino acids, and fatty acids,
as well as the anti-oxidant glutathione (GSH) (16, 17). Glutamine-derived a-ketoglutarate is
also a required co-substrate for JHDMs and TET methylcytosine dioxygenases, which are
involved in epigenetic regulation via histone and DNA de-methylation (18). In T cells,
glutamine controls mTOR activation and is a key substrate for protein O-GIcNAcylation and
synthesis of S-2HG that regulates effector T cell function and differentiation (19-21). Given
that evidence supports glycolytic competition within the TME, tumor cells and anti-tumor
immune cells may also compete for glutamine within the TME. Not surprisingly, Klysz and
colleagues demonstrated that when glutamine uptake is blocked in naive CD4 T cells, the
generation of T effector cells is inhibited without affecting T regulatory cells (Tregs) (22).
Wang et al also showed that glutamine deprivation compromised activation-induced T cell
proliferation, implicating glutamine as an important source for biosynthetic precursors in
active T cells (22). Together, these studies suggest that decreased glutamine within the
microenvironment may negatively impact the function of immune cells within the tumor; but
this hypothesis remains to be tested directly.

The unique metabolic demands of cancer cells provide opportunities for drug development.
The glutaminase (GLS) inhibitor CB-839 is now being tested in multiple solid and blood
cancers. However, because both cancer cells and tumor infiltrating lymphocytes consume
glutamine, small molecule compounds such as CB-839 may inhibit both cell populations. To
investigate this, Johnson et al genetically and pharmacologically targeted GLS in T cells.
Interestingly, GLS deficiency promotes CD4 Th1 cells and CD8 CTLs at the expense of
CDA4 Th17 (23). Furthermore, inhibition of the glutamine transporter ASCT2/SLC1A5 by
the potent small molecule inhibitor V-9302 did not appear to significantly affect CD8+ T
lymphocyte proliferation and function /n vitro (24), suggesting a compensatory mechanism
in T cells. These studies raise the exciting possibility of targeting tumor cells with small
molecules while enhancing anti-tumor immune response. However, further investigations are
needed to test this hypothesis in the tumor setting both in preclinical models and in future
human studies.
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Effect of tumor cell-generated metabolites on immune cells in the microenvironment

In addition to nutrient consumption, metabolites produced by cancer cells can have a
profound effect on immune cells in the microenvironment. For example, lactate, a byproduct
from elevated aerobic glycolysis in cancer cells, induces apoptosis via reduced expression of
the authophagy factor FIP200 in naive T cells in both ovarian cancer patients and mouse
models (25), while also impairing activation of the transcription factor NFAT and therefore
production of IFN-y in T cells and NK cells (26). Lactic acid also suppresses T cell motility
and inhibits T cell cytotoxic and effector functions (27). Genetic targeting of lactate
dehydrogenase A (LDHA) in tumors restores T cell infiltration and effector function (26).
Furthermore, lactic acid can influence macrophage differentiation towards M2-like
phenotype via stabilizing HIF-1a to drive M2-polarization (28).

Apart from lactic acid production, cancer cells produce massive amounts of fatty acids via
de novo lipogenesis (29, 30). A fatty acid-enriched microenvironment can inhibit effector T
cell function and M1-polarization in macrophages while favoring the differentiation of Tregs
and M2-like macrophages (31, 32). In tumor-associated dendritic cells, the oxidative stress-
generated lipid peroxidation byproduct 4-hydroxy-trans-2-noneanal (4-HNE) induces ER
stress and XBP1 activation, suppressing antigen presentation and thus anti-tumor immunity
(33).

Tumors are also often contain necrotic regions due to cancer cells outgrowing their nutrient
supply, and a recent study found a much higher concentration of postassium ions (K+) in
tumor interstitial fluid as compared to serum, which could inhibit CD8 T effector function
through suppression of AKT-mTOR signaling (34). CD8 T effector function could be
restored by decreasing CD8 T cell intracellular [K+] either pharmacologically or through
overexpression of a K+ Efflux channel (34).

Additionally, cancer cells and cancer-associated fibroblasts impose immunosuppression by
metabolizing the essential amino acid tryptophan into kynurenine (35, 36). Pro-
inflammatory cytokines, including IL-1, IFN-vy, and TNFa, increase indoleamine 2,3-
dioxygenase (IDO) IDO expression, resulting in increased kynurenine production within the
tumor (35-37). Kynurenine acts as an endogenous ligand of the aryl hydrocarbon receptor
(AhR) expressed on T cells, resulting in the induction of FoxP3-expressing Tregs (37).
Kynurenine also directly suppresses effector T cell function through blockade of IL-2
signaling, leading to fewer CD4 memory T cells (38). Together, these studies illustrate that
cancer cells can not only deprive immune cells of nutrients in the local environment but also
produce metabolites that suppress immune defense.

Role of microbial metabolites in suppressing intestinal inflammation and colorectal cancer
and on systemic immunity

While anti-tumor immune response has been harnessed as an effective form of
immunotherapy, it has long been recognized that abnormally active immune cells in various
inflammation states can lead to tumorigenesis. For example, two inflammatory bowel
conditions, ulcerative colitis and Crohn’s disease, are known precursors for colorectal cancer
(39). The delicate balance between the pro- and anti-inflammatory state that is essential for
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gut immune homeostasis is regulated by intestinal commensal microbes (40-43). Recent
analyses of gut microbiota revealed that the microbial fermentation products butyrate and
propionate induced differentiation of colonic Tregs in mice, acting to protect against tumor-
promoting gut inflammation (44-46). These short-chain fatty acids maintain the regulatory T
cell pool by binding to G protein coupled receptors which leads to enhanced histone H3
acetylation in the promoter/enhancer regions of Foxp3 locus (44-46). As such, butyrate
ameliorated the development of colitis induced by adoptive transfer of CD4* CD45RBN T
cells in Rag1l-deficient mice (45). These studies suggest that bacterial metabolites can
influence the host immune system to suppress the emergence of an inflammatory state,
thereby playing a role in tumor prevention (Figure 1B).

In addition to the role of microbiota on colorectal cancer development, several studies have
found a link between microbiota composition and immune checkpoint blockade efficacy in
melanoma patients (47, 48). The mechanism by which changes in the gut microbiota alters
systemic immunity is under investigation, but a recently published study from Kenya
Honda’s group showed that colonization of mice with a consortium of 11 bacterial strains
from healthy human donors could improve CD8 T cell-mediated immunity in several mouse
models, and they demonstrated that the 11-strain consortium was associated with caecal and
systemic elevation in metabolites that could potentially augment immune function (49).

Potential role of vascular endothelial cell metabolism in TIL recruitment and function

In addition to cancer cells and infiltrating immune cells, angiogenic sprouts from blood
vessels are also rapidly proliferating cells that consume glucose and glutamine (9, 50).
Abnormal tumor blood vessels impair perfusion, obstruct blood flow, and lead to poor
leukocyte trafficking and drug delivery (9, 51, 52). Furthermore, the elevated permeability of
the tumor vasculature increases interstitial pressure in tumors, increasing tumor cell motility
(53, 54). Together, these tumor vessel aberrations drive cancer progression, metastasis, and
treatment resistance. Anti-VEGF antibodies and other angiogenesis inhibitors were
originally designed to block vessel growth in tumors; however, in some cases, the hypoxic
tumor milieu enhanced tumor metastasis through multiple mechanisms (55, 56). An
alternative approach that is rapidly gaining interest is “normalization” of tumor vessels, with
the goal to increase pericyte coverage, tissue perfusion, and drug delivery while decreasing
hypoxia and metastasis (57-59).

Since leukocytes circulate through the hematogenous vasculature, abnormal tumor blood
vessels often impair tumor infiltration by lymphocytes, which may contribute to tumor
immune evasion. Increasing evidence suggests that tumor vessel normalization may enhance
the efficacy of immunotherapy, not only by improving delivery of immune checkpoint
inhibitors (ICIs) to tumors, but also by promoting new lymphocyte infiltration (60-62)
(Figure 1C). Therefore, therapeutic strategies that improve vessel normalization may
synergize with ICls to improve treatment response and patient outcome (63).

The mechanism of tumor blood vessel normalization, however, is poorly understood
[reviewed in (60)]. Like cancer cells, vascular endothelial cells (ECs) also reprogram their
metabolism for rapid proliferation. Rapidly proliferating ECs rely heavily on glycolysis,
with a glycolytic rate similar to what is seen in highly glycolytic tumor cells (64).
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Endothelial cell-specific knockout of one allele of PFKFB3 or inhibition of PFKFB3, a key
enzyme in regulating glycolysis, were reported to restore tumor perfusion and oxygenation
via vessel normalization and improved drug delivery (50, 64). Given that normalized vessels
have been shown to promote lymphocyte infiltration (60-62), it is possible that inhibition of
PFKFB3 would also increase anti-cancer immunity by attracting immune cells to the tumor
parenchyma. Aside from glucose, a growing body of evidence shows that glutamine
metabolism also contributes to EC proliferation, providing carbons for biomass production
that is required for EC proliferation (9). Vascular endothelial-specific deletion of
glutaminase (GLS) /n vivo suppressed retinal angiogenesis, and negatively affected
tricarboxylic acid (TCA) cycle anaplerosis, macromolecule production, and redox
homeostasis in ECs (65, 66). It remains to be determined whether inhibition of glutamine
consumption can normalize tumor blood vessels and enhance tumor immunity.

Concluding remarks

It is now clear that metabolic communication between cancer cells and other cell types in the
tumor microenvironment contributes to immune evasion. It is, therefore, critical to develop
new strategies for immune cells to acquire sufficient nutrients to maintain their anti-tumor
activities. Intuitively, a combination of cancer immunotherapies with metabolic inhibitors
may sustain metabolic fitness of tumor-reactive infiltrating lymphocytes. However, we need
to be mindful of potential treatment toxicities as both tumor cells and immune cells often
utilize the same metabolic pathways for proliferation. Identification of metabolic targets that
are selectively utilized in tumor cells may greatly improve anti-tumor immunity by avoiding
detrimental effects on the immune cells. For example, the receptor tyrosine kinase (RTK)
EphA2 promotes glutamine metabolism in HER2 positive and triple negative breast cancer
cells (67, 68), but it is not expressed in the T cells (69). Targeting EphA2 may selectively
inhibit glutaminolysis in tumor cells while simultaneously avoiding similar effectson T
cells. It is also important to consider that tumor cells and lymphocytes may also
differentially express amino acid and nutrient transporters, especially given the plethora of
these carriers involved in metabolism. Identifying these differences may permit selective
inhibition of metabolic pathways in cancer cells. Furthermore, existing anti-cancer metabolic
therapies should be re-evaluated to determine their effects on the tumor microenvironment.

Conversely, it may be possible to develop immune therapies that improve the metabolic
fitness of certain T cell subsets or metabolically synergize with adoptive T cell therapy.
Indeed, overexpression of phosphoenolpyruvate carboxykinase (PCK1) in T cells or
administering exogenous pyruvate can increase TIL activation and function (10, 70). In
addition, immune cell subsets display a reliance on distinctive metabolic pathways (3). For
example, memory CD8 T cells do not rely on glycolysis or amino acid metabolism, which
may help them better adapt to the tumor microenvironment (71, 72). Thus, tumor-reactive
memory T cells could be investigated for adoptive T cell therapy, either alone or in
combination with inhibitors of glycolysis or glutaminolysis.

Apart from cancer cells and immune cells, growing evidence demonstrates that tumor blood
vessels also have critical roles in determining the effectiveness of cancer immunotherapies.
While blood vessels are known to regulate leukocyte trafficking, normalization of tumor
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vessels has only recently gained attention for its role in anti-tumor immunity via TIL
recruitment. However, the mechanisms of tumor vessel normalization, including the role of
metabolism, are only beginning to be understood. Therefore, it will be critical to further
characterize different metabolic pathways in tumor-associated endothelial cells. In addition,
endothelial cells from different vascular beds are heterogenous (73); therefore, it will be
important to investigate how organ-specific EC metabolism impacts vessel normalization
and tumor immunity at a variety of anatomical sites. Overall, greater understanding of
metabolic communications among tumor cells, immune cell populations, and tumor blood
vessel ECs will open new avenues for identifying strategies to further boost anti-immune
responses.
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Figure 1. Influence of nutrients and metabolitesin the microenvironment on anti-tumor
|mmun|ty.

(A). Cancer cells outcompete tumor-infiltrating T cells for nutrients, and simultaneously
produce metabolites to inhibit T cell function. (B) Microbial metabolites butyrate and
propionate induce differentiation of colonic Treg cells, acting to protect against tumor-
promoting gut inflammation. (C) Abnormal tumor blood vessels impede leukocyte
trafficking. Vessel normalization recruits tumor-infiltrating cytotoxic T cells, leading to
enhanced anti-tumor immunity.
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